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The ionic strength dependent aggregation of fd-DNA was studied by ultracentrifugal field experiments. Compres- 
sibility studies indicate a conformations1 change in the fd-DNA aggregates with a change in the ionic environment. 
Principal component or factor analysis, a technique to determine the number of linearly independent components. 

indicated tiat three aggre@ing species are present in the fd-DNA system at low ionic strength. 

1. Introduction 

ln studies on the self-assembly of fd phage, it has 
long proven difficult to dissociate the coat protein gene 
8 from fd phage in viabIe form even under the most 
drastic conditions. Finding the aggregation of the coat 
protein to be highly ionic strength dependent, we have 
conducted studies of the self-assembly of fd phage at 
very low ionic strength [ 1]_ 

Therefore, although sedimentation studies to date 
on the conformational state of single-stranded DNA 
in a system such as fd phage have been chiefly limited 
to analysis of the moving zone at high ionic strength, 
we have developed a new method for examining the 
aggregation of fd-DNA in a low ionic environment. Our 
examination of fd-DNA by the ultracentrifugal relaxa- 
tion procedure at low ionic strength puts such confor- 
mational studies in a strikingly different Xght. 

The filanW’ltOUS, iII& SpeCifiC bacterial phage fd is 
a flexible, helical rod 8500 to 9500 A in length with 
a diameter of 60 to 70 R [2--S) which absorbs at the 
F-pili appendages of the male strain of E. coli. fd phage 
(like M13, Fl and ZJ12) has a circular single-stranded 
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DNA genome [ 2,6,7] and a DNA replication process 
which somewhat resembles that of OX 174 [S, 9]_ 

Poon and Schumaker [IO] have proposed that the 
aggregation of DNA is pressure-independent, arising 
from steric interaction as a result of brownian motion, 
where aggregation is related to sedimentation behav- 
ior as pressure is increased along the centrifugal field. 
‘Ihis is in contrast to a second principal theory (I_e 
Chatelier principle) of the pressure-dependent aggre- 
gation of macromolecules, which suggests that the 
change in the molecular volume of the reaction can be 
explained in terms of the pressure dependence of the 
thermodynamic equihbrium between protein mono- 
mers and polymers [ 1 l- 131, as in the pressure- 

dependent depolymerization of myosin [ 14,151 and 

sickle cell hemoglobin : 161_ 
In our studies on the sedimentation behavior of 

single-stranded circular fd-DNA, we found that DNA 

does form compressible states [ 171. Our preliminary 
examination indicates that the aggregation of fd-DNA 
is pressure-independent, as Poon and Schumaker [ 101 
have proposed, but that the conformational state of 
the aggregates is pressure-dependent. 

Partial molar compressibility measurements such as 
we report for fd-DNA in this communication can give 
valuable inlormation about DNA-sclvent interaction, 
solvation of DNA by solvent, partial specific volume 
and interaction parameters between DNA molecules in 
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a wide variety of biological systems. 

Compressibility measurements and principal com- 
ponent arralysis indicate there is a change in the con- 
formatioual state of the DNA shown in the moving 

zone of the schlieren pattern and the highly aggregated 
material at the bottom of the cell (tire gel-like state), 

upon field relaxation. The number of linearly indepen- 
dent aggregating species present in both cases has been 

enumerated by principal component analysis. 
Principal component analysis, along with matrix 

rank analysis, determines the number and distribution 
of components in a biological system [ 18,191. These 
methods have wide application, and have been utilized 
to determine the number of components in a mixture 

of absorbing species &IO, 211, to analyze the optical 
rotatory dispersion of TMV [23_], and to determine 
the number of components in fluorescent spectroscopy 

[23,24]. They have also been applied to the kinetics 
of the oxidation of hemoglobin 1251, to gel filtration 

[26], and to the determination of components from a 
diffusion experiment in the ultracentrifuge [27]_ 

In this communication, we report the use of prin- 

cipal component analysis to enumerate the interacting 
components in a single-stranded circular fd-DNA system 

in the ultracentrifuge, and the pronounced effect of 

ionic environment on the sedimentation behavior of 
fd-DNA. 

Information on the conformational state and aggre- 
gation behavior of single-stranded DNA, such as is 
reported here, is a major step towards an understanding 
of its biological roles, as well as its reactions with en- 

zymes and other molecules of biological interest. 

3. Material and methods 

I?. 1. isolatio~r of fd pftage 

The E. coli K-38 (Su-) host cells were grown at 
37’C in standard media E28), infected with fd phage 

(multiplicity of interaction: 50) at an optical density 
of 0.3 at 550 m/~ and a cell density of 1 X iO* cells/ml 
(exponental growth), and incubated for 20 hours. 
Bacterial lysates were centrifuged to remove debris. 
The resulting supematant was brought to 0.5 M NaCl 
concentration and the phage precipitated by addition 
of polyethylene glycol (PEG Mw 6000) at 2% PEG. 
Phage pellets were redissolved in Na*EDTA-borate 

buffer (0.001 M N+EDTA -O-O& M Na,B,O, - 
10 HIO, pH 9.2) and purified by CsCl density gradient 
centrifugation containing 5 to 8 layers of CsCL sohrtion 
Gf appropriate densities in the same tubes for the 
Spinco SW 25.2 swinging bucket rotor. Banding of 
purified fe phage occurred at a CsCl density of 1.30 

[29]. The concentration of purified fd phage was deter- 
mined from the extinction coefficient, E$$&rrnp = 36.7 

[30]. In purified fd phage, the optical density ratio of 
360/280 w is 1.0. One optical density unit of 280 rnp 
is equal to 1.3 X lot3 plaque forming units/ml (PFU). 
PFU values are determined by plaque assay. 

J-1. Isolation of fd-DNA 

fd-DNA was obtained from purified f, phage by a 
6X phenol extraction method similar to that of 
Knippers and Hoffmann-Berling [6]_ Twenty ml of 
Na2EDTA-borate buffer, pH 9.2 (0.086 M Na,B407- 

IOH and 0.001 M Na2EDTA) were added to 10 ml 
of purified fd phage (approximately LOO mg of phage). 
Thirty ml of freshly distilled phenol, which had been 
previously saturated with the same buffer, were added 

and the mixture shaken at room temperature for 15 
minutes. The solution was centrifuged at 6000 rpm 
using a Beckman fixed-angle JA-20 rotor for 10 mi- 

nutes at 4OC. The resulting aqueous layer was re- 
extracted three times with 20 ml of EDTA-borate 

buffer saturated with phenol, and the process repeated 
three more times at room temperature_ The aqueous 
layer was then dialyzed against water at 4OC for one 

week with severaI changes per day. 
The volume was reduced to 20 ml by filtering 

through PM2 Biter paper using an Amicon filtering 
apparatus_ This DNA solution was further purified by 
5--20% sucrose gradient centrifugation for 5 hours at 
4OC using a swinging bucket rotor SW 25.2. The 
purified f,-DNA was incubated at 42°C for 30 minutes 
after 10 @g/ml of pronase was added. The yield of 
purified fe-DNA in solution was about 035 m$ml, as 

determined by sulfuric acid testing [3 l] _ We also per- 
formed the Lowry test [32] for protein contaminatio 
before pronase treatment_ None was found. The op- 
tical density ratio (2601280 m) was l-86- One optics 
density unit at 260 w is equivalent to 43 &ml of 
DNA (E$&rrrp = 430) [6]. The specific refraction in- 
dex increment was found to be 0.01333 al/g. 
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3. Ulhcentrifugation 

3. I. iRtracentriji@ fieii? relaxation procedure 

Sedimentation velocity experiments were performed 
at 20°C with a SpincolBeckman Model E analytical 
ultracentrifuge equipped with the standard RTIC unit 
and interference/schlieren optical system. A solution 
of single-stranded circular f@NA, at low ionic strengths 

of Na* and Mg** and at neutral pH, was examined by 
sedimentation velocity and by the ultracentrifugal 
field relaxation procedure of Kegeles and Sia [33]. 
Under the ultracentrifugal field relaxation procedure, 
a series of consecutive schlieren photographs are taken 
at maximum speed (50 740 rpm) and at descending 
speeds after relaxation of the field until a low speed 
of 12 590 to 5 225 rpm has been reached. Sedimenta- 
tion velocity measurements were carried out in an 
aluminum centerpiece, and sapphire windows were 

used in the ultracentrifuge cell. 
Sedimentation coefficients were computed from 

the movement of the maximum ordinates of the 
sedimenting zones and were not corrected for infmite 

dilution at 20°C. The photographic plates were mea- 
sured with a two-coordinate microcomparator 

(Nikon 6C optical comparator, Model 7244) equipped 
with booster condensing lens, goniometer, zero-setting 
device for the micrometer and surface illuminator. 

3.2. Sedimentation eqtiilibrium measuretnents 

Sedimentation equilibrium experiments were also 
performed with the Model E analytical ultracentrifuge 
as described previously [34] _ The apparent weight 
average molecular weight was obtained from an IBM 
computer plot of In C versus r2 with a slope of A& ~pp 
w2 (1 --Vp)/X T. The partial specific volume used in 
the computation of molecular weight was 0.556 ml/g 
of calf thymus DNA 1381. 

13. kothernuzi compressibility of fd-DNA 

All of.our compressibility calculations were based 
on the following expression 1351 

fi = 6@) nptan8/lomtm2($ f 2)(n; - I)pw2xp, 

where 6 is the schlieren bar angle; L, the optical level; 
a, the cell thickness; m 1 m2, the vertical magnification 

of the optical system; W, the angular velocity; and xp, 
the distance from the center of rotation. The density 
of the soIution at any given pressure is determined 
from pp = p. (1 +pP), and the refractive index tt of the 
solution from ttp = tzo +- area under the schlieren pat- 
tern. Measurements ofy, the height of the schlieren 
pattern above the reference line, were taken at 0.01 
cm intervals only in the liquid-gel interface of the 
schlieren pattern, that is, between the interface and 

the bottom of the cell, as shown in figs. 2B and 3C. 
The total compressibility of a solution is the sum of 
the partial compressibility of solvent and solute ]35], 
i.e., 

where cl and c2 are concentration of solvent and 
solute respectively, and p 1 and p2 are the density of 
solvent and solute. Assuming pa = 1.7023, a value for 
the density of T-7 DNA as reported by Bauer et al. 
[36], we were able to determine the total compressi- 

bility, &, of &-DNA in 0.0 1 M or LOO5 M NaCi solu- 
tion. 

3.4. Factor or principal componemt analysis of fd-DNA 
sysfenz 

A comparison of methods for enumeration of com- 
ponents in a biological system has been described ex- 
tensively by Magar and Chun [ 191. With respect to 
factor analysis, the method can be outlined briefly as 
follows_ 

Factor analysis can be used to analyze any system 
which can be written in the form [37] 

m 

The Xii values are samples thought to be made up of 
m components denoted by ck (k = I, 2 .__ tn); $x is the 
quantitative contribution of the kth factor to the 
jth sample; and ei stands for the errors. For this meth- 
od, the data matrix X‘is transformed into its standard 
form, given by the matrix Z, as follows, defining the 
sample variance of X,- by 

m 
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The elements of 2 are given by .Q = XjifSj. From the 
matrix Z, the matrix of observed correlation (given by 
R = ZZ’/n) is obtained from n number of separate ex- 
perimental measurements. In the above equation Z’ is 
the transpose ofZ. The eigenvalues of 8 ate then found, 
calling them 0 t, O2 _._ 8,. There are as many significant 
factors as there are eigenvalues greater than unity. 
Thus, the number of eigenvalues approaching unity 
will be equivalent to the number of components oper- 
ating in the system. This criterion of eigenvalue unity 
is one of the best methods available for enumerating 
the interacting species. The procedure for principal 
component analysis is similar, except that ei is not con- 
sidered. 

Once the data matrix, X, for the height of the 
schlieren pattern above the reference line as a function 
of radical distance along the sedimentation boundary 
is set up, it is simply a matter of insetting matrix values 
into a biomedical computer program BMD 03M [46], 
which is available at most computer centers. 

4. Results 

4.1. l7le effecr of ionic srrengtlz on sedimenration 

b&UViOr Of fd-DNA 

The ionic-strength dependent sedimentation coeffi- 
cients of fd-DNA in Nail and M&l, solutions are 
shown in fig. 1. It is apparent that a&egation of fd- 
DNA in the presence of the divalent ion (Mg**) is 
greater than in the presence of equimolar amounts of 
the monovalent ion (Na*). This conclusion is borne 
out by vahes determined for the sedimentation coeffi- 
cients as a function of ionic strength and by the field 
relaxation behavior of the two solutions (figs. l-5). 

Upon field relaxation the Na+ -fd-DNA exhibits a 
hypershatp boundary, seen in figs. 2B and 3C, between 
the liquid-liquid interface and the bottom of the cell. 
The Mg*+--fd-DNA, on the other hand, shows a 
broadening of the boundary upon field relaxation 
(fig. 4C) indicative of independent particle behavior. 
The total compressibiiity of Naf--fd-DNA, determined 
from figs. 2B and 3C, changes from approximately 73 
to 56 X 10m6 bar-1 as the pressure changes from 22 
to 23 bar [ 171. The total compressibtiity of Mg2+-fd- 
DNA was found to be 84 X LOB6 bar-l under com- 
parable conditions. 
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Fig 1. ionic strcn$th dependent sedimentation coefficients 
of fd-DNA (1.2 m&nl) in NaCl md MgCl,; (m) M@&; (0) 
NaCI; (3 0x17-LDNA. 

We attempted to relate the compressibility to the 
partial specific volume in the gel-like interface, based 
on the following expression 

(pr - dplp1dPl)l(do2/dPZ) = uz. 

We found a slight increase in u2 from 0.592 to 0.635 
ml/g with increasing pressure, an error range of 8 to 
12%. Normally, the partial specific volume of calf 
thymus DNA is 0.556, as reported by Halsall and 
Schumaker 138). 

Figs. 2B and 3C, along with our computation of 
compressibility and partial specific volume at the inter- 
face and the bottom of the cell, indicate that there is 
a change in the conformational state of the gel-like 
material between the interface and the bottom of the 
cell. The molecular volume is small because the ma- 
terial is more compressed at the interface, while the 
volume increases at the bottom of the cell. 

At the interface, therefore, the compressibility is 
much greater than at the bottom of the cell, while the 
partial specific volume is less. 

Once the concentration of the Mg2” or Nations 
exceeds 0.15 M, the relaxation phenomenon is no 
longer observable, as the schlieren patterns remain 
identical to those shown in figs:5B and SC up to the 
completion of our sedimentation runs. The width of 
the reFerence lime at the bottom of the ceU in fig. SC 
is Is times that of fig. SA, indicating that a great deai 
of aggregated material is present. Another strikiug ef- 
fect of ionic environment appears with ionic strengths 
of Na+ at 0.005, where at high speed (50 740 rpm) 
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L5,220 RPM 50.740 RPM 
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50,740 RPM 
3466 Sec. 6224 sec. 9500 sec. 

Fig. 2. Ultracentrifuge patterns of fd-DNA in 0.01 M NaCI (1.2 mdml). using a shndard 4O -I 2 mm sector cell, bar angle 60’. 
Initial speed of 50 740 rpm lowered to 15 220 rpm, then nised to 50 740 rpm. Elapsed time after reaching spscd given in sec. 

12.59o RPM 
21.117 set _ 

Fii- 3. Ultracentrifuge patterns of fd-DNA in 0.005 hf NaCl(l.2 m&ml). using a standard 4O - 12 mm sector cell. bar an& 70”. 
Elapsed time after reaching speed given in sec. 

without field relaxation, a hypersbarp interface appears 
as shown in fig. 6. Our results would lead us to con- 
clude that, at low ionic strength, the Naf-fd-DNA 
remains highly compressed. 

The area under the moving zone of the sedimenta- 
tion boundary for both Nat-fd-DNA and MgZf-fd- 
DNA indicates that the aggregation of the h-DNA is 
pressure-independent. The observed values of the ratio 
of the area (AI/Au) under the schlieren curve after 
depletion of the moving zone as a function of time 
were constant, showing no significant pressure depen- 
dent depolymerization, as determined from the last 

three photos in the sequence of fig. 6. 
For an interactrag system, we would generally ex- 

pect the aggregates at the bottom of the cell to in- 
crease asymptotically with increasing pressure. Upon 
field relaxation, this curve would level off in a plateau. 

In the formation of a gel-like material, however, we 
observed the opposite effect. Even after prolonged 

field relaxation, no plateau was observed. Instead, the 
schlieren pattern for this gel-like material shows a 
hypersharp interface with a negative slope, rather than 
the asymptotic curve of positive slope which marks a 
pattern produced merely by the concentration gradient. 
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14.368 Sec.. 

Fig. 4. UItraccntrifuge patterns of fd-DNA (1.2 m&ml) in 2.5 X 10w3hf MgCi~. Initisf. speed of 50 740 rpm lowered to 12 590 rpm, 
then apin lowered to 5227 rpm, using standard 4”- I2 mm sector cell, bat an& 70”. Elapsed time after reaching speed given in sec. 

50,740 RPM 
959 !sec_ 

8 
12.59o RPM 

G 
5227 Rf’frl 
5430 sec. 

Fis 5. ~~ace~~~~e patterns of fd-DNA (1.2 ~~) in 0.15 M NaCL Initial md of 50 740 rpm, lowered to 12 590 rpm, then 
a&n lowered to 5227 rpm, using standard C-12 mm sector cell, bar angle 76X’. Elapsed time after reaching speed given in sec. 

This is consistent witj Kegeles’ findings OR the revers- 
ible pressure-induced gel formation in T-2 bacterio- 
phage DNA [39f. 

The weight average mofecuhr weight of the &-DNA 
solution from low-speed sedimentation e~~ib~urn 
measurements was found to be I.83 X lo6 f: 58 000. 
‘I&e number average molecular weight was 1.5 X I@ 

* 37 000 and the z-average molecular weight was 2.# 

X lo6 5 779 000 at inftite dilution. 

The material for molecular weight determination 
was further fractionated using a 4O-I2 mm partition 
cell run at 33 450 rpm for one hour. Oniy the top 
section of this solution was recovered; the remainder 
of the solution, consisting of most of the highly ag- 
gregated material, was discarded. 

A typical plot of In C versus rz for %-DNA weight 
average molecular weight d~te~ina~on is shown in 
fig. 7. The homogeneity of the solution is reflected by 
the linearity of this plot_ Weight average m&cutar 
weight values were consistent with those reported by 
HalsaIl and Schumaker [38], based on zone diffkion 
and band sedimentation experiments_ 
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SW?0 RPM ZS%5 sec. 50.740 RPM 5060 sec. 50,740 RPM 6373 sec. 50,740 RIM 
14182 sec. 

18a33 sec. 

12,590 RPM 
21.117 sec. 

Fig_ 6. Ultracentrifu~e patterns for enumeration of aggregating species in fd-DNA system (1.2 mg/mI in 0.005 M NaCl). Initial 
speed 50 740 mm. lowered to 12 590 mm. Elapsed time after reaching speed given in sec. Standard C - 12 mm sector ccl: was 
used. Eku angle 70°. 
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Fig. 7. A plot in ln C versus rs for evaluation of weight WCC- 
age molecular weight of f-DNA after rcpcated fractionation 
of fd-DNA by partition cell (SpincolBeckman, no. 6178) 
4”-12 mm. Only top section of solutions were run at 6995 

rpm for 26 hr in 0.1 M NaCLCalcuLations limited to meniscus 
region of ceU. 

4.3. Emmeratiorz of brtcracrirrg compmer~ts 

The data matrix generated from fig. 6 is shown in 
table 1. The total length of time for this run at 0.005 
ionic strength of NaCl is approximately 5 hours at 
50 740 rpm. As may be seen from the schliercn pat- 
terns, a hypersharp boundary is visible at the bottom 
of the cell. This is a highly unusual phenomenon 
which is exhibited by fd-DNA aggregates under these 
conditions. 

Upon field relxxrtion after five hours. once the 
moving boundary has been depleted, we note ;L lviden- 
ing of the bottom boundary, which remains hyper- 
sharp even at lower speeds. These results, based on 
the final sequence of photographs at 12 590 rpm in 
fig. 6, were the basis for compressibility studies of 

fd-DNA, rrs described in the text. 

Our next question. to be answered by factor or 
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Table 1 
Data matrix for principal component or factor analysis;y at 50 740 rpm =). base line set at 2-O cm 

Distance 
r(cm) Photo i b) Photo 2 Photo 3 Photo 4 Photo 5 Photo 6 

6.5014 2.2180 2.2545 2.2589 2.2700 2.3700 2.2596 
6.0393 2.7191 2.2543 2.2611 2.2702 2.2703 2.2613 
6.0894 2.2188 2.7216 2.2616 2.2710 2.2701 2.2615 
6.1349 2.2190 2.2553 2.2624 2.2709 2.2710 2.2618 
6.1946 2.2207 2.2555 2.2667 2.2720 2.2711 2.2616 
6.2549 2.2201 2.2542 2.6712 2.2746 2.2714 2.2605 
6.3002 2.2208 2.2536 2.2604 2.2748 2-2700 2.2615 
6.347 1 2.2180 2.2541 2.2582 2.6220 2.2707 2.2588 
6.3783 2.2196 2.2548 2.2576 2.2663 2-2708 2_3584 
6.4243 2.2186 2.2526 2.2595 2.2628 2.2721 2.2596 
6.4555 2.2188 2.2520 2.2586 2.2607 2.5776 2.2578 
6.6310 2.2163 2.2522 2.2557 2.2618 2.26L2 2.2576 
6.9623 2.2247 2.2564 2.2615 2.3207 2.2185 2.4218 
7.0329 2.2299 2.2620 2.2692 2.2779 2.2283 2.2724 
7.1155 2.2401 2.2727 2.2796 2.2846 2.2892 3.5758 
7.1455 2.2452 2.2732 2.3342 3.3192 3.599 t 3.3528 
7.1568 2.2468 2.2853 3.2770 3.6245 3.5478 3.3188 
7.1644 2.2463 2.3078 3.6543 35677 3.4838 3.3051 
7.1940 3.7170 3.7706 3.4811 3.4386 3.4022 3.3600 
7.1996 3.7724 3.7408 3.4722 3.4644 3.4222 3.3896 

a)yis the height of the schkren pattern above the referenceline. 
b) Elapsed time after rcachingspecd in sex; photo 1.1792 sec;photo 2 ,258Ssec;photo3,5060sec; photo4,6373scc;photoI, 

Table 2 and cumulative proportions of the total variance were: 
Principal component and factor analysis based on table 1. 
Correhtion coefficients of principal and factor components. 
Computed using Biomed Program BMD 03hl [46] 

0.73558 0.89805 0.95970 0.98365 
0.993 10 1 .cJoao 
Based on these eigenvalues, we conclude that two 

1.00000 0.94319 0.62865 0.58488 0.49930 0.47654 
0.94319 1.00000 0.64010 0.59556 0.50690 O-48276 
0.62865 0.64010 1.00000 0.95676 0.81698 0.76570 
0.58488 0.59556 0.95676 1.00000 0.82519 0.70864 
0.49930 0.50690 0.81698 0.82519 1.00000 0.82101 
0.47654 0.48276 0.76570 0.70864 0.82101 1.00000 

components are present with a cumulative variance of 
90% Applying the principal of eigenvalue unity, we 
would deduce that this is a two-component system. 
However, since the third eigenvalue represents 6% of 
the total variance, there may be a third minor species 
present. 

principal component analysis, must be: “How many 
linearly independent aggregating species are present in 

this system?” 

In order to confirm our results, we examined fd- 
DNA in 0.01 ionic strength of NaCI, as shown in fig. 8. 
These patterns at various speeds were used to compute 

the correlation matrices shown in tables 3 and 4. 
Using the data matrix from table I, the correlation 

coefficients for principal and factor components were 

computed using Biomed Prbgarn BMD 03M 1461 as 
shown in table 2. 

Tbe eigenvalues based on this correlation matrix 
were computed to be: 

4.41349 0.97482 0.3699 1 0.14370 
0.0567 1 0.04139 

To accomplish this, we examined both the moving 
boundary and the bottom boundary. Data matrices 
were constructed based on F, the height of the 
schlieren pattern above the reference line, as a function 
of radial distance. Table 3 shows the resulting corre- 
lation matrix for the moving zone of the sedimenting 
boundary, and table 4, the matrix for the bottom of 
the cell. 
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33.450 RPM 

8286 sec. 

15,220 RC"M 20,4X0 RPM 
7641 sec. 7896 sec. 

RPM 50.740 RPM 

Fig. 8. Ultracentrifuge patterns for enumeration of a~e.gating species in &DNA system (1.2 mg./ml in 0.01 $1 N&I) using standard 
4”--12 mm sector cell, bar ange 70”. Initially run at 50 740 rpm for 2407 set after reaching speed. then lowered to 12 590 rpm. 
Speed was gradually increased to 50 740 quo by steps as indicated. 

Eigenvalues obtained from table 3 were: Thus, the moving zone consists of one component. 

6.24434 0.497 I4 O-20228 0.04208 
Eigenvalues obtained from table 4 were: 

0.00824 0.00462 0.00135 4.03949 2.27081 0.55360 0.10294 

and cumulative proportions of the total variance: 
0.08245 G.Oli 19 0.00253 

0_$9205 ii9&6 0.99196 0.99797 Cumulative proportions of the total variance were: 
0.99915 0.99981 i .oaooo 

Table 3 
CotreLation coefficients of principal and factor components in the moving boundary based on fig. 8. Computed using Biomed 
Program B~fD~3~¶~461 

1sKlooo 0.89959 0.83556 
0.89959 t.00000 0.9SI62 

0.83556 0.98182 1.00000 
0.84361 O-98446 0.99777 
0.73263 0.91904 0.97052 
0.64397 0.76132 0.82769 
0.66095 0.86056 093320 

0.84361 0.73263 
0.98446 0.91904 

0.99777 o-97052 
1.00000 0.96116 
0.96116 1 .ooooo 
0.81139 0.87486 
0.92152 O-98385 

0.64397 0.66095 
0.76132 0.86056 
0.82769 0.93320 
0.81139 0.921s2 
0_87.+86 0.98385 
1.00000 0.88187 
0.88187 I .ooaoo 
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Table 4 
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Correlation coefficients of principal and factor components in bottom boundary based on fi_e 8. Computed using Biomed Program 
BMD 03hl1461 

1 .ooooo 0.09772 -0.24908 -0.345 L8 -0.66006 -0.66842 -0.63358 

0.09772 1 .ooooo oA4109 0.39040 -0.68177 -0.697 12 -0.70754 

-0.24908 0.44109 1.00000 0.98254 -0.18240 -0.3’588 -0.34030 

-0.34518 0.39040 0.98254 1.00000 -0.07918 -0.23062 -0.25022 

-0.66006 -0.68177 -0.18240 -0.07918 1.00000 0.92156 0.89664 

-0.66842 -0.69712 -0.32588 -0.23062 0.92156 1.00000 0.99446 

-0.63358 -0.70754 -0.34030 -0.25022 0.89664 0.99446 1.00000 

0.57707 0.89247 0.97156 0.98626 
0.99804 0.99964 1 .OOOOO 

Based on these results we conclude that two compo- 

nents are present at the bottom of the celi. Thus, a 
total of three linearly-independent species are present 

for f,-DNA in this ionic environment. 

5. Discussion 

Our results indicate that the rggrega:ion of fd-DNA 
is highly dependent on ionic strength, and till *fary 
greatly with a slight change in ionic environment. It 
should be emphasized that an accurate measure of the 
compressibility of fd-DNA must be made in a very 

particular ionic environment and under specific gelling 
conditions. 

Compressibility measurements of Mg2+-fd-DNA 
and Na+-fd-DNA differ markedly. indicating a differ- 
ence in fd-DNA binding with monovalent and divalent 
ions. Such a difference-in binding has been noted by 
Archer et al. [40] and Krakauer [41] , in studies on the 
binding of Na+ and Mg’+ to poly A, poly UA, and 
poly A2l.l. Electrophoretic mobility studies by Ross 
and Scruggs [42] indicate that approximately 0.62 2 
0.02 Na+ ions are bound per nucIeotide. We conclude 
that Mg’+ -fd-DNA is more compressed and tightly 
folded, even at 0.005 icnic strength, while Na+-fd- 
DNA may exist in a more relaxed conformational state. 

The ultracentrifugal field relaxation behavior of 
Na+-fd-DNA, that is the appearance of a moving zone 

and a hypersharp interface at the bottom of the cell, 
may be explained in terms of diffusion [43,44]_ One 
factor operating here is a difference in the driving force. 
Thus, the driving force on the Na+ ions is small, and 
they retard the Na*-fd-DNA molecules in the moving 

zone (figs. 6 and 8). On the other hand, if the driving 

force for the Na+-f,-DXA aggregates at the bottom 
of the cell is independent of particle size, then you 
wouId expect to observe a hypersharp interface. 

As a general rule, the dilution of polyelectrolytes 
to a solution of very low ionic strength will increase 
the frictional coefficient [45]. As may be seen in 
figs. 6 and 8. a front with an extremely high concen- 
tration gradient forms at the bottom of the cell, from 
which the Na+-fd-DNA aggregates begin to diffuse 
into the solvent layer, producting a hypersharp inter- 
face. 

In schiieren patterns of MgZf (fig. 4) at the same 
ionic strength as Naf (fig. 6) hIgZc-fd-DNA shows a 
broadening of the bottom boundary rather than a 
hypersharp interface at the bottom of the cell. We 
speculate that the magnitude of the driving force for 

this divalent ion, and for Mg2+--fd-DNA aggregates. 
differs from that of the monovalent Na+ion. 

Schlieren patterns along with compressibility and 
molecular volume measurements at the interface and 
bottom of the cell, therefore, lead us to conclude that 
there is a change in the conformationai state of the 
gel-like ~,-DNA aggregates_ 

In enumerating the aggregating components for 
Na+-fd-DNA at 0.005 ionic strength within 90% con- 

fidence limits, we found two linearly-independent 
aggregating species definitely present in the system, 
with the possibility of a third species indicated. It 
should be noted that in this method of enumeration 
only linearly independent components are determined. 
All linearly dependent components appear as a single 
species. 

Despite the effects of sedimentation and diffusion 
operating on a system at low ionic strength, this type 
of ionic environment is best suited for enumeration of 
interacting species by principal component or factor 
analysis. 
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Our conclusion is that the first component in this 
single-stranded fd-DNA system may represent a fully 
relaxed conformation; the second species being more 
compressed, partially folded aggregates at the interface, 
and the third a tightly-packed, geMike material at the 
extreme bottom of the cell. 
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The storage and loss shear moduti (G’. C”) of human fibrin cIots have been measured in small oscillating defor- 
mations over a frequency range of 0.01 to 160 Hz with the modified Birnboim Cransducer apparatus. Most ctots 
were prepared by the action of thrombin on purified fibrinogen, under various conditions of pH and ionic strength 
to produce networks ranging from coarse CO fine structure; some were Ii-ted by fibrinol&e. The fine, unligatad 
clot showed very little mechanical loss or frequency dependence of G’ over the experimental frequency range, though 
loss mechanisms evidently appear at higher frequencies; C’ was proportional to the 1.5 power of tibrin concentra- 
tion. The coarse, un&aCed clot showed a slight inaease of c’ with frequency, reflecting some relaxation mechan- 
isms with time amstants whose reciprocals tie in the experimental frequency ranse. Li@ion did not greatly affect 
the magnitude of G’. However, clots prepared by dilution of sotutions of fibrin monomer in 1 $1 sodium bromide 
had smaller moduli by a factor of ten t&n corresponding clots prepared by the action of thrombin of fibrinogen_ 
Oscillatory measurements in the Birnboim apparatus with closed-end (annular pumping) geometry revealed a low- 
frequency anomaly which was shown to be due to permeation of fluid through the dot structure, and from these 
measurements the Darcy constants for cozse clots were calculated. From the Darcy constants. the aberage thick- 
nesses of the Fibrous elements of the structures were estimated to be from 300 to 700 A. 

I. rlltroduction 

The mechanical properties of fibrin clots are ob- 
viously important in their physiological Function and 
CUR aiso provide clues to their detailed structure and 
the mechanism of their Formation from fibrinogen. 
A few studies of elasticity and viscoelasticity of fi- 
brin have appeared in the literature [l-7] _ In an 
earlier investigation 161, dynamic viscoelastic proper- 
ties in the frequency range from 0.003 to 10 Hz and 
stress relaxntion were measured with a Weissenberg 
rheogoniometer [8], with special attention to the ef- 
fects of ligation (Formation of primary chemical bonds 
between fibrin units, through the action of fibrinoh- 
gase [91)_ Another rheological property of physioiogi- 
cal importance which cart be related to clot structure 
is the permeation of fluid through a clot under pres- 

: sure. In the present study, information has been ob- 
tained about both dynamic viscoelastic properties 

and fluid permeation. The differences between clots 
of coarse and fine structure, as determined by the pH, 
ionic strength, and other variables during clotting, are 
of particular interest. The effect of clot ligatidn by 
fibrinoligase has been explored to some extent. 

2. Materials 

Lyophilized human fibrinogen was obtained from 
Kabi A.B., Stockholm. It was dissolved in tris hydroxy- 
methytarninomethane buffer of the desired pH and 
dialyzed against a large volume of the same buffer 
overnight at 4OC to adjust its pH and ionic strength 
(P), of which 0.05 was contributed by the buffer and 
the remainder by sodium chloride. Aliquots were 
frozen and stored at - 10°C for future use. The pro- 

tein concentration was determined spectrophotome- 
trically from absorption at 2820 A of aliquots diluted 
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with a solution containing 0.2 M sodium hydroxide 
and 4O% urea by weight; the extinction coefficient 
was taken as I.65 1 cm-1 (g/Q)-1 [lo]. The protein 
was stated by the manufacturer to be either 90 or 
95%: of the non-clottable moiety, 3% is attributable 
to fibrinopeptides and the remainder to other protein, 
which was ignored. All solutions were prepared with 
deionized, double-distilled water. 

Bovine thrombin (topical) was obtained from Parke- 
Davis and company and-dissolved in buffer of the 
same pH and ionic strength as the fibrinogen solvent. 
The concentration of thrombin in NIH units was de- 

termined by appropriate tests [ 111; the stock sob- 
tion which was added to fibrinogen solutions for clot- 
ting was usually 20 u/ml, although higher if an unus- 
ually high final concentration was required. 

Fibrin stabilizing factor (FSF) prepared from hu- 
man plasma [ 121 was generously furnished by Profes- 
sor- L. Lorand and Mr. A.J. Gray, Jr., of Northwestern 
University. It was kept at 4” in a tris buffer solution 
of pH 7.5, ionic strength 0.15, containing 0.001 M 
ethylene diamine tetraacetate. When used for clot liga- 
tion, it was incubated at room temperature with cal- 
cium chloride (including excess to combine with 
EDTA) and thrombin to activate to fibrinoligase, be- 
fore adding this mixture to the fibrinogen, the vol- 
umes being adjusted to obtain the desired final con- 
centrations of all components_ In some cases, clot 
aliquots were subjected to analysis of polypeptide 
chain subunit patterns by gel electrophoresis [ 13 ] to 
determine whether ligation had actually taken place. 
These analyses were kindly performed by Professor 
Lorand and Mr. Gray. 

Fibrin monomer prepared according to Donnelly 
et al. [14], dissolved in I M sodium bromide with 
pH adjusted to 5.3 by acetic acid, was generously pro- 
vided by Professor Lorand and Mr. Gray. 

Clotting mixtures were introduced into the appara- 
tus as described below and allowed to clot in situ. Be- 

cause of the importance of the coarseness of structure 
in determining rheological properties, an aliquot of the 
mixture was usually allowed to clot in a spectrophoto- 
meter cell and its opacity was measured at 6000 A 
as a gauge of coarseness [15,16]. Here, the opacity is 
defined as (I/Q) log b/f, where 10 and I are the inci- 
dent and transmitted light intensities for a path length 
of Q in cm. The measurement was made at the same 
elapsed time as the beginning of mechanical measure- 

0 

- up’-’ 8.5. P o-45 
I , t I 

0 I 2 3 4 5 6 

Thrombin. units/ml. 

Fig. 1. Clot opacity in cm-’ plotted against thrombin concen- 

tration. for several pH and ionic strength conditions as shown. 
also with Ca’* (0.0056 hi) and FSF (0.002 m&/ml) as indi- 
cated; c = 9.4 g/!2_ 

ments. Often, syneretic fluid was expressed from a 
clot aliquot for a final check of pH. 

lt was found that, in addition to the well-known 
effects of pH and ionic strength [ 15, 161 on clot coarse- 

ness, the thrombin concentration during clotting had 
a strong influence at pH 7.5, ~0.15. This is shown in 
fig. 1, where the opacity decreases from 2.9 (white, 

opaque) to 0.4 (slightly hazy) with increasing throm- 
bin and concomitant decreasing clotting time. At pH 
6.5 and 8.5, on the other hand, the opacity is respcc- 
tively very high (coarse) and very low (fine) over the 
entire range of thrombin concentrations. It may be 
noted that addition of calcium ion, with or without 
FSF, can increase the opacity at pH 7.5 when the 
thrombin concentration is high. 

3. Methods 

Measurements of dynamic storage and loss shear 
moduli (G’. G”) were made over a frequency range 
from 0.01 to 160 Hz with the Birnboim transducer 
apparatus as modified by hlassa and Schrag [ 171, with 
computerized data acquisition and processing system. 
A stainless steel cell and rod were used. Normally, the 
sample is deformed with annular pumping geometry 
by periodic motion of the inner rod along its axis with 
the Tell end closed, as shown in fig. 2b. For samples 
with high mechanical impedance, however, an open- 
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a b 
Fig. 2. Deformation in Segei-Pochettino (open-end) geome- 

try (a) and annular pumping (closed-end) geometry (b). 

ended cell can be used as shown in fig. 2a {Segel- 
Pochettino geometry). For linearly viscoelastic poly- 
mer solutions and gels, the choice is purely a mat- 

ter of the magnitude of the sample impedance 25 
[ 171, which is the complex ratio of force to velocity 
contributed by the sample to the moving system. 
With the proper sample coefficient A or A,, meas- 
urements of Zt* will provide G’ and G” in either case. 

For annular pumping, Z& = Aq* f A(G’+ iG”) iw; 
for Segel-Pochettino, Z& = AO~*. Here gL is the 

complex dynamic viscosity and w the radian frequency 
(2n times the frequency in Hz). The coefficients A 

and A, depend on the radii of rod (Rt) and cell (R2) 
and the length of the annulus (I.). For the cell dimen- 
sions used in this work, A = 24 400 cm and A,-, = 

123 cm. (In these expressions for Zzt, a term involv- 
ing the sample density [ 171 has been omitted because 
it is not significant except at the highest frequencies_) 

Many measurements on clots were made with closed 
end cells before it was realized &at pumping geometry 
can introduce an additional response besides viscoelas- 
tic deformation if the clot structure is permeable to 
fluid. For coarse clots, the pressure at the bottom 
forces fluid up through the clot annulus with conse- 

quent flow; this fluid may arise from syneresis of a 
very small volume of clot below the bottom of the 
rod. In an extreme case of a very permeable gel, the 
sample deformation would correspond to Pochettino 
geometry even with the end closed, with a very much 
smalfer sample coefficient. 

The apparent storage and shear moduli, GL and 

Gi, which would be calculated from measurements 
of Z& if permeation is not taken into account, can be 

derived from an analysis of the forces on the moving 
rod. The mechanical impedance Zp corresponding to 
the flow through the annulus is the ratio of force to 
velocity: 

Zp =psrRf/v,, (1) 

where p is the-pressure and u1 the rod velocity (both 
periodic functions of time). In terms of a mechanical 
model, Zp acts in series with an impedance 
A&G + G”)/iw, and the combination is in pamIle 
with an impedance (A - Ao)(G’ + G”)/iw. Setting the 
total impedance equal to A(Gi + iGi)/iw, we obtain 
the apparent moduli which would be calculated with 
the sample coefficient A if the permeation were ig- 
nored [ 181: 

G; = (Ao/A)G’ 

*w’ 
Z;(A-A,,)G’ 

A (A-A,)2G’2 + [Zpo f (A-A,)G”]’ 
’ (2) 

Gg: = (Ao/A)G” (3) 

o Zp(A-Ao)2G’2f-~(A-AO)G”[Zpw+(A-A,,)G’ 

+Ti (A-Ao)*G’*+ [Z~W+(A-A&?]* 

Several limiting cases of interest may be distinguished. 
If Z, > Z&, Gi = G’ and Gz = G”, so permeation can 
be ignored; this will be found to be the case for fine 
clots. At high frequencies, CL = G’ and GI = G”; per- 
meation can be ignored even for coarse clots. At the 

limit of low frequency, Cl = (b/A),G’ and Gi = 

(A$/A)G” f a2Tp/A. Thus the apparent loss modulus 
G, gives a measure of permeability provided w-27, % 
A,G”, as is usually the me. 

The permeability of a reticulate structure to fluid 

is conventionaliy expressed by the Darcy constant cb, 
which may be defined [ 191 as 

~7) = Qtl,WW, (4) 

where Q is the volume of fluid passing through a col- 
umn of length L and cross-section area Fin time f 
under a pressure p. and qs is the viscosity of the fluid. 
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In our geometry> F = n(R$ - Rf) and Q/f is the rate initial measurements were repeated to make sure that ’ 
at which the bottom of the rod expels fluid, viz., the modulus had not changed by more than a few per 
Q/t = ?rR$, _ Combination with eq. ( 1) yields cent during the sequence. 

Or, combining with the limiting from of eq. (3) at 
low frequencies end negligible (A&)G”, 

‘D= rqLR;/(R;-Rf)A li~JG;lw)_ (6) 

From the Darcy constant, calculated in this man- 
ner from G;’ at low frequencies, the average diameter 
of the fibrous elements of the gel structure can be es- 
timated [19]. If the volume fraction q2 of the gel 
structure is less than 3%, 

When the clotting time was very short (< 2 min), 
the mixture without thrombin was placed in the cell 
and the required thrombin in a solution volume of 
0.05 cc was placed on the tip of the rod_ The cell was 

then raised and pumped manually several times to 
complete the mixing, and afterwards the rod and drive 
coil were quickly unclamped. In this case, the trans- 
ducer could not be moved to the water bath because 
the clot, once formed, might be damaged or dislodged 
from the cell or rod surface; measurements were made 
at the ambient temperature of about 73°C. 

(7) 

For open-end geometry, the glass bottom of the 
cell was removed after the clot had formed. This was 
facilitated by previously coating the glass with a thin 
layer of silicone grease. The exposed clot was coated 
with a drop of mineral oil to reduce evaporation. 

and, fram hydrodynamic calculations of Emersleben 
[20] and model experiments of Kuhn [2 11, the pro- 
portionality constant k can be assigned a value of 

0.105 + 0.01. 

In a few cases, clots were formed by diluting fibrin 
monomer, dissolved in 1 M sodium bromide at pH 
5.3 1141, with tris buffer of pH 7.5; the transducer 
was left at ambient temperature. 

The Darcy constant of a clot can also be derer- 
mined from the rate of flow of buffer through a cylin- 
drical sample of known dimensions under moderate 
pressure, and a few such measurements were made 
with a simple apparatus to check the results from eq. 

(6). 

4. Results 

4-l _ Dynamic twasuretnetlrs: Open-etldgeometry 

For measurements in the Birnboim apparatus, the 
clotting mixture was normally prepared in a plastic 
test tube and poured into the cell, which was then 
raised to its proper place around the rod and Locked. 
The rod and drive coil were then unclamped so the 
moving system could assume its equiiibrium position_ 
A small amount of mineral oil was layered on the clot 

surface with a hypodermic needle to avoid evapora- 
tion. Before clotting occurred, the transducer housing 
was sometimes cIosed and the assembly was immersed 
in a water bath for temperature regulation at 25.0°C; 
though sometimes measurements were made at the 
ambient temperature of about 23OC. The clotting 

time was usually from 3 to 15 min, and 2 to 2% h were 
allowed to elapse for the fuli clot rigidity to develop 
[I, 15]_ Measurements at 1.0 Hz were then repeated at 
I5 min intervals until the force/amplitude ratio (a 
measure of modulus) was constant within 1%. After a 
series of measurements at different frequencies, the 

The maximum rtvial displacement of the rod used 
in oscillatory shear measurements was about 1.3 X 
lOA cm, and wivith open-end geometry the correspond- 
ing maximum shear strain was (for an annular gap of 
0.037 cm) only 0.35%. The wave forms for both force 
and displacement, as viewed on an oscilloscope. were 
sinusoidal. 

The storage and loss shear moduli (in dynes cm-‘) 
of a typical fine and a typical coarse clot are plotted 
logarithmically against radian frequency in fig. 3. The 
upper end of the frequency range is limited by incipi- 
ent shear wave propagation across the gap [ 17). The 
fibrin concentration is 9.4 g/n. For the fine ClGt (opac- 

ity 0.039 cmdt), G’ is remarkably independent of fre- 
quency over nearly four logarithmic decades, indicat- 
ing absence of relaxation mechanisms with time con- 

stants whose reciprocals lie in this region; such nearly 
perfect elasticity is rarely if ever observed in poly- 
meric systems_ The loss modulus G” is very low at low 
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Fig.. 3. Logarithmic plots of G’ and G” (in dyne/cm2) against 
radian frequency for deformation in Se@-Pochettino germ- 
etry. Open circles, fine clot (pH 8.5, JL 0.45. fibrin 9.4 g/Q, 
thrombin 4 u/ml); black circles, coarse clot (pH 7.5, ~10.15, 
fibrin 9.4 g/P, thrombin 0.8 u/ml). 

frequencies (corresponding to a loss tangent, C”/G’, 
of 0.025), but at higher frequencies it increases almost 
directly proportional to frequency, reflecting a sub- 
stantial relaxation mechanism whose reciprocal time 
constant lies at a frequency above the experimental 
range. For the coarse clot (opacity 2.63 cm-l), G’ is 
somewhat higher and increases somewhat with fre- 
quency, reflecting a finite relaxation spectrum_ Cor- 
respondingly, G” is relatively considerably higher 

(minimum loss tangent about O-l), but it too increases 
more rapidly at frequencies above log o = 2, indicat- 
ing a substantial relaxation mechanism operative at 
higher frequencies. 

4.2. Dynamic meqsuremenrs: Ched-end geometry 

For the closedend geometry, the maximum rod 
displacement was also usually 1.3 X LO4 cm; in this 
case, the maximum shear strain calculated from a 
formula given elsewhere [22] was about 10% Despite 
this rather large strain, no effects attributable to al- 

teration of clot structure were observed_ In several 
experiments, much smaller strains (down to 2%) were 
employed, with essentiahy the same values of G’ and 
G” at a given frequency. Check measurements after 
completion of a series of frequencies revealed no pro - 
gressive alteration of structure; and rapid alternation 
of measurements at low and high frequencies gave 
values in respective agreement so that a steady state 

Fig. 4. Logarithmic plots of apparent G6 and GI#r dyne/cm2) 
ztgainst radii frequency for deformation in annular pumping 
pometry. Open circles, fine clot (pH 75, ,u 0.45, fibrin 9.4 
g/P, thrombin 6 u/ml): black circles, coarse clot (pH 79, p 
0.15 fibrin 9.4 g/Q. thrombin 0.15 u/ml). 

was evidently quickly reached with no thixotropic ef- 
fects_ However, for coarse clots, the wave form for the 
displacement signal showed departures from sinusoidal 

shape; at low frequencies, the maxima and minima 
were unsymmetrical, revealing some kind of hysteresis 
within the cycle, and at higher frequencies there were 
irregularities near the peaks. The values of G’ and G” 
calculated by the cross-correlation analysis of the com- 
puter [ 171 do not correspond exactly to the quantities 
defined for sinusoidal deformations, therefore, but 
emphasis is placed on G’ at higher frequencies which 
is probably affected very little by these irregularities. 

The apparent storage and loss shear moduli of a 
typical coarse clot (opacity 2.7 cm-l) and a relatively 
fine clot [opacity 0.4 cm-‘) are plotted in fig. 4. At 

the highest frequencies, the behavior is similar to that 
observed with open-end geometry. However, with de- 
creasing frequency, the clots show very different be- 
havior_ For the coarse clot, G’ falls by more than two 
orders of magnitude; G” passes through a minimum 
and maximum, and at low frequencies approaches di- 
rect proportionality to w (slope of unity)_ This indi- 

cates an energy-dissipating process with a time con- 
stant of the order of one second, but the absence of 
such a process in frg. 3 demonstrates that it is not vis- 

coelastic. it is due to permeation of fluid through the 
clot annulus. 

According to the low-frequency limiting form of 
eq. (3) (with negligible (A&)G” term), G@ = Z&L 
If this ratio as observed at low frequencies for the 
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Fig. 5. Data for coarse clot of fig. 4 (points) compared with 
calculation of apparent Ga and Gi taking permeation of 

fluid into account, with data for marse clot of fig. 3 and eqs. 
(2) and (3) (dashed curves). 

coarse clot in fig_ 4 is attributed to permeation, we 
obtain Z, = l_ 1 X 108 dyne &cm_ From this value 
together with the actual freqtisncy dependence of 
G’ and G” measured on a clot prepared under identi- 
cal conditions (fig. 3), eqs. (2) and (3) cm be used to 
predict the values of Gi and Gi which would be meas- 
ured under closed-end conditions_ This calculation is 
compared in fig. 5 with the data of fig. 4, and the 
agreement is quite good. In particular, Gi at low fre- 
quencies approaches the expected limiting value of 

(A& )G’. 
From the above value of Zp and eq. (5), we obtain 

for the Ilarcy constant of the coarse clot cb = 1.8 X 
lo-lo poise cm4 dyne-’ set?. To compare this 
with a more direct measurement, the flow of buffer 
through a clot prepared under identical conditions in 
a cylindrical tube was measured by applying hydro- 
static pressure to one end. From measurements at dif- 
ferent pressures and application of eq_ (4), 9 was 
found to be 2.3 X lo-‘*, in quite reasonable agree- 
ment. (Further details concerning this procedure and 
data for different types of clots will be reported sub- 
sequentiy.) 

The fme clot of fig. 4 offers much greater resistance 
to permeation and the effect on Gi and Gi is there- 
fore shifted to lower frequencies; the expected maxi- 
mum in G,” ties below the experimental frequency 
range, and Zp cannot be calculated. For still finer 
clots (prepared at pH KS), the frequency dependence 
of closedend data closely resembles that of open-end 
data but for a sIi&t rise in G,“at lowest frequencies. 

0- 

.o - 

.o - 

.I - 

.o - 

L 

0 s 

Fii. 6. Logarithmic plots of G’ of clots at frequencies at or 

above 63 rad/rec against fibrin concentrations in g/Q; numbers 

denote rIopes. 0, human, data of tig. 7 and additional concen- 
trations under same conditions; 6, humazl, Ferry and Morrison 
[I]. pH 6.8, P 0.30. thrombin 4 u/ml; 9, bovine. Miller et al. 

(31, pH 7. P 0.45. thrombin 1 u/ml; 6. bovine, Kaibara and 
Fukada [4], pH 6.8, p 0.37, thrombin 1.7 u/ml. 

4.3. Phzteau mduli and Darcy constants 

At the upper end of the experimental frequency 
range, G’ is nearly independent of frequency and un- 
affected by fluid permeation in closed-end geometry. 
This value is a measure of the rigidity of the structure 
and is fisted in table 1 for clots formed under various 
conditions at pH 7.5, ionic strength 0.15. They are not 
always reproducible for different preparations of fi- 

brinogen, as previously noted in wave propagation 
measurements in a similar frequency range [3]. How- 
ever, measurements cn the same preparation are com- 
parabIe. 

Results for a series with different fibrin concentra- 
tions are plotted logarithmically against concentration 
(c) in fig. 6, giving a straight line with aslope of 1.52. 
The concentration dependence is dose to that ob- 
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Table 1 
Limiting modulus data, pH 7.5, P 0.15 (annukr pumping geometry) 

F’gen Fibrin TFombin Opacity 
Stock WQ) (u/ml) <Cm-5 

log C’ 
(dyne/cm’) log (c”/w) CD d 

hi&W LOW w (X 1O’O) (N 

~~.--_--___- 
A 3.1 
A 5.9 
A 6.3 
A 9.3 
A 12.5 

9.2 
9.4 

B 9-4 =) 

9.4 
B 9.4 
B 9.4 b) 
B 9.4 
B 9.4 b) 

--- -- -.-- -._-__-- 
6 
6 
6 
: 0.38 

0.25 2.7 
0.45 2.8 

0.6 2.9 
0.65 2.7 
0.E 2.6 
0.8 2.9 
35 0.61 
35 2.6 

-- 
3.10 
3.50 
3.61 
3.83 
4.00 
3.80 352 25 400-’ 
3.72 
4.23 3.06 7.1 679 
3.78 
4.05 3.65 1.8 341) 
4.33 3.40 3.3 47b 
4.06 
4.05 3.80 L-3 290 

a’ 0.006 hl calcium ion nddrd. 
b, Ligated with 0.006 XI calcium and FSF (0.002 mg.//ml). 

served for human fibrin many years ago [ 11 under 
slightly different conditions, though the magnitudes 
differ. Earlier data on bovine fibrin [31 give a slope 
near 2. though it is questionable whether there can 
be a real species difference. A single point on bovine 
fibrin from Kaibara and Fukada [4] is included for 
comparison. 

Table 1 aiso provides some comparisons of the ef- 
fect of varying thrombin concentration and ligation 

by fibrinoligase, both of which affect the shear modu- 
lus relatively little in this frequency range_ 

Measurements were also made on a few clots formed 
by diluting fibrin monumer solutions with tris buffer. 
The modulus G’, measured at higher frequencies where 
it is nearly frequency-independent, is compared in 
table 2 with that for corresponding clots formed by 
the usual action of thrombin on fibrinogen. Since the 
clots from fibrin monomer inevitably contain residual 
sodium bromide (0.15 M after dilution in our case), 
which is known to modify clot structure in the direc- 
tion of fineness, the clots from fibrinagen were made 
in the presence of the same concentration of sodium 
bromide. Thrombin was also added in making the cIots 
from fibrin monomer (needed to activate FSF in the 
case of ligation). For the clots to which frbrinoIigase 
was added, ligation was confirmed by end-group analy- 

Sk 

It is evident that the slots formed from fibrin mo- 
nomer have lower moduli of rigidity by about a factor 
of ten, indicating a much weaker structure when poly- 
merization takes place in this manner. The effect of 
ligation, however,‘is again very slight whether the pre- 
cursor is fibrin monomer or fibrinogen. 

Since G’ is nearly proportional to cl5 at higher fre- 
quencies, it is of interest to examine both Gi/crs and 
Gz/c*s over the entire frequency range at various fi- 
brin concentrations. The moduli reduced in this man- 
ner are plotted logarithmically against frequency in 
fig. 7, with the somewhat surprising result that the 
curves coincide aImost exactly. Although they do not 
extend to low enough frequencies to define *he per- 
meation effect clearly, it should follow from eqs. (2) 

Table 2 
hfoduti of clots from fibrinogen and from fibrin monomer 
Uibrin concentration 3.0 gfP, pH 7.3, ionic strength 0.28 in- 
cIuding 0.15 M sodium bromide, tbrombin 1.1 u/ml) 

Recursor 
ckkium Flbrino- 
(MX IO31 &se 

czottiIlg 
time Iog c 

(min) 

FEbriIlOg~ 05 absent 3 2.6 
Fibrin monomer 0.5 absent 4 1.7 
Fibrinogen 1.0 present 3 2.8 
Frbrin monomer I.0 present 0.3 1.8 



W-W. Roberts et&. Rheology offibrin clots_ I 159 

0 -1 

12.5 0 , I 1 1 I 
-2 -I 0 I 2 

log w (rad./sec.) 

Fk. 7. Logarithmic plots of apparent G/c’*’ and G”/c’-’ 
as&t radian frequency for annular pumping geometry: 
clots with four fibrin concentrations (cc) as indicated; pH 7.5. 
p 0.15, tbrombin 6 u/ml, temperature 25”. 

and (3) that the impedance is also proportional to 
cta5 and therefore [eq. (5)) that the Darcy constant 

is proportional ta c-1*5 _ 
Darcy constants, obtained from Gi at low fre- 

quencies, are also given in table 1 for several clots_ 
They appear to be correlated with opacity as expected, 
the highest opacity (coarest structure) having the high- 
est permeability_ At equal opacity, ligation perhaps 
decreases permeability slightly. 

5. Discussion 

5.1. Concentratkw dependence of modulus 

The magnitude of G’ in the present experimental 
frequency range reflects the elasticity of a network 
structure relatively free of relaxation processes. It 
must depend on the resistance of the individual fi-. 
brous elements (which can be seen in the electron mi- 
croscope 1231 j to extension and bending, as well as 
torsional deformations at the junctions. 

The elastic behavior of a random two-dimensional 
network of fibrous elements has been treated by Stern- 
stein [3-41. It is assumed that in deformation the in- 
dividual fibers extend and that twisting occurs at the 
junctions, to a degree which minimizes the elastic free 

energy. Unfortunately, this treatment has not yet been 

extended to a three-dimensional network. 

5.2. Rekzxation in fke clots at higher frequencies 

in the region of log w = 2.5, the fine clot of fig. 3 
shows G’ nearly independent of ;J and G” nearly di- 
rectty proportional. This behavior corresponds to the 
presence of one or more relaxation mechanisms with 
modulus contributions Gi, and relaxtion times ii all 
of which are smaller than 1 /w in the experimental 
range, such that 

G”/w =cGiri = q,. 
i 

The viscosity rl, may be regarded also as the viscosity 
of a Voigt model in parallel with the (frequency-inde- 
pendent) modulus G’; in fig. 3, ‘1, = 5 poise. In coarse 
clots, similar behavior appears to be approached at 
higher frequencies_ To the extent that the form of the 
frequency dependence is independent of concentration 
as suggested by fig. 6, the viscosity qv is proportional 
&o to @, and the relaxation times are independent 

of concentration. It is tempting to associate the me- 
chanical loss with bending deformations of the fibrous 

elements. Measurements at higher frequencies are 
needed to elucidate the mechanism. 

.X3_ Releratiorz at very low frequencies or loltg times 

Measurements at long times, such as creep and stress 
relaxation, are needed to elucidate mechanisms which 
reflect readjustments in the clot structure. it has al- 
ready been observed that such measurements, as well 
as sinusoidal measurements at low frequencies [6] (in 
contrast to data in the upper frequency scale of the 
present experiments) differentiate clearly between 
ligated and unligated clots [3,6], and the distinction 
is now being studied in more detail. 

5.4. Estimation of fiber diameters from Darcy commnfs 

By eq. (7), estimates of the average fiber diameter 
d can be made from the Darcy constants, and these 
are also listed in table I_ For coarse clots, the range of 
300-700 II agrees remarkably well with observations 
in the electron microscope 13_3]_ The fluid permeation 
method has the advantage, of course, of studying the 
intact three-dimensional clot without alterations by 
drying, etc. The proportionality ofq to c-~ implies. 
together with eq. (7) and the fact that u7 = cp/lOOO 
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where p is the density of the protein, that d is pro- 
portional to c-0*5. Thus, dilution produces a mild 
coarsening effect. 
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ON SITE HEXEROGENEiTY IN STURGEON MUSCLE GPDH: 
A KINETIC APPROACH 
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The kinetics and stoichiometry of the reaction of sturgeon muscle glyceraldchyde-3-POaachydrogenasc (GPDH) 
with the disulftie interchange reagent bis(2,2’ dithio-bis(S-nitcobenzoate) (DTNB) has been studied in detail. The 
native enzyme. a tetramer of covalently identical subunits. reacts relatively rapidly with precisely four equivalents 
of reagent. although there are three cysteine residues per subunit (12 per tetramer). Reaction of these four cysteincs 
leads to total catalytic inactivation; the extent of inactivation is proportional to the fractional reaction. The rate of 
reaction is dependent on the extent of bound NAD: reactivity being very much greater at unliganded sites. The re- 
action with apoenzyme is Fastest, bimolecular and monophasic. Over a wide range of NAD concentration, however, 
the reaction of enzyme with a large molar excess of reagent is precisely biphasic. and each individual kinetic experi- 
ment can be analytically desaibed by two pseudo fiiterder (NAD concentration-dependent) rate constants and 
two unequal NAD concentration-insensitive amplitudes. The biphasicity in rate is quantitatively explainable on the 
basis of a C2 symmetry for the tetrameric subunits with a tighter binding of NAD at two of the four sites, if high 

reactivity is exclusively dependent on the absence of bound NAD. The inequality in the two amplitudes. however, 
requires either a more compIex or a more dynamic model. Arguments are presented for the appropriateness of a Cs 
symmetry model in which intramolecular transonformational isomertition of tight and loose NAD binding sites 
is possible. The equilibrium constant for the isomerization is estimable from the macroscopic specific rates and am- 
plitudes. This “flip-over” CZ symmetry model is apropos to all situations of negative coopetativity in liganci binding 
to tetramers. as is discussed. 

1. Intmdudion 

Considerable interest hxs recently cewered on the 

active-site specific ligand binding properties of oli- 
gomeric enzymes composed of identical monomers, 
particularly in regard to the relationship between 
such ligand interactions and the regulatory functions 
of the enzyme [f-3] . Muscle GPDH enzymes from 
a variety of sources, as well as other oligomeric en- 
zymes, exhibit two interesting phenomena: negative 
cooperativi@ (progressive decrease in &and affinity 

with increasing extent of ligrtion) and half-sire re- 
acfivity (stoichiometric limitation of an irreversible 
reaction to one half of the potential active sites of 
the molecule). These phenomena must each arise as 

* Visiting research scientist from CNRS. Fran=. Present ad- 
dress: EPCM. Bat.430. Universiti PaLsSud.Orsay 91, France. 

a consequence of liganddependent variations in sub- 
unit interactions within the oligcimer; although the 
precise mechanism of the &and-mediated quaternary 
conformationai changes is a matter of considerable 
controversy. Negative cooperativity can be a conse- 
quence of either site heterogeneity or of the extra 
stability of quaternary structures which contain a 
variety of l&and induud tertiary conformational 
subunits over an oligomer composed of subunits of 
identical conformation. Half-site reactivity may, 
according to either hypothesis be an extreme conse- 
quence of negative cooperativity. Its origin may also 
be a consequence of kinetic limitations. 

Until now negative cooperativity has been studied 
primarily by equilibrium titration experiments [4,5] _ 
Although titration experiments are suited to the de- 
tection of substantial site heterogeneity (i.e., when 
the ratio of the dkzociatmn constants Z= lo), extreme- 
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ly accurate data are required to differentiate among 
less variant sites [6]. The inherent inaccuracy in 
polyphasic titration analysis arises from the errors 
in estimation of free ligand concentration, especially 
in the stoichiometrically interesting concentration 
region where both the total ligand and site concentra- 
tions are comparable to thz dissociation co?stants. 

NAD+ binding to sturgeon muscle GPDH, a te- 
trameric enzyme 171, has been previously shown to 
be quantitatively describable by a model involving 
equai numbers of two nonequivalent NADf binding 
sites (i.e., negative cooperativity via site heteroge- 
neity) i5] _ Moreover, the chromophoric acyl phos- 

phate 0(2-furyl)acryloyl phosphate, [8,91 acyiates 
only two of the four potentially available active sulf- 
hydryl sites of the enzyme (half-site reactivity). In 
contrast, 2,2’dithioW$S_nitrobenzoic acid), a specif- 
ic thiol reagent [lo] reacts specifically, and very 
rapidly, with four active site cysteines of the enzyme 
tetramer [S ] . 

~Iop-sQN02 + E-W 

coo” 
2. 2’ dithimbis (5mitrobenzoare) 

(1) 

2.thiolate-5-nitrabenzoate 

Our present concern is to examine the kinetics of 
this fast reaction. 

Irreversible specific reaction kinetics at the active 
site of an oligomeric enzyme can be utilized to in- 
vestigate for heterogeneity among otherwise liganded 
and urdiganded sites, provided that the irreversible 
reagent is structurally oriented enough to discriminate 
the actual heterogeneity_ Kinetic data (Le., signal 

change versus rime) can in principle, discriminate 
site heterogeneity more sensitively than titration data 
(signal change versus concentration) because of the 
exponential nature of the decay in reaction rate in 
each step of the polyphasic process. Moreover, all the 
heterogeneous kinetic parameters are obtainable from 
a singk kinetic experiment. 

Unfortunately, kinetic polyphasicity can also be 
a consequence of the reaction complexity (e-g_, a 
multi-step reaction mechanism within a given subunit). 
The experiments we describe utilize a spectropho- 
tometrically interpretable reaction (eq. (1)) which 
does not suffer from chemical kinetic complexity. 

2. Materials and methods 

2.1_ Reagetl ts 

DTNB* (Calbiochem) was recystallized irom glacial 
acetic acid. Fresh DTNB solutions contained less than 
1% of TNB as impurity on the basis of absorbance 
measurements at 412 MI using e = 13.600 M-lcm-l 
for TNB [IO] _ 

Exact concentrations of DTNB stock solutions 
(up to 2 mM) were dsrermined by absorbance at 
412 nm after addition of excess dithiothreitol(5 mM) 
to the diluted DTNB so!ution (10 to 50 PM) in stan- 
dard EDA buffer, pH 7.0. Two molecules of TNB 
were produced per DTNB molecule in these condi- 
tions_ NAD+ (Sigma, Grade III) was assayed as pre- 
viously described [5] . AU other chemicals used were 
analytical grade _ 

2.2. Enzyme 

Highly purified sturgeon apoGPDH was prepared 
and assayed as previously described ES]. The maxi- 
mum specific activity of this enzyme was 340 * 10 
unitsjmg of enzyme under Ferdinand [ 1 l] assay con- 
ditions. A maximum of four active site cysteines per 
enzyme molecule were titrated by DTNB as previous- 
ly described [5]. Standard EDA buffer (10 mM EDA, 
0.1 M KCl, 1 mM EDTA, pH 7.0) was used as solvent 
in all experiments reported herein. 

2.3. Isoiattirr of the DTNB modified enzyme 

Sturgeon holoGPDH (21 or 67 yM) was reacted 
with an excess of DTNB (024 or 057 ITIM) at room 
tempenture ‘.or 5 minutes. The resulting inactive 

* Abbreviations used: CPDH: glyceraldehyde-3-phosphate 
dehydrogenase; DTNB: 2,2’dithio-bis-(5aitmbenzoic acid); 
TNB: 2-thiol-Snitrobenzoic acid; EDA: ethylene diimine. 



F. Seydouw and S_ Bernlnrd, Sire hererogeneity itr mrurgcon muscle GPDH 163 

enzyme was Bio-gel-P-10 filtered at 5”. UV spectra 
of the modified, DTNB free enzyme was recorded 
immediately after elution. 

2.4. krineric measurements 

The stopped flow apparatus used in this work 
was redesigned from the original apparatus described 
by Gutfreund [12]_ The mixer and the observation 
chamber consisted of eight mixing jets anl 1 cm tight 
path built into a single quartz block cast in!o a plas- 
tic mounting. The dead time of the instrument was 
about 1 msec. Monochromatic light was obtained 
from a 24 volt quartz-tungsten-iodine lamp (Atlas), 
and a Schoeffe! prism monochromator (model 
AMP30) with a bandwidth of i 4 nm at 412 nm. 
Optical detection of the transmitted light was noni- 
tored with an EMI 9529B photomultiplier operated 
with 11 dynodes stages. The photomultiplier signal 
was amplified and filtered using a time constant from 
0.1 to 1 msec depending on the tif-life of the reac- 
tion under observation_ light transmission was re- 
corded simultaneously on a Tektronix storage oscil- 
loscope and on an Ampex tape deck recorder. The 
analogue signal (i-e., voltage versus time) recorded 
on tape was transformed and plotted in digital form 

(i.e., absorbance vcrsu~ time) using a Varian 620i 
computer_ A detailed description of this apparatus 
is forthcoming [36] _ 

2.5. Analysis of khetic CIQ~Q 

Transformed kinetic data (Le., absorbance versus 
time) were analyzed numerically with a computer 
program based on the iterative fitting procedure de- 
scribed by Cleland [13]_ 30 data points per kinetic 
recording (absorbance at 412 nm versus time) cover- 
ing at least 90-95% of the total reaction were fitted 
to either a single or a double exponential equation 

M(r) =A [l -exp(-kr)] , (2) 

AA(r) = Af[ 1 --exp(-k&l ‘A, [I eup(-k,r)] , (3) 

where &I(f) is the time-dependent absorbance change 
and A. AF and A, the reaction amplitudes associated 
with the rate constants k. kF and k, respectively. The 
relative goodness of fit to the preceding equations 

was estimated by comparing the experimental variances 

u2 obtained in each case. In most cases 02 vahtes 
were decreased by at least one order of magnitude 

when eq. (3) was used to fit the biphasic data instead 
of the single exponential of eq. (2). As shown in fig- 1, 
deviations between the calculated and the esperimen- 
tal absorbance values for each data set occurs random- 
ly when the doubIe exponential of eq. (3) is used to 
fit thz data. The average deviation between calculated 
and experimental value is close to the observed ran- 
dom noise of the signal (from about 1O-a to 1O-3 
absorbance urlits at an average absorbance of 0.1, 
depending on the time constant used). Thus, no fur- 
ther refinement of the fitting equation (eq. (3)) was 
required. 

3. Results 

3.1. Isolation ad cizaracteri~arion of DTIVB reacred 
GPDH 

The DTNB modified enzyme (TNBenzyme) has 
an absorbance maximum at 327 nm, a characteristic 
of mixed thio-nitrobenzoate disulfide [I41 (fig. 2). 
Immediste addition of 5 mM dithiothreitol displaces 
TNB from the enzyme as is indicated by the appearance 
of the nitro-thiophenolate absorbance maximum at 
412 nm (fig_ 2). Following dithiothreitol treatment, 
at least 9r)% of the initial activity of the enzyme is 

POINT NUMBER 

Fig. 1. Computer tit of the experimental data to a monophasic 
reaction model (eq. (71, sqoxes) and a biph;rsic reaction model 
(eq. (3). circles): % deviation between the observed and nlcu- 
hted data (absorbance at 412 nm). Dara (30 points) are those 
of kinetic experiment 7 as given in table I _ Average deviations 
are 0.85% and 0.26% for the data fitted to eqs. !?I and (3) 
respectively. The deviations for the fit to eq. (3) are random. 
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pig_ 2. Absorption spectra of TNB-SturgeonCPDH before 
(- - -) and after ( -) treatment with dithiothreitol_ Ab- 
sorbance at 280 and 260 nm for the enzyme-coefizyme sys- 
tem an be corrected for the TNB contribution from the 
known nitxo-thiophenolate absorbances at 417,280 and 
260 nm. The enzyme concentration (4.9 &f) was estimated 
either from the corrected absorbance at 280 nm using 
,$F&’ cm = 0.9 or by the Biuret method [ 331 using *XII- 
treated holoenzyme ps standard. These estimates agree to 
f 5%. A total of 3.90 f 0.1 mole of TNB was released per 
mole of enzyme (i.e., 145 000 dakons of protein material) 
upon dithiothreitol treatment. 

recoverable. From the visible absorbance, the con- 
tribution of the thiophenolate to the total UV ab- 
sorbance can be calculated and consequently the UV 
absorbance of the residual protein and coenzyme 
chromophores is determinable. An absorbance ratio 
‘$8O/A260, of 190 f 0.1 w&S found indicating that 
under the conditions of Bio-gel chromatography less 

than 05 mole of NAD+ was eluted with the DTNB 
modified enzyme. Since the holoenzyme still retains 
39 * 0.1 NAD+ per enzyme molecule ([A280/A260 = 
1 .I3 f 0.02, [S]) under identical elution, NADf 
binding to the TNBenzyme is considerably looser 
than in the native enzyme. 

The 412 run absorbance appears spontaneously 
in the isolated DTNB modified enzyme within several 
hours, indicating the slow disulfide interchange al- 
ready mentioned by several authors [ 15,16]. This 

slow reaction was accompanied by an irreversible loss 
of enzyme activity and further precipitation of the 
enzyme- 

3.2. Kinetics of the reaction of DIWB with sturgeon 
ape-enzyme 

The reaction of fresh ape-sturgeon GPDH at pH 
7.0 with an excess of DTNB is a clean, extremely fast, 

frst order process (see fig_ 3a). The pseudo first-order 
rate constant, k, (eq. (2)) is linearly related to the 
DTNB concentration. From the linear plot of k versus 
[DTNB] , a bimolecular rate constant of 055 + 0.05 
&I-lsec-1 was calculated. The observed kinetic 
homogeneity in the reaction of DTNB with the apo- 
enzyme is not in agreement with a previous report 
wherein partially purified sturgeon GPDH was used 
[ 171. In this regard we have noted that aged pcepara- 
tions of apo-GPDH were inhomogeneous in the reac- 
tion kinetics with DTNB, especially when the total 
reaction stoichiometry was less than 3.5 mole of 
DTNB per enzyme molecule. 

3.3. fnhibition of the DTNBenzyme reaction by NAD+ 

Apoenzyme (about 1 a) was preincubated with 
varying amounts of NAD+ and then mixed in the 
stopped flow apparatus with an excess of DTNB 
(usually 0.25 mM). The time-course of absorbance 
change at 412 nm was discernably biphasic under 
these conditions, as shown in fig. 3. Accordingly, 
we have separated our analysis into a fist and a slow 
phase, each with a variable rate and amplitude. The 
rate constants and relative amplitudes (the rota! am- 

plitude corresponds to the formation offozu TNB 
per enzyme, except as specifically noted below) of 
each of these phases are dependent on NADC con- 
centration (fig. 4). Three distinct regions of NAD+- 
concentration dependent phenomena (corresponding 
to different extents of NADf binding) are separable 

from the kinetic data. These are describable as fol- 
lows. 

3.3.1. Enzyme containing less tEsn two bowrd NADf 
per tetramer 

The rate constants for both the fast and the slow 
phases are independent of NAD+-concentration. The 
fast phase amphlude decreases almost linearly with 
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Fig. 3. Kinetics of the reaction of sturgeon GPDW with excess DTNB at various NAD* concentrations. Semi-Iog plots of the data 
fitted to eqs. (2) or (3) asgiven in the text. Points are experimenml. Curves are calculated using the corresponding kinetic param- 
eters vaIues as given in table 1. 

{a) Rewtions of the apoenzyme <*), and at NAD+/E * 2 (A).. 1.24 & enzyme, other conditions are as given in table I (ex- 
periments I and 3 respectively). 

(6) Reaction at 21.6 phi (0) and 740 &M <a) NAD*_ Enzyme concentrations were 1.24 ?td I .34 pM respectiveiy. Other condi- 
tions as given in tab1e I (experiments 7 and 10 respectively). 

Fii. 4. Biphasic reaction of DTNB with sturgeon GPDH at various NAD+ conce%rations. Points are experimental, solid curves are 
caleuIat$ according to eqs. (5). (6). (9). (IO) and (12) asdiscussed in the text. DTNB: 0.2s m&f, enzyme: 1.29 + 0.05 FM. Stan- 
dard EDA bt&fer pW 7.0.25”. 

(a) Amplitude of the fast phase (Af) in % of the total reaction amplitude versus total NAD* concentrations. The amplitude of 
the slow phase is As% = LOO% - Af%. 

(b) Rate ~~nstanfs for the fast (kf. o) and slow (k s,-) phase versus total NAD*concentration. The two Iowest points in the ks 
graph were obtained from kinetic measurements in a conventional spectrophotometer (for these two NADC concentrations the 
overall reaction is nedy monophasic). 
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Table 1 
Kinetic parsmcterr of the DTNB reaction with sturgeon GPDH at various NAD*concenuationsa) 

Exp no. [NAD*] b) kfc) Af@)d) ksC) A&w AD(%) e, DTNB/Ef) 

I 0 117.4 f 2.3 LOO 057 3.75 
2 e) 0.72 55.2 + 1.6 71.3 f. 1.7 15 f 1.0 28.7 i 1.1 0.60 3.60 

3 0.86 1285 + 2.7 69.8 r 0.7 7.8 ?: 0.4 30.2 f 0.4 0.23 3.78 

4 2.16 112.4 s 3.2 $25 r 0.7 6.7 + 0.2 475 +- 0.7 0.17 3.73 
5 555 21.3 f 1.4 35.0 + 2.1 4.1 2 0.17 65.0 * 2.1 0.19 3.77 

6 10.8 13.2 + 1.1 39.4 + 3.3 2.87 + 0.2 40.6 2 3.1 0.21 3.74 

7 21.6 755 = 0.8 36.0 r 4.1 1.66 +o_13 64.0 f 3.8 0.26 4.01 

8 54.0 2.75 = 0.07 35.9 * 1.0 0.63 + 0.01 64.1 f 1.0 0.08 4.00 

9 200 0.81 f 0.05 325 f 3.1 0.22 + 0.01 67.5 +- 2.8 0.12 4.01 

IO h) 740 0.39 f 0.03 16.2 f 1.5 0.103 c 0.002 83.8 * 1.3 0.05 3.86 

;I) Kinetic parameters were obtained by fitring the kinetic dam to eq_ (3) except for the rpo-enzyme rextion (exp 1) where eq. (2) 
W;LS used (see text). Enzyme, 1.28 + 0.05 PM; DTNB. 0.25 mht. Standard EDA buffer pH 7.0.25”. 

b) units: pxt. 

c) Prcudo first-order rnte constants for the fast (kc) and slow (ks) phxcs. Units: set-t _ 
d) Relative ampiitudes for the fast (Af) and slow step (As) are given in % of the total ruction amplitude. 
=) Average devhtion in % between the observed snd cdculated absorbance values for each kinetic experiment. The decrease in 

the nverage deviation with incrreasmg NAD’concentration is due to the better resolution in absorbance when the reaction 
becomes slower. 

) Motes of DTNB reacted per mole of enzyme es determined from the tom1 ynplitude of the reaction using l = 13600 hl-r cm-’ 
for TNB d&ion nt 412 nm. 

g) At 0.078 mL1 DTNB and 0.8 phi enzyme. 
h) At 45 mht NAD+snd 0.18 mXI DTNB. kinetic daht arc well fitted to cq. (2) (i.e., monophasic reaction) wirhk = 0.044 see-’ 

but the totzd amplitude of the reaction corresponds KO only 3.15 DTNB molecules reacted per mole of enzyme. 

increasing bound NAD+. The fast rate constant is 
dependent on DTNB concentration (table l), where- 
as the slow rate constant is invariant to a three-fold 
change in DTNB concentration (table 1). 

3.3.2. Enzyme CO?ZfQiJZing more rhan hvo but Iess 
than four bound NAP 

At higher extents of saturation, both fast and slow 
rate constants (kf and k,) decrease with increasing 
NADi concentrations, their ratio (5 + 05) being 
constant_ Both amplitudes, A, and A,, remain con- 
stant at about 40 and 60% of the total amplitude 
respectively. kf and k, are dependertt on DTNB con- 
centration; both rates however, show a less than linear 
dependence on reagent concentration. The ratio of 
the two rate constants and the reIative amplitudes 
of the phases are invariant to DTNB concentration. 

3.3-S Enzyme nearIy saturated with bowed N&F 

At very hi& NADf concentration (from about 
200 m NAD+), the relative amplitude of the fast 
phase decreases and the slow phase rate constant k 

approaches a minimum value. The overall reaction 
is nearly monophasic at 45 mM NAD+, the amplitude 
of the slow phase representing more than 90% of the 
total reaction amplitude_ Unlike results at lesser ex- 
tents of saturation, the total reaction amplitude is 
dependent on the DTNB concentration (as is the slow 
step rate constant), indicating that the reaction is no 
longer quasi-irreversible_ 

Observed rate constants and amplitudes for various 
iNAD’] /[El ratios are listed in table 1. 

3.4. Qmmitative analysis of the kineric resuits 

On the basis of the results reported herein and for 
reasons detailed below we have chosen to analyze 
these kinetic data according to an explicit simple 
model_ The essential feature of this model is that the 
observed biphasicity of the reaction is assumed to 
arise only as a consequence of the heterogeneity of 
NAD+ binding to the four sites of a tetrameric en- 
zyme with maximal two-fold symmetry. The biphasic 
reaction of DTNB with the_ holoenzyme is descriiable 
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in terms of t!le two different and relatively slow rates 
of desorption of NAD+ from the Loose and the tight 
sites. In order to calculate the “microscopic” param- 
eters associated with each of these discrete processes, 
we shall first consider the rate of reaction of DTNB 
at a single site. 

3.4.1. Reaction at Q single site 
The irreversible DTNB reaction at a rzotz-inter- 

acting active site in the presence of NAD* can be 
described formally by scheme l_ Accordingly, the 
rate of product (2X3) formation can be biphasic 

(see appendix A). However, the amplitude of the fast 
step decreases as the NADf concentration increases 
(at fied DTNB concentration). At moderate NAD* 
concentrations this amplitude can become negligible, 
and hence a monophasic linear decay rate will be ob- 
served (see discussion below; in essence, the condi- 
tion for linear decay is that k, [A] exceeds the other 
pseudo fiat order rates of scheme 1). An approxi- 
mate expression for the macroscopic observable rate 
constant, ktI, under these conditions (cf. eq. (A-1)) 
is given by 

Scheme 1 
Irreversible modification of a reversibly liganded site a) 

a)k, (Al and k_l are the tirt order ate constants for absorp- 
tion and desorption of Iigand (A = NAD+) to the enzyme 
active site [E). k2 and k3 are the bimolecuk rate constants 
for the irreversible reaction with reagent (B = DTNB) at the 
Eganded and unlipnded site respectively. Inhibition of the 
irreversible reaction by iigand A occurs if k3 C kz _ 

The relationship between the rate constant k,, and 
DTNB concentration is not necessarily linear (eq.(4)) 
as has been pointed out previously [17] . Note that 
non-linear rate-dependence 011 the reactant concen- 
tration does not require a prior substantial binding 
of DTNB to the enzyme. The extent of the inhibi- 
tion of the irreversible reaction by NADt, according 
to this single-site analysis, is related to the particular 
site affinity for NAD+; NAD+-occupied loose sites 
should react more rapidly than NAD+-occupied tight 
sites _ 

3.4.2. Tile i!tdividual rate constatus for reactiou at 
tzj$zt arzd loose sites 

Among thefozlr rates constants figuring in scheme 
1, only the NAD+ dissociation rate constant (k_ 1 ) 
is assumed to differ between tight and loose sites. 
The corresponding rate constants are denoted by kT 1 
and kbl respectively. Thus, 5 distinct individual rate 

constants are required to fit the experimental data 
according to our model (i-e ., k,, X-7,. kkl, k2 and 
kj)- Three of these, L+ kS and hi:, , can be estimated 
directly from the limiting values of the observed rate 
constants for apo- and hofo-enzyme as is described 
in table 2. At lower NAD+ levels ( [NADc) /[E] < 2) 
the rate of the slow reaction component ks is invariant 

to DTNB concentration over a three-fold range. This 

follows from eq. (4) if the pseudo-first order con- 
stants are in the sequence k2 [B] >> k_, 2: k, [A] >> 

k3 [Bi . Under these conditions the macroscopic (con- 
centration independent) specific rate is equal to the 
microscopic specific rate of desorption of NAD+ 
from the tight binding site (k:,). From this value 
and the 

f 
reviously obtained NADf dissociation con- 

stant, Kd, for the tight binding sites [S] , the associa- 
tion rate k, , for NADf can be calculated, according 
to the relation k, = k'f , fKi_ ms calculated bimolec- 
ular specific rate, 40 pM-Lsec-i, is reasonable for a 
diffusion controlled process [ 181 , and is in good 
agreement with the value obtained b>- direct observa- 
tion of the fluorescence quenching upon NADC bind- 
ing to the apo-enzyme (37]_ Thz remaining kinetic 
constant to be estimated kkl is the NAD+ ‘off”-rate 
for the “loose” binding site_ This was estimated by 
a trial and error best fit of the experimental data to 
our model (see next page)_ 
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Table 2 
Individual kinetic constants of scheme L for the reaction of 
sturgeon GPDH loose and tight NAD* binding sites with 
DTNBa>b) 

kl k-!, L K& Kk kzIB1 k3tBl 
f&hi-‘see”) (set-‘) ;&-I) @M) fjIM) (set-1) (9X-‘) 

40 a 40 0.2 1 130 0.05 

a) The pseudo rust-order rate constant k2 [B ] for the reac- 
tion of an unliganded tight or loose site with DTNB(= B) 
is equal to the rate constant of the ape-enzyme reaction 
under pseudo first order conditions. Similarly. k3[B). the 
rate constant for the reaction of an NAD’occupied tight 
or loose site is obtained from the pseudo fustarder rate 
constant of the reaction at [NAD+] > 1 mh!. k?, and 
k$ , the NAD’off-rate constants for tight and loose sites 
rzpectively. were estimated as discussed in the text. kl, 
the NAD’on-rate constant for both classes of sites was 
deduced from kTI and Ki as discussed in the text. Kzand 
Kk are the dissociation constants for NAD+at the t&ht 
and loose sites. 

b) Experimental conditions: at 25*. pH 7, Standard ED A 
buffer. 0.25 mhl DTNB. 

3.4.3. “Microscopic” kinetic parameters of the func- 
tional dimer reaction 

In our model, each “tight” and “loose” NADc 
binding site of the functional dimer reacts with DTNB 
as described in scheme I. The overall reaction rate 
should be at least biphsic. if one class of sites react 

faster than the other. Over a limited range of NAD+ 
concentration, namely when ?Q [A] < kz (DTNB] , 

the reaction of each particular class of sites should 
also be biphasic (see appendix A)*, This leads to the 
prediction of an overall polyphasicity to the reac- 
tion kinetics over a limited but important range of 
NAD+ concentration. Phenomenologically, we ob- 
serve a simpler biphasic kinetic pattern (i.e., a time- 
dependence which can always be fit to eq. (3)). 
Hence, we use an approximation to calculate the 
‘*microscopic” fast step amplitude and rate constant 
(AL and k, respectively). In our simple model there 
is no distinction between “loose” and “tight” binding 
sites provided that they contain no NAD+. Thus a 
normal approximation for AL and k,_ is to sum the 

l The kinetic parameters for each fast and slow components 
of the discrete reaction of one particular site (kl.Al. k~ and 
A:[ as given in eq- (A-1) ae superscripted by the index ‘T” 
and “L” for “tight” and “loose” sites respectively. 

individual amplitudes and average the rate constants 
corresponding to the reaction of unliganded loose and 
tight sites (A:, k: and AT, k: respectively) and NAD+ 
occupied loose sites (A: and k$, as given in the fol- 
lowing equations 

(5) 

(6) 

For [NAD+] /[E] > 10 the contributions of Al and 
AT to AL can be neglected, thus leading to the predic- 
tion of simple relations between the phenomenological 
and the microscopic kir_=tic parameters 

kL = ki, (7) and A, =Ak. 63) 

The “tight” site microscopic reaction parameters, 
kT and A, are consequently defmed by 

kT =k;, 6) and A, = A;_ 00) 

Thus, for any particular NADf concentration+, we 

can calculate the miscroscopic parameters k,, AL, 
AT and kT utilizing eqs. (S), (6), (9) and (10) (see 
appendix A) with the numerical values of the individ- 
&constants of scheme 1 (table 2). The calculated 
v&es Of kT and kL are in good agreement with the 
observed rate constants kf and k, (see fig_ 4b) ob- 
tained by fitting the experimental data to eq. (3) 
(see section 2) over the large range of NAW concen- 
trations where substantial biphasicity of the reaction 
kinetics is observed. This agreement provides an a 
posteriori justification for the approximations dis- 
cussed?. 

* The free NAD* amcentrations, required for calculating 
kinetic paxameters & kL, AL, AL etc. (see appendix A), 
were determined byfsolgg &e c&c equation for 
iNAD+] free obtained by assuming two classes of sites for 
NAD* binding within the tetrameric enzyme molecule. The 
dissociation constants values listed in table 2 were used in 
these calculations. Since the DTNB reaction decreases SAD+ 
affinity for both sites (see above), the free NAD+concentra- 
tion for the slow tight-site reaction was assumed to be equal 
to the initial free NAD’ concentration pLLF the NAD* initial- 
ly bound at the loose site. 

* Another approximation is the assumption of constant free 
NAD+concentration during the time course of the DTNB 
rmction with tight and loose sites at low NAD*IE ratio. 
Since this reaction displaces bound NAD+, free NAD* mn- 
centration shouId inaease continuously during the reac- 
tion. Numerical computer simulation .&owed this effect to 
be of almost negligible kinetic consequenczz. however_ 
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The simulation of the macroscopic fast and slow 
amplitudes (If and AJ from the “microscopic param- 
eters” depends on the particular reaction mechanism 
for the functional dimer. This simulation according 
to a specific model is discussed below. 

4. Discussion 

A striking feature of the DTNB reaction with 
sturgeon GPDH is the observed substantial kinetic 
biphasicity over a wide range of NADf concentration, 
even when virtually all coenzyme binding sites are 
satllrated. Under extreme conditions, namely with 
the apoenzyme or in presence of an extreme excess 
of NAD+, kinetic monophasicity is observed_ Kinetic 
biphasicity, with nearly equal amplitudes of trans- 
formation in each step of the DTNB reaction, persists 
over two order of magnitude of variation in the NADf 
concentration. This kinetic result is in contrast to 
the kinetic behavior ofyeasr GPDH in the same re- 
action at pH 85 and 20”. According to the elegant 
study of Ellenrieder et al. [ 191, the amplitude of 
the fast step yeastenzyme reaction decreases COIZ- 
rinuously when NADf concentration is increased, 
whereas there is no significant variaion in either the 
fast or the slow step rate constant. These observa- 
tions with the yeast enzyme are fully consistent with 
the NAIF-induced displacement from a reactive 
‘YT”state conformation to a less reactive “K.-state, 
as postulated in the concerted transition model 
[19,20] . Our results with stwgeon GPDH at pH 7.0 
cannot be explained by the simple “concerted” model 

(which allows For on& two classes of Sites). This is 
not surprising since negative cooperatively is observed 
in NADf binding to sturgeon GPDH; a phenomenon 
incompatible with the simplest formulation of the 
“concerted” model [4] _ This simplest model assumes 
a single transition between two maximally symmetrical 
oligomeric conformations I20 1. A reasonable exten- 
sion of the model for the case of a tetramer is to con- 
sider a transition from a maximally-symmetrical D, 
conformation to a disymmetrical C-J conformation. 
Indeed, conformations of less than maximal sym- 
metry have recently been reported with a variety of 
cnenzyme-bound dehydrogerwes [21-241_ Although 

such a concerted “D2 -C2” transition can exp&n 
NAD+dependent biphasicity in the DTNB reaction, 
the model predicts a mixed rregarive and posirive 

cooperativity in NAD+-binding [25] _ We observe 
only negative cuopaativity in l&and-binding with 
sturgeon CPDH [2,5,37 ] . This extension of the con- 

certed model is hence not apropos to our present re- 
sults. 

An alternative to the concerted model is a “DTNB- 
induced dissymmetry in the oligomeric enzyme”, Mimi- 
lar to the model previously proposed for interpreta- 
tion of “half of the site’s reactivity” [Xl_ Such a 
model neglects the necessity for enzyme-bound NAD* 
in order to observe kinetic biphasicity. Moreover, in 
its most general formtiation the “induced-fit” model 
1271 predicts a tefraphzsic kinetic reaction in our 
particular case. 

4.2. A simple consistent model 

We have previously demonstrated two classes of 
Sites, equal in number, but differing in affinity for 
NAD+ binding to sturgeon GPDH [5] _ This is in agree- 
ment with a C, symmetry for the enzyme tetramet 
[2] , as reported for human holo GPDH [24] _ Thus 
we can describe the enzyme molecule as formed of 

two functional dimers each containing one “tight” 
and one “loose” site for NAD+ binding (fig. 5). 

Fig. 5. An illustration from everyday life. following Kendrew 
and Crick [Ml, of an asymmeuic dimer with poinr group 
symmetry Cl. Note the nonequiMlent tertiary structures for 
the two ‘kuvalentty-idenkal proComers”, presumabIy ari,cing 
from the tightheterologous binding domains. 
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Obviously, biphasicity in the DTNB reaction might 
arise from such site heterogeneity. However, apo- 
enzyme lacks this biphasicity, and holoenzyme ki- 

netics are still NAD+concentrationdependent. The 
observed biphasicity is still predicted however, if 
NADf inhibits the otherwise identical reaction at 
each enzyme active site: Reaction of DTNB with the 
“apodimer” is monophasic because the structuraliy 
non-specific reagent (DTNB) does not differentiate 
between unliganded “loose” and “tight” sites. On 
the other hand, the differently bound NAD* sites 

can lead to kinetic differentiation due to the differ- 
ent rates of NAD+ desorption, as predicted by eq_ 

(4). The reaction is faster with M&+-occupied 
“loost” sites than with “tight” sites because of the 

faster NADf dissociation rate at the former, pro- 

vided that the DTNB reaction pathway involving 
prior dissociation of bound NAD+ is favored (cf. 
k,k, >> k, k, [A] in eq. (4)). With this provision, 

the overall reaction will remain biphasic and both 
fast and slow steps rate constants wili decrease with 
increasing NAD+ concentration, even at virtual satura- 
tion, due to the competitive rates of NAD+ absorp- 
tion and DTNB (bimolecular) rea*:tion. At very high 
NAD+ concentrations, however, reaction of DTNB 
with NADf occupied sites may exceed the alternative 
reaction pathway (if klk3 [A] > k_lb in eq. (4))_ 
Accordingly, the biphasicity of the overall reaction 

will disappear provided that NADjaccupied “loose” 
and “tight” sites react at similar rates. Our rate data 
can be fitted to this model over the entire range of 
NAD+ concentrations investigated (from 05 to 4500 

rJ% 

Scheme 2 
“Random” mechanism for the irreversible modification of an 
asymmetric dimer a) 

a) The irreversibIe reagent B reacts randomly with the asym- 
metric dimer XLXT containing one fast reacting loose site 
(XL) and one stow reacting tight site (XT)_ The “micro- 
scopic” reaction rate constant for tight and corresponding 

100~ sites are kT and kL respectkly. Reacted sites are 
pkTKd_ 

summarized in the following equation must obtain. 

kf =k,, kS = kT, A, ‘AL, AS =A, (11) 

Most importantly, scheme 2 predicts equal amphtude - 
for the fast and slow phases of reaction (provided that 
the loose and tight site concentrations, as defined by 

eqs_ (6) and (10) are equal). 
The observed kinetic behavior is not in cvlnzplefe 

agreement with this prediction. The amplitude of 
the fast phase is significantly smaller than that of the 
slow phase in the range of NAD’ concentrations 
where A, =AT (fig. 4a). 

4.3. Amplitudes of the fasr and slow reaction com- The rate of product formation according to scheme 
ponmrs 3 is given by eq. (3) with the foilowing equalities 

The irreversible modification of a funcfiortaf dimer, 
a model fully in accord with both the above-mentioned 

rate phenomena and with the crystallographic sym- 
metry [24] can be formally described either by the 
simplest kinetic pathway illustrated in scheme 2 or by 
scheme 3. In scheme 2 (the “random” mechanism), 
the reactions of loose and tight sites are independent. 
In scheme 3 (the “sequential” mechanism), reaction 
at loose sites occur prior to any reaction at the tignt 
sites. From scheme 2, a biphasic kinetic equation 
similar to eq. (3) can be derived in which the equalities 

k, = kL, 

ks = kT, 

A, = AL(kL-2kT)/(kL-kT), 

A, =A,k,/@,--k,). 
02) 

Scheme 3 
“Sequential” mechanism for the irreversible modification of 
an asymmetric dimera) 

X,X,-*X, **Xi_ % 

B P B P 

a) Same notaticn as in scheme 2. The fast reacting laose site 
(XL) r=cts prior to any reaction at the tight site (XT>. 
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Accordingly, the observed amplitudes for the 
“fast” and “slow” phases are not necessarily equal: 
For example, even when fast and slow reacting sites 

are equally distributed within the functional dimer 
(AAL ‘AT), if kL is 5kT, the macroscopic fast am- 
plitude (At) will be 385% of the total amplitude. 

A nearly exact simulation of our amplitude data can 
be achieved on the basis of scheme 3 utilizing the 
analytically derived microscopic rate constants k, 
and kr (see section 3 for the calculations). On these 
bases, we are confident of the appropriateness of 
scheme 3, or some analogous model in describing the 
real system. 

4..4. Mechanistic i~~terpretations 

ALthough scheme 3 is merely a formality, it is sug- 
gestive of the “induced fit” model of Koshland et al. 
[35] within the furrckvzaf diwzer. Two mechanisms 

might be envisaged for the d&symmetric reaction of 
an originally symmetric holoenzyme (with DTNB): 
(i) Sequential “induced fit” wherein chemical modifi- 
cation of one subunit by reaction affects subsequent 
reaction at the other subunit (ii) Redistribution of 
NADf binding sites as a consequence of partial chemi- 
cal modification; reaction at one site inducing “tight 
NAD+ binding” at the unmodified site. As already 
pointed out the apparent monophasic kinetics ob- 

served for the apoenzyme and at very high NADC 
concentration rules out the reagent-induced alter- 
native (i). The latter alternative is qualitatively con- 
sistent with aU of our present kinetic results. indeed, 
it is an appealing mechanism in light of the observed 
“negative cooperativity” in NADf binding [4] . How- 
ever, strong evidence has been presented elsewhere 
[5,24,28] that the unmodified holoenzyme is asym- 
metric; consisting of a pair of dimers with an overall 
maximal two-fold symmetry. We can allow for these 
fmdings, which are once again suggestive of the kinet- 
ically unacceptable scheme 2, by introducing a plau- 
sible modification. 

Witbin the functional (heterogeneous) dimer two 

energetically identical conformations are expected 
for the apo-, holo-, and fully reacted (apo or holo) 
enzyme, nameIy 

where X represents NAD, TNB or bark By contrast, 

a iroif-mcfed (or liganded) species need not have an 
energetically equiva!ent conformer 

The selectivity of conformer depends on the relative 
stability of ligation in each state. As an extremum, 
consider that reaction (enzyme-TNB formation) is 
nonselective but that NAD+-binding is tertiary con- 
formation dependent 

B=gj 
A 6 

(15) 

If NADf binding is favored in A, DNTB reaction 
of the half-reacted “species” will tend to proceed via 

NAD’ desorption from B, the conformer of lower 
probability. This reactive conformer is available 
by isomerization (“flip over”, [29] ) from A. The 
general mechanism for complete reaction is given in 

scheme 4. One important parameter of this “flip-over” 
mechanism is the equilibrium constant iY_ This con- 
stant is simply given by the ratio of the NADf dis- 
sociation constants at the loose (conformer B) and 
tight (conformer A) sites. Previously we found a value 
of about 10 for this ratio from equilibrium titration 
studies. It is of importance to compare this value with 
the ratio of the microscopic rate constants, k,/k,, 
for the DTNB reaction. According to our model, these 
ratios should be equal over a wide range of NAD+ 

concentration (see section 3). In the “flip-over” 
mechanism, however, as discussed in appendix B, the 
microscopic ratio, k,/k,, is not equal to the ob- 
served ratio, kfjks_ A ratio of kf/k, equal to five 
(the observed ratio) should be smaller than the ratio 
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Scheme 4 
The ‘Y?ip-over” mechanism far the reaction of an asym- 
metric dimer with an irreversible reagent a) 

a) Same notation as in scheme 2, The two half-reacted en- 
zyme species XLX~ and XLXT are rapidly convertible 
via a “flip-over” isomerization in which the reacted sites 
are exchanged. K, the equilibrium constant for this 
isomerization is defmed as K = [Xix-f] /(X,X$ - 

kLIkT *- For exampIe, a microscopic ratio {k&~) 
of ten leads to a macroscopic ratio (kf/k,) of six 
(see appendix B). Thus the “flip-over” mechanism 
leads to good agreement between the present kinetic 
data and previous equilibrium titration results. 

Utilizing the formalism of scheme 4, we can in- 
terpret all kinetic phenomena on the basis of a simple 
physical model. According to this model, the kinetic 
biphasicity of the DTNB reaction is solely a umse- 
quence of the heterogeneous binding of NADf with- 
in a functional dimer_ “Flip~ver” isomerization of 
the holfreacted enzyme allows a faster reaction at 
an otherwise slowly reacting site, giving rise to un- 
equal amplitudes for the fast and-slow phases of 
reaction_ 

The consequence of such a mechanism for the 
functionally specific active-site acylation reaction 
may be still more dramatic. For example, since NAD* 

. l In the simulation of the rate constant data given in section 
3, We impliCit& aSSUmed that k~ = kf and &T =ks as pF3 
dieted by scheme 3. These equalities are not apropos to 
tile “flip-over” mechanism (scheme 4). However, exact sint- 
ulation of the rate constant data according to this mechanisms 
requiresonly minorchangeinthevaIuesoftheparameterslisted 
in table ~_Thus we do not report these simulations herein- 

binding at a particular s_ite has a pronounced effect an 
its acylation rate [Sl the %lip-over” isomerization of 
the half reacted enzyme might allow subsequent re- 
action at an otherwise unreactive site. Thus complete 
tetraicylation of the enzyme can be acbieued, as 
previously reported with the physiological substrate, 
l-3 diphosphoglycerate [S, 30]_ On the other hand, 
if this “flip-over” isomerization is blocked, then the 
aviation reaction might be limited to half of the 
“active&iies” of the enzyme molecule, as has been 
extensively reported with &(2-furyl)a~ryloyl phos- 
phate [5,8,9,27,31]. 
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Appendix A 

To obtain the integral equation for the concentra- 

tion-time dependence of the reaction of scheme 1, 
a set of two independent first-order linear differential 
equations is solved using the Laplace-Carson trans- 
form method [32] . The concentration of either re- 
agent B or @and A are assumed to be much greater 
than the enzyme site concentration (ET.). The time 
dependent appearance of the product is consequently 
given by 

The rate constants, ki (kI and krr) are defied by 

ki = f(6 + (-l)‘+’ &5), with i = I or II, (A-2) 

where 
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and the amplitudes Ai (AI and AU) by 

Ai = CCki-kt [Al -k-t Kk_t k, 1’1 +k, k3 [‘I CAI 1 

f k2k3 Pl 2(k_l *“r [Al 11 IkiC+-$Kk_I fk, [Al 1. 
(A.31 

An approximate expression for kl and k, can be ob- 
tained from eq. (A2) by using the binomial expan- 
sion for the square root in eq. (A2). Accordingly, 
the phenomenoiogical rate constants are given by 

k,=6. k,, = c/b _ CA.41 

Substituting the exact expression for b and c (eq. 
A3) into eq. (A-4) we obtain eq_ (4) as given in the 
text. 

Appendix B 

The timedependent consequence of the “flip-over” 
mechanism of scheme 4 can be solved using the same 
method as given in appendix A. The rate of isomeriza- 
tion of half reacted species is assumed to be extremely 
rapid compared to other reaction rates. The time- 
dependent appearance of product P is biphasic as 
given in eq. (3) of the text. The parameters, Af and 
k,, of the fast phase and A, and k, of the slow phase 
of reaction are given by 

A, =AL(kLfkT-2~~lCkLfk~-~~, (B.1) 

A, = AT(kLfkT)/(kLfkT-E), uw 

kf=k,+kT, @3) 

k, =E=kJ(l+K) f k,XI(l+K), 03 -4) 

where A, and A, are the concentration-associated 
amplitudes of the fast and slow reacting sites. K is 
the equilibrium constant for the isomerization of the 
half reacted species and is given by the ratio kLjkT 
as discussed in the text. By substituting kL/kT for 
K in eq_ (B-4), the ratio kf/ks is given by 

kf/k, = (kTfkL)‘/2kTkL. (B.9 

Hence, the ratio of the macroscopic rate constants 
(kf/ks) should be smaller than the ratio of the micro- 
scopic rate constants (k&j_ 
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PHYSICAL CHEMICAL STUDIES OF SHORT-CHAIN LECITHIN HOMOLOGUES. I. 
INFLUENCE OF THE CHAIN LENGTH OF THE FATTY ACID ESTER AND OF 

ELECTROLYTES ON THE CRX’TICTAL MICELLE CONCENTRATION 1 
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The critical micelle concentration (CMC) of four synthetic phosphatidylchoIines (contzining two hekancyl. hcpta- 
noyl. octanoyi or nonanoyl residues respectively) in aqueous solutions have been determined by surface tension mea- 
surements. The dependence of the CMC on the chain length is discussed on the basis of the mass action model for 
micelle formation. For the three higher homologues a contribution of I .OS kT per CT& group to the srandard free en- 
ergy of micelliution is found. Tbe change in this free energy in going from the dihexsnoyl- to the diheptanoyllccithin 
is somewhat larger (I .2 kT per CHt group). 

The influence of high con~nt~tioas (severztt moles per fiter) of simple electrolytes on the CYC is interpreted as 
a slting-out of oonpo!ar sofutcs in water- Contrary to expectations the effects of NaCt and til on the CMC of diocta- 
noyllecithin are not additive. 

I. fntroduction 

Studies of the enzymatic breakdown of lecithins 
continue to yield ~nfo~ation on protein-Epid inter- 
actions of great potential vaIue for the study of living 
systems [l--8]. From the recent work of de Haas and 
co-workers [ 1,2j it appeared that the mode of aggre- 
gation of lecithins plays an essential role in their inter- 
action with porcine pancreatic phospholipase A. This 
enzyme catalyses the hydrolysis of the 2 fatty acid 
ester bonds. It was found to be very weakly active on 
dispersions of natural or synthetic lecithins, when ag- 
gregated in the form of smectic liquid crystals. The ac- 
tivity is greatly increased when these lecithins form 
micelles after addition of soap-like substances, such as 
deox~cholate. A similar effect is produced by organic 
solvents which by solubilisation may profoundly change 
the agjpegate structure. 

excellent substrate for the enzyme, even in the absence 
of additives. At concentrations slightly above the criti- 
cal micelle concentration (CK) a phase separation oc- 
curs by fo~ation of a‘toacervate (in the ~e~ino~~ 
of Bungenberg de Jong [9] : a tinicomplcxcoacervate). 
Shorter lecithin homoioses behave like normal soaps. 

They form small Hartley miceiles [lOI at Ie;zst at tow 
concentrations- When aggregated in small miceIies they 
are hydrolysed more slowly by the enzyme than the 
dioctanoyl homologue. When dissobfed as single mote- 
cuies they are broken down extremely slowly. It was 
found, that the activity of the enzyme does not primar- 
ily depend on the chain length of the lecithins but on 
their state of aggregation. Such conclusions could Z&O 

be drawn from monolayer studies f3,l If . 

With lecithins containing shorter acyl chains normal _ 

Apart from this special aspect, the study of micelle 
formation of short-chain Iecithins (diCg-diCg) is im- 
portan t from a more classical physical chemical point 
of view. The molecules contain two nonpolar carbon 

m~celli~tion processes occur_ DioctaRoylleci~in (diC,) *, chains and a zwitter-ionic polar group- Few studies have 
the highest homologue to show this phenomenon, is an been published on surfactants with two carbon chains 

(1% 141. Molecules with a zwitter-ionic head group 

* Abbre~tion for 1.2aioctanoylsrrgLycer~3-pbo~hoNt- have received much less attention than the more common 
cfroline. Tfiis type of abbrevi&on wilt be used throughout ionic- or nonionie surfactants. The most important con- 
&s paper. tributions came from Swarbick, Daruwala and coworkers 



176 R.J.M. Tuusk CI al.. Physical chemical rhrdies of showchain lecithin homologues. 

[ 151, Tori and Nakagawa [ 16, 171, Hermann [ 181 and 
Corkill and coworkers [ 19,20]_ Roholt and Schlamo- 
wirz [2 I] studied the ChlC and the micellar weight of 
diC6-lecithin. The miceliar weigbt of diC7-Iccithin was 
reported by Smink [27] _ Pugh measured the micellar 
weight of the diCx homologue 1233 _ 

In this paper we are mainly interested in the CMCs 
and in the standard free ener=v of micelle formation. 
One of the questions is: Does each carbon chain in 
the monomer moiecuie, containing two acyl chains, 

contribute independently to the micellisation energy? 
Moreover. the knowledge of the ChfCs is very useful 
for the interpretation of micellar weight determina- 
tions. 

For several reasons we became interested in the pos- 
sible effects of electroly.tes on our systems. These ef- 
fects may provide info&nation on the interactions be- 
tween the polar groups in the micellar interface and 
thereby on the orientation of these groups, which has 
been debated [X-28). Electrolytes can also produce 
salting-out or saIting-in [29-33]_ Finally by addition 
of salt we might be able to change the micellar structure 
and interactions between solute molecules without 
changing the lecithin molecule at all. This might open 
another way to study the factors, which control lipid- 
protein interactions. In the specific case of the hydrol- 
ysis by phospholipase A, large saIt effects have been 
observed [ 1 ] . 

The tirst paper in this series will be devoted to the 
CMC of the short-chain lecithin homologues (diCg - 
diC,)_ The CMC of the dinonanoyl lecithin (which 
forms a liquid crystalline dirpersion) is defined by the 
hreak-point in the plot of the free monomer concen- 

tration versus the total lipid concentration. 
In later publications micellar weights of the ciiCs-, 

diC,- and diCs-lecithin system and some peculiarities 
of the phase separation in the diC8-lecithin-water sys- 
tem will be discussed_ 

2. Materials and methods 

The short-chain lecithins* were prepared from egg 
yolk lecithin according to the procedure of Cuber0 
Robles and Delongh [34], The egg lecithin was extrac- 
ted from chicken eggs with CHCI, -MeOH (2: 1) and 

l The diCq-lecithin was kindly supplied by dr. W.A. Pieterson 
of the Department of Biochemistry, University of Utrecht. 

purified according to the procedure of Pangborn [35]. 
The 3-sn glycerylphosphorylcholine, obtained after 
hydrolysis of the natural lecithin with tetrabutylam- 
monium hydroxide [361, was purified by repeated 
precipitation by diethylether from a methanol solution. 
Next the glycerylphosphorylchohne was esterified with 
the appropriate acid anhydride. 

The resulting lipids were purified by the following 
steps: 

(a) Column chromatography on silicic acid (Merck 
70-230 mesh or Malinckrodt 60-100 mesh), elution 

with chloioform and increasing concentrations (up to 
70%) of methanol_ 

(bj Column ion exchange chromatography with 
mixed-bed amberlite (IR 45, IRC 50 from BDH), elu- 
tion with methanol-water (75:X). The ion exchange 
resins were purified extensively with lhl acetic acid, 
l&l ammoniz and hot and cold methanol [37]. 

(c) Si!icic acid chromatography, at least twice. 
(d) Cclumn chromatography on aluminum oxide 

(Woelm) with chloroform and chloroform-methanol 
(90: IO) elution. 

Depending on the reshlts obtained with thin layer 
chromatography an extra batshwise ion exchange treat- 
ment was introduced between the two treatments in 
step (c). Between step (c) and (d) we often performed 
an extraction of the lecithin in methanol and water with 
hexane. When we used large amounts in the esterifica- 
tion reaction (for ten grams resulting lecithin or more) 
the main purification difticutty resulted from the for- 
mation of byproducts_ These were extremely difficult 
to eliminate by column chromatography or other puri- 
fication methods, such as CdC12 complex precipitation, 
charcoal treatment and chromatography with sephadex 
LH 20 in methanol. Fractionai crystallisation was never 
successful. One of the main drawbacks of column chro- 
matography is the need of large elution volumes which 
inevitably contain contaminants from the solvents, 
even when we used spectroscopic quality, tiich some- 
times had been passed through an aluminum oxide col- 
umn for further purification. The aluminum oxide step 
(d) was largely intended to remove these solvent con- 
taminants_ Traces of fatty acids are also removed in 
this step. Silicic acid may cause hydrolysis of the 
lecithin and ion exchange resins will nearly always re- 
lease contaminants_ The lipid obtained was usually 
colorless and was stored in ethylalcohol at -20%. On 
thin layer chromatography (elution with chloroform- 
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methanol-water, 65:35:4) often a small spot at the 
elution front showed up, when large quantities of 
lecithin were applied. 

All chemicals used were of p-a. or equivalent quality 
except for the organic solvents in the preliminary steps 
of the synthesis and in step (d) (where spectroscopic 
quality was used)_ Sodium chloride was heated at 500°C 
for at least 5 hours_ Lithium iodide was heated under 
vacuum to 120°C. Aqueous eolu tions were Filtered 
through millipore filters (0.05@, which were washed 
with boiling water. Water was double distilled, the 

second time from an all quartz system, through heat- 
ing from above with an IR lamp. All aqueous eiectro- 
lyte solutions were checked for organic impurities by 
surface tension measurements. The surface tension 
values were always equal to or higher than the value 
for water_ 

Aqueous lecithin solutions were prepared in the 
following manner. An appropriate amount of an alco- 
holic solution of the lecithin was pipetted iato a small 
pre-weighed glass bottle and taken-to dryness with a 
rotavapor. Then the lecithin was dried at 80°C in vac- 
uum (lO_’ mm Hg), for 20 hours in the presence of 
phosphorus pentoxide- After reweighing. solvent was 

added and concentrations were calculated on a weight 

basis. Phosphor analysis 1381 agreed to within 1% of 
the calculated value for monohydrate. The lecithin SO- 
lutions mostly contained a phosphate buffer (10-‘hl, 
pH = 6.9 + 0.2) in order to suppress possible influences 
of traces of charged surface active impurities. We never 
found any effect of the buffer on the CMC and on 
micellar weights. 

2.1. Surface tension measzuerne~l ts 

had to be much longer (5 to 30 min) owing to the lower 

The surface tensions of diiexanoyllecithin solutions 
were measured with the drop-weight method [39,40] _ 
A stalagmometer was mounted directly above the pan 
of a Mettler balance. The tip with an effective radius 
of 0.404 cm, as obtained by calibration with water, 
was placed in a small erlenmeyer containing the solvent. 
The dropping time was always greater than one minute, 
which proved long enough for adsorption to be com- 
plete within the experimental accuracy of 0.1 dyne 
cm-t or better. The measurements on solutions of 
diC,-, diC,- and diC,- lecithin were performed with 
the drop-volume method [411, as the dropping times 

CMCs. A stainless steel tip with a radius of 0.307 cm 
was used. 

3. Results 

In fig. 1 surface tension values are plotted against 
the logarithm of the lecithin concentration in IO-‘hl 
phosphate buffer. In some cases especially at low sur- 
factant concentrations of diC,- and diCg-lecithin the 
amount of solute adsorbed at the air-water interface 
was not negligible in relation to the amount within the 
bulk of the drop. We corrected for this by calculating 
the amount on the surface from the total drop area 
and the area/molecule, l/l?,, as found From the Gibbs 
adsorption isotherm: 
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Fig. I. Surface tension values (in dyne cm-‘) for several short- 
chain lecithin homologues at different lecithin concentrations 

--..__ 

(in mg ml+) in aqueous SoIutions containing lW2mole Q-’ 
phosphate buffer, pH = 6.9 f 0.2. In the data indicated with 

c------ 

0 the initbl bulk concentrations were used. white in the data 
indicated with o the bulk concentrations were corrected for 
adsomtion nt the air- vater interface (see scction3). 



178 R.LM_ Tausk et al., Physicai chemicaf studier of short-chain lecithir! homolaguer I 

ay/i3pi = (RT)-%3y/alnci = -r,-, (1) 

where 7 is the surface tension, pi is the chemical poten- 
tial, ci is the concentration (activity coefficient assumed 
to be constant) and ri is the surface excess of the sur- 
factant (component i). Assuming that the diffusion 
through the capillary hote of the tip was negligible we 
were able to calculate the decrease in the bulk concen- 
tration_ It is evident, that this correction method will 
only be valid if the concentration change in the bulk 
is not too large. Moreover, at the lowest concentrations 
the dropping-time dependence of the drop-volume 

causes an extra inaccuracy in the 7 measurements and 
especially in the calculation of the area per molecule. 
In fig. 1 initial (0) and calculated concentration (0) of 
diC,-lecithin are both plotted. 

From the 7 versus log c plots the critical micehe con- 
centrations are found by the intersection of straight 
lines. The y versus log c tune for diCg-lecithin showed 

a minimum. In this case we assumed the CMC to be 
within a concentration range around the minimum_ 
This minimum indicates a surface-active impurity [43], 
which we were not able to remove. It was present in 
three sampIes synthetised and purified separately and 
also in a sample kindly given to us by dr. W.A. Pieterson 
of the Department of Biochemistry. The values of the 
CMCs are given in table 1 together with the results ob- 
tained from lightscattering (to be published) and the 
values obtained by de Haas and coworkers [ 1,421, and 

Table 1 

CMC in mg(monohydrate) 

molec.? 
ml-’ and area per molecule in A* 

[eq. (I)] for several Iecithins in aqueous solutions 
(IO-*M phosphate buffer) 
_- 

Corn- Surface 
pound tension 

Light Literature Area/molec.“] 
scattering wiilc 

[I, 21,421 

diC6 6.9 6.5 6.5-5.8 66 2 I 
diC7 0.71 0.8 + 0.04 1.0 2 0.9 602 I 
diC8 O-12-0.16 0.13 0.10 63 2 3 
diCg 0.016b) 85 r 2b) 

a) From surface-tension data. 
b, These values were obtained by using the corrected concen- 

trations: using initial concentrations a ChlC of 0.018 mg ml-’ 

and an area of 77 + 3 A2 molec? was found. 

30- 
I I ,l,l, 

0.1 1.0 10 

Lecithin COCICA ICI fflg/ml 

Fig. 2. Surface tension (in dyne cm-’ ) of dies-lecithin (in 
mg ml-‘) in aqueous solutions containing Lo-‘moleQ_’ phos- 
phate buffer pH = 6.9 c 0.2, and varying concentration of 
NaCI. Curve I: 0 mole C’ NaCl; curve II: 1 male S? NaCl; 
curve III: 3 mole Q-’ NaCl. 

by Roholt and Schlamowitr [21]. Limiting area’s per 

molecule are also included in this table. 
Some of the 7 versus log c curves, in aqueous solu- 

tions containing high electrolyte concentrations, are 
plotted’in figs. 2 and 3. The influence of the salt con- 
centration on the CMC is also summarized in fig. 4 and 
table 2. 

4. Discussion 

4. I. Effecr of ucyl chaita length on the standard free 
energy of micellisatiolt 

For the association equilibrium M,iZ (l/n)M, be- 
tween monomers (M t ) and monodisperse micelles 
(hl,) with association numbers II, the standard free 
energy per mole for micelle formation AGO is given by 

AC0 = -RTlnK=-(RT/rz) In [M,] +RTln [Ml ] _ (2) 

In eq. (2) the association constant is called K and Nrn- 
bols in square brackets represent mole fractions. If the 
micelles have a distribution in aggregation number, 
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Curve I (0) no extra added eiectrofyte; II (=) 1 mole Q-’ N&l; 
III (00) 1 mole Q+ Lil; IV (a) 1 mole E+ NaCl+ 3 mole e-i LiL 

Tabie Z 

Influence of salt concentrations (in mole f’) on the CMC 
tin mg ml*) of diC,-, diC,-, diC,-Iecithm 

-. -- 

Lecithin &it 

diC6 

Naz SO, 

NaF 

NaCl 

LiI 

NaCl 

L; 

diC, - 

NaCl 

diCa 

NaCl 

LiI 

N&l 

LZ 

Concentra- CMC Arca/molrc. 
tion 
(mole 0’ ) 

(mg ml-‘) (A2/molec.) 

0.3 10 
0.657 
0.727 
1.715 

0.595 

1.00 
3.00 

1.18 
3.68 
4.82 

1.00 

1.85 

- 

1.00 
1.98 

1.00 

1.00 
3.00 

1.00 

3.00 

6.9 

3.29 
1.6’ 
1.12 
0.295 

3.01 

3.74 
1.10 

5.91 
a.43 
6.20 

3.6 73 5 1 

0.71 60* 1 

0.43 75 + 1 
0.2 74 * 2 

0.12-0.16 60 f 3 

0.02 61’21 

0.1 l-0.14 59 k 2 
0.1 -0.14 67 r 2 

0.14-0.16 118+2 

66: I 

’ 67 +- 1.5 
65 * 1.5 
61 5 I 
70t :! 

64+3 

62tl 

58 c 3.5 

68 z 1 

69 + 1.5 

76 + 1 

average concentrations and association numbers have 
to be used and an average free enerw wiU be obtained 
[20]. For large association numbers the term contain- 
ing the micellar concentration will vanish and the free 
enerw change per monomer may be approximated by 

AGo = RTln [Ml 1 = R2ln [CMC] . (3) 

In cases where the micellar species have to be taken 
into aczount we have followed Mukerjee [44]_ At a 

total concentration of C, = CMC the micelle concentra- 
tion equals 2% of the monomer concentration. In table 
3 the change in standard free energy of the monomers, 
when associating in micelles, is given for the different 
lecithins in l(r*M phosphate buffer. Column I was cal- 
culated on the basis of eq. (3), from surface tension 

data (table 1). The results based on eq. (2) are given 
in column II and III_ In column II Mukerjee’s approxi- 
mation was made, while the values in column Ill were 
calculated from light scattering and ultracentrifugation 

data (to be published)_ The latter techniques in princi- 
ple allow for an independent evaluation of [Ml ] and 
[M,] , so that Mukejee’s approximation can be avoided. 
Comparison of column II and 111 indicates how well 
Mukejee’s approximation applies to our systems. 

In fig. S we have plotted AGOIRT against the chain 
length of the lecithin. The slope of this graph gives for 
the increase in free energy per mole CH2 a value of 
1.08 f 0.02. This magnitude agrees with the hydrocarbon 
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Fig. 4. The influence of varying concentrations in mole Q-’ of severd electrolytes on the CMC (in mg ml”) of diC&=ithin and of 

NKl on the CLfC of diC,-lecithin. 

Table 3 

Standard molar free energy of micellivtion in multiples of RT 

i:-‘t , , , , 
diC6- diC7- diC8 - cliC9- 

Lecithin homoropue 

Fig:. 5. Standard free energy of micelkaion for the four 

lecithin homologues. The pointr indicated by an open circle 
(‘JO> are calculated from eq. (3) (from ChCC vahes oniy); dots 
(*) are cabMated by eq. (2) (with the help of Mukerjee’s ap- 
proximation)_ Values from table 3 colu-nn Iand II respectively. 

Compound I=) IZ b’ III =’ 

diC6 (n = 30) - 8.25 - 7.7 - 7.8 

diC7 (n > 40) - 10.55 -10.12 -10.15 

00 -10.30) 
diCs (n > 470) -12.3 * 0.15 -12.3*0.15 -12.3 = 0.15 

diC9 (liquid -14.4 f 0.06 - 14_4*_0.06 - 

crystats) 

a) AG’/RT= In[ChfC] : [CMC] in mole fraction = CMC (in 
gmr’) X l13/hf1. 

b, AG’/RT = ln[M~ 1 -(l/n)ln[Lfn], where Mn was cakulated 
as 2% of the CMC on a gram basis. 

Cl AG’/KT= In[hl, ] -(l/n)h[%f,l. calculated from light- 
scattering or ultracentrifugation (to be published). 

contributions found for many other surfactants con- 
taining one hydrocarbon chain [45,46]. From this 
agreement we may conclude that the two relatively 
short chains in our molecules are independent of each 
other in the monomer molecule, i.e., there is no sub- 
stantial association of the chains in the single molecule, 
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Similar conclusions for other surfactants can be drawn 

from the data of Williams et al. [ 131 and Ralston [ 141, 
when taking the CMC values given by Shinoda [46). 
On the other hand the extensive data of Evans [13-l on 

alkylsulphates with varying sulphate position have been 
interpreted by Smith and Tanford [471 by assuming 
an interaction of the alkylchains in the single molecule. 
The associated part in the molecule is already shielded 
from the water and contributes less to the hydrophobic 
bond than free hydrocarbon chains. This interpretation 
is based on data concerning compounds with two chains 
of unequal lengths. An estimate (with the help of eq_ 
(2) and Mukerjee’s approximation) of the standard free 
energy of micelhsation using the data of Evans [ 121 on 
sulphates with two equal chains gives a value for the 
micellisation free energy per mole methylene group of 
0.6 RT. When eq. (3) is used, 0.5 RTlmole CH, is ob- 

tained_ The value for the soaps with the sulphate in the 
1 position is about 0.7 RT/mole CH,, which is a normal 
value for an ionic micellar system [45,46] _ Although 
these values are expressed per mole CH2 they do in fact 
also account for changes in the contributions of the 
polar group, since these values are calculated from the 
slope of AGO versus chainlength (as in fig. 5). In spite 

of the approximations and uncertainties it seems fair 
to conclude, from the difference between 0.6 and 0.7 
RT/mole CH,. that at least in this system there is some 
interaction between the alkyl-groups in the single dis- 
solved molecule_ 

Smith and Tanford [471 determined the CMC of 

dipalmitoyllecithin to be 4.6 x 10-*“M (s ln[ CMCj = 
-25.5). if we combine this value with ours for the CMC 
of diC, (In [CMC] = -14.4) by drawing a straight fine 
between these two points as in fig. 5, we arrive at a cal- 
culated value of 0.8 RT/mole CH,. This might be an 

indication that with longer carbon chains (c > 9) there 
is some association of the chains on the monomer. 

4.2. Effects of electro[vres on the critical micelle con- 
centrations 

The change in the critical micelle concentration, on 
addition of an inert electrolyte to a nonionic or zwitter- 
ionic surfactant, can often be expressed by the equation 

log CMC = -k,C, + (log CMC)c,=o, (4) 

where k, is a constant, which depends on the salt and 

thesoap studied, and C!, is the electrolyte concentra- 

tion [ 17,32, 331. Mukerjee [32] has given a theoreti- 
cal explanation for this relation by using the XlcDevit- 
Long theory [29,30) for salting-out effects of elcctro- 

lytes on nonpolar solutes in water and the mass action 
equilibrium for micelle formation. He made the follow- 
ing approximations: 

(a) The influence of the salt on the polar group nf 
the single dissolved monomer equals the effect on that 

group in the micellar interface. 
(6) The apolar part of the surfactant in the micelle 

exposed to the water is very small. 
(c) The term (I/n)ln [hl,,] from eq. (2) does not 

change significantly with the salt concentration_ With 
these approximations the following equation was de- 
rived, 

kS = vi(VS - VJ2.3 RTPO. (5) 

where vf is the partial molal volume of the apolar part 
of the monomer, (V, -V,) equals the electrostriction 

of the electrolyte in solution and fiO is the compress- 
ibility of water at temperature T. We could in principle 
substitute the value fork, from eq. (5) in eq. (4). but 

this generally leads to an overestimate of salt effects 
by about a factor of 3 [29,30,33,481. However, on 
comparing different systems the relative values are often 
found to correlate well with one another. If for example 

we take the coefficient of NaCl and benzene (kNaCl,benz_) 
as a reference we can estimate values for the saiting-out 
coefficients in other systems by using a modified form 
of eq. (5): 

The influence of different salts on the CMC of diC,- 
lecithin and of N&l on diC7-lecithin is shown in fig. 4 
and the data are given in table 2. In tables 4 and 5 our 
results of k, values for different salts with diC,- and of 
NaCl with different lecithins are presented, together 
with values calculated on the basis of eq. 6. We used the 
same values for the volumes as Ray and Nemethy [33], 
i.e., %Hx = 25.5 cm3/mole [49,SOl, Vty+= 15.9 
c&/mole [49,SOl, renr = 86 cmS/mole (481. and 
the (Vs - 7,) values from Deno and Spink [48] and 
Mukejee [51]. The coefficient for Lil was obtained 
by assuming additivity of the electrostrictions for ions. 
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Table 4 
Salting-out effects on diC6-lecithin 

Slit k,(obs.) kS [eq. (611 

Naz SOa 
NaF 

NaCl 

LiI 

1.04 = C.?J8 1.14 

0.6 0.58 

0.266 c 0.01 0.4 14 

0.05 f 0.01 0.08 

From table 4 we see that the results for diC6-lecithin 
are in qualitative agreement with the theory. Table 5, 
however, indicates that the theory is not satisfactory 
when comparing the effects of one salt (NaCl) on var- 
ious surfactants. 

Very surprising was the effect of a mixture of NaCl 
and Lit on diCg-Iecithin. The theory assumes additivity 
of the salt effects and this apparently does not apply 
since LiI, which by itself has hardly any influence on 
the CMC of an electrolyte free solution, counteracts 
the lowering of CMC due to added NaCl (see table 2). 
This increase in CMC is parahehed by an increase in the 
area per molecule (table 2) The reason for this increase 
may be an association of the lecithin at concentrations 
below the CMC (for instance a nearly complete dimeri- 
sation), or an increase in the hydration of the polar 

group. This latter assumption -was proposed by Kurzen- 
dijrfer [521 as an explanation for the increase in area/ 
molecule of alcohols at the air-water interface when 

adding high concentrations of urea and sodium benzo- 
ate. 

In this connection a few remarks about the area 
per molecule, given in table 2, should be made. The 
limiting areas for insoluble higher homologues in a 
monolayer are about 35 to 40 A2 per molecule [53, 

Table 5 
Salting-out effects for NaCt on di%-, diC7-, diCa-tecithin 

Compound kp(obs.) k, [421 kS [W (611 

diCa 0.26e t 0.01 0.26’ + 0.0 I 0.414 
dic7 0.21 2 0.01 0.24 + O.tMa) 0.488 

dice 0.8 0.562 

a) ChfC values far 0.1. 1. and 2 ht NaCl were used; if only the 
value for 0.1 and 1 hi NaCl are used a ks of 0.3 is found. 

541. The areas in the L-et lameltar liquid crystalline 
phase, however, are about 60 A2 [55]. An area per 
molecule of around 60 A* is also found ror lecithin 
in the rodlike structures H, Q and R, where the paraf- 
fin chains are also in the liquid state. These phases oc- 

cur at high temperatures and lipid concentrations [55, 
561. The monolayers of the soluble short-chain lecithins 
probably have the same packing as the higher homol- 
ogues in the L-cll phase. 

The effect of the salts on the area/molecule is small 
and barely above the experimental error except in the 
case of Lit f NaCl. This unexpected non-additivity 
deserves further experiments. 
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The micellar weights of dihexanoyt- and diheptanoyllecithin in aqueous solutions ale calculated from Ii&t scatter- 
ing and ultncentrifugztion data. A monomer-micelle assocation model is used and corrections for the thermodynamic 
nonideality, on the basis of rigid noninteracting particles, are appkd. A few experiments on the influence of high 
NaCI concentrations (up to 3 M) are described. Dihexanoyllecithin forms micelles with micelIar weight of 15 000 to 
20 000 and with rather narrow weight distributions. Diheptanoyllecithin micclles however, have broad size distribu- 
tions with micellar weights of 20 000 up to about 100 000 in the concentration range studied. Micelles are assumed to 
be spherical or to have sphere-cylindrical shapes depending on the molecular weights. Two models are used: (I) a 
compact structure. where no attention is paid to the hydrocarbon-water contact (2) micelles with as little hydra 
carbon-water contact as possible. 

t. LntroBuction 

In the first paper of this series [l] we outlined the 
importance of the knowledge of the aggregation pro- 

perties of short-chain lecithins for the understanding 
of certain biochemical processes. In one of these pro- 
cesses, the enzymatic hydrolysis of lecithins by phos- 
pholipase A [2], it appeared that the kinetics are pro- 
foundly influenced by the micellar structure. 

In this pap& we describe micellar weight determi- 
nations of dihexanoyl- and diheptanoyllecithin, per- 
formed by light scattering and analytical ultracentri- 
fugation. In order to estimate the micellar weight dis- 
tribution the thermodynamic nonideality of the solu- 
tions has to be taken into account. The second virial 
coefficients will be discussed in some detail on the 
basis of the excluded volume of rigid noninteracting 
molecules_ 

2. Methods and materials 

The preparation and purification oi dihexanoyl- and 
diheptanoyllecithin as well as the preparation of the 

aqueous solutions, containing lW2M phosphate buffer 

(pH = 6.9 + 0.1) and variable concentrations of NaCl 
have been described in part I of this series [ I] _ In ah 
mass per unit volume concentrations we assume the 
lecithin to be present as monohydrate. 

2. I. Uitracentrifugatiotl 

tow speed sedimentation-diffusion equilibrium ex- 
periments [3] were performed with Beckman Spinco 
E analytical ultracentrifuges, equipped with Rayleigh- 
and Schlieren optics and RTIC units. The optical parts 
were aligned according to the procedure of Brinkhuis 

et al. [4]. The photographs of the Rayleigh interference 
pattern were read on a comparator (Aus Jena). The 
photographs of the Schlieren pattern were enlarged 
photographically and redrawn. The resulting curves 
were graphically smoothed. The aluminum, Kel F or 
Al-filled epon cells contained an oil layer (FC-43), which 
we added after it was shown that this oil did not dis- 
turb the micellar equilibrium. Experiments were per- 
formed at 24 f 1°C. The individual runs for diC,- and 
diC$ecithin took about 20 hours and 40 hours respec- 
tively _ 
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2.1 Light scatterkg 

Two light scattering instruments, manufactured by 
the SocZtC Franpise d’lnstruments de ContrBle et 
d’Anaiyses, were used. The measurements on dice- 
lecithin were performed with the So&a Photo-Gonio- 
Diffusomatre model 40 000 B, which had been modi- 
fied by Huisman ES]. Experiments on di+lecithin 
were done with the Fica 50. 

The solutions were filtered. mostly under pressure, 
through miiiipore fdters (50 nm or 20 nm) directly 
into measuring cells [S] _ The cells were then centri- 
fuged in a Beckman preparative centrifuge (Model Spinco 

L) at 20 000 rpm, while floating in a mixture of csrbon- 
tetrachloride and petroleum ether or in nearly saturated 
aqueous solutions of sodium nitrate. This Iast solution 

is preferable since organic vapors are easily solubiiized 
in the micelles. 

2.3. Refractive irtdex increments 

The refractive index increments were measured with 
a Rayleigh interferometer (Aus Jena) at h = 546 nm 
and at room temperature (22 f i°C). When experiments 

were performed in aqueous solutions containing high 
concentrations of NaCI, the cell wails were first treated 
with dichioro-dimethylsilane to render the glass hydro- 
phobic and prevent creeping of the salt. 

2.4. Density measuremem 

The densities of the aqueous lecithin solutions were 
measured with the digital density measuring device 
DMA-02/C from Anton Paar (Graz) [6] _ The system 
was checked with KC1 solutions [7] and the experi- 
ments were performed at 25”. During every dilution 
series temperature stability was about f 0.003°C. Re- 
producibility was within f 3 x i+ g ml-t. 

2.5. Vapor pressure ostnometty 

A few molecular weight measurements by vapor 
pressure osmometry were performed on diC,-lecithin 
using the Hitachi Perkin Elmer Molecular Weight Ap- 

paratus Model 115 at 4SS”C and 60°C. The lecithin 
was dissolved in pure water or in l@M phosphate 
buffer_ The osmometer was calibrated with mannitol 
and sucrose. In the concentration range of 5 x IO-S- 

1.5 x 10-t hl sugar reproducibilities of 0.2-0.5% were 
achieved_ 

3_ Light scattering and ultncentrifugation equations 

in order to interpret the measurements in terms of 
an association process we assume the lecithin to be 
composed of several species: monomers and several 
types of miceiies with different micellar agregation 
numbers. We start from multicomponent light scatter- 
ing or uitracentrifugation equations and relate the con- 
centrations of the different lecithin components (spe- 

cies) to each other by association constants afterwards. 
Thermodynamically lecithin is of course only one com- 
ponent. 

One of the equations used [S-l?,) for the light 
scattered by a solution in excess over the solvent scatter- 
ing for ;1 multicomponent system composed of isotropic 
particles with dimensions and interaction distances 
small compared to the wavelength is 

where K’ stands for the constant 3r7n$~A$.jL , no is 
the refractive index of the solvent. Xv is the wavelength 
in vacuum and No is Avogadro’s constant. RgO stands 
for the excess Rayieigh ratio at an angle perpendicular 
to the incident beam (RgO = (3/ 16n) x turbidity) and c 
is the total concentration in mass per unit volume (c = 
Xicj)_ fi equals the weight fraction (= CJC) of a solute 
component i, with molecular weight &fi and refractive 
index increment “i 

“i = (att/aci), T =. _ 

. , 

(2) 

This differentiation is performed at constant pressure, 
temperature and concentrations of all solute compo- 
nents except i. The summations in eq. (1) are performed 
over ail solute components i andj. For an incompressible 
solution the interaction parameterAg is found from the 
change of the activity coefficient rj of component i 

with the concentration of component j. 

(3) 
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The differentiation to concentration Ci (in amount per 
unit volume) is performed at constant temperature, 
concentrations of solute components (except 1) and 
chemical potential of the solvent (,!I,,). The activity 
coefficient,ri stems from the chemical potential of 
solute component i according to 

&. = $(+ z-,C) f RTIn cj7i_ (4) 

The ultracentrifugation equilibrium equation reads 

112,131 

(5) 

R and Tare the gas constant and the absolute tempera- 
ture respectively, w is the angular velocity and pi equals 
the density increment 

Pi = taPlac,), Tc’ - . . (6) 

All other symbols in eq. (5) have the same meaning as 

in eq. (1). The,measured quantities R&K’c and 
(RT/G_&) (dc/dr) will be calIed the reduced toralap- 
parent weight average molecular rverghts: 
thf(af2/a&_,_ or ~~f@piacpw,pp_. 

It is impossible to distinguish between association 
and thermodynamic nonideality from thermodynamic 
data alone. This means that one can only get detaiIed 
information about the association phenomenon after 
accepting a model for the nonideality. In order to cal- 
culate the real weight average molecular weight 

WKid. = Eif;:fifi from measured quantities we will have 
to estimate: 

(1) The second terms on the right hand side of eqs. 
(1) and (5). To obtain these virial terms we need esti- 
mates of(i) thi: interaction parameterA#, and (ii) the 
weight fractionsf;: of the different lecithin species. Both 
subjects will be discussed in section 6_ 

(2) The mean density increment or the refractive 
index increment squared. These are a kind of Z-averages 
as can be seen from the following relation 

3 further interpretation of these increments is given in 
the next section. 

From the total average moiecular weight and the 
monomer concentration the micellar weight can be 

obtained_ Relations for estimating the monomer con- 
centration are also given in the next section. 

4. Association equilibrium 

In this section we assu ;le all lecithin species to be 
in equilibrium with one another. This implies that re- 

lations between the concentrations (or activities) of 
the various species exist. 

An impression of the micellar weight distribution 

can be obtained if the weight and number average mi- 

cellar weights [(M>,.,,k_ = (Ei=>fi/Mi)-’ ] are known. 
The lecithin species are denoted with a subscript i, 
whose value equals the association number. 

If the chemical potentiat of a species is given by the 
relation 

in which ai is the activity of a solute species i, and B,, 
f3,, etc., are independent of i, one can easily prove that 
the following relation between the concentration of 
that species and the total concentration holds 

(9) 

Using this equation one readily obtains the well known 

[14-181 relations for calculating the monomer weight 
fraction,fi , and the number average mokcular weight 
from the dependence of the weight average molecular 

weight on the total concentration 

hlfi =j(Mt,WW.ia_ - L)c-’ dc, (10) 
0 

and 

These equations 2pply irrespective of the relations be- 
tween the different association constants between the 
various associating species. 

Other types of averages can also be calculated. The 
Z-average molecular weight is obtained from 
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The Z-average density increment likewise follows from 

(13) 

It can thus be seen that this mean increment, at con- 
centration c. that has to be inserted into eq. (5) equals 
the measured density increment. The mean refractive 
index increment squared should be calculated from 

the definition 

qatl/ac)*,, = xjpfi t~,“j~jyf~. (14) 
i i 

Due to the high association numbers in micellar systems 
the transition at the CMC is rather sharp. At concentra- 
tions outside the small transition region the Z-average 
increments become indistinguishable from the limiting 
values for monomers and micelles. 

The equations given above apply only for systems 

at constant pressure_ In ultracentrifugation, however, 
pressure is not constant in the cell and varies from one 

experiment to the other. For each separate experiment 

eqs. (9-12) do hold for systems in which the partial 
specific volume of each species is concentration inde- 
pendent, if the reduced molecular weigh& (thus in- 
cluding the factor &#c) are substituted. 

If apparent weight average molecular weights are 
used eq. (11) yields the apparent number average mo- 
lecular weight and eqs. (10) and (9) provide us with the 
first estimates of the true activities cl, or ai (defined 
with the help of eq. (8). 

In general relation (S), however, does not apply [8, 
IO] _ Using classic thermodynamics one can derive for 
an incompressible system the relation (15) between 

the chemical potentials and the coefficients A,- intro- 
duced in eq. (3). 

pj = &P, T, c’) f RT In c. I 

+ RT &Q’(A, - ri)ci + _._._ 
i 

(15) 

Vi equals the partial molal volume of species i In sec- 
tion 6 r!ealing with the second virial coefficieer a simple 
model for calculatingA# will be described. The model 
is based on rigid non-interacting solute molecuIes_ It 
has often been realized 119-221, that eq. (15) (neglect- 
ing vj) reduces to eq. (8) for rigid long cylinders with 
equal radii. In the case of spherical solute molecules 
Bt in eq. (23) is inversely proportional to the molecular 

weight. It can however be shown that the errors involved 
in using eq. (9) through (13) are often small, especially 
in micellar systems. 

5_ Micellar weight distribution 

In the preceding section an equation (11) has been 
given to obtain the number average from the weight 
average molecular weight. This equation holds for the 

total molecular weighht and for the miceliar weight. The 
ratio Q = Oli)Wjdmic./Uf)ntiidmic. for the real (often 
called ideal) micellar weights is a measure of the width 
of the distribution_ The standard deviation u, around 
the number average molecular weight for an arbitrary 
distribution is given by [23] 

on/OWn = (Q - I)“*. (16) 

The actual weight distribution depends on all associa- 

tion constants, but these are generally unknown unless 

experiments of extremely high accuracy and a very 
detailed model of the association behaviour are avail- 
able_ 

Wide molecular weight distributions are expected 
if the association constant K for different micelles are 

about equal 

K=C,,,IC,C,- (17) 

C,, stands for the mokr concentration of a micelle con- 
taining II monomers. Equal values of K are likely to ap- 
pear, if the micellar structure strongly departs from the 
spherical shape and lead to Q values of 2, as has been 
shown in several papers [ 18,2 1,24,25] _ This model 
also leads to a linear increase of the micellar weight 
with the square root of the micellar concentration. 

In the calculations of the second virial coefficients 
we would like to use actual values for the concentra- 
tions of the various micelles. Instead of making as- 
sumptions about the various association constants we 
assume that the Schulz distribution function f13,26] 
applies. This is a two parameter function which is easy 
to integrate_ One of the variables can be expressed as 

cni>,l~fi, 

(18) 
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where fQV) stands for the weight fraction of the mole- 

cules with a molecular weight M, 

6. Second virial coefficient 

Details of the micellisadon phenomenon can only 
be obtained after estimation of the coefficients of the 
second terms on the right hand side of eqs. (1) and (5). 
These terms conrain next to the weight fractions the 
interaction parameters AJ_ Evaluation of this last 

quantity is actually the basic problem. 

6.1. Imeractiort parameter Aii 6.2. IVeigIrt fractions of the uarious species 

As the electrostatic dipole intermicellar interactions 
are probably quite small one may visuatize the micelles 

as rigid noninteracting particles. Aii is related to the 

pair correlation function [8, IO] and can in this sim- 

plified case be calculated from the mutual pair excluded 

volume. Isihara solved this problem for molecules of 
arbitrary size and shape. The relation for A6 (defined 
in our concentration units) reads 

The monomer concentrations and the total micellar 

concentrations can be evaluated with the help of eq. (IO). 

The weight fractions of the different types of micelles 

can be estimated from an assigned distribution func- 
tion_ We have assumed the Schulz distribution (eq. (I 8)) 

to apply. The two independent parameters in that rela- 
tion can be obtained from the weight and the number 
average micellar weight. 

A@. = No [Ui + ui + (ll47r)(X& + I#]. (1% 

where Ui stands for the volume of a molecule i with sur- 
face si, and Xi equals the integral over all orientations 

w ofHi, called the supporting function_ 

xi= Hjdw. 
J (20) 

For simplicity’s sake we will assume the lecithin mono- 

mers to be spheres and the micelles to be spheres or 
spherocylinders. The geometry of these molecules is 
given in fig. I and the definition of Hi and the relations 
needed to cakulate A@ are given in table 1. lf there is 
a distribution in micellar weights we assume the spherc- 

cylinders to have equal radii and different lengths and 
the spheres to have different radii. These models will 
be discussed in more detail in section 9. 

Fig. 1. Geometry of a spherocylinder. 

it will be important that the value of the second 
virial coefficient is not too sensitive to the actual ap- 

plied distribution function_ The influence of the width 
of the distribution can readily be found by solving the 

second terms of eqs. (1) and (5) for different geometric 
models (different relations for Ag in eq. (19)) and poly- 
dispeaities. The virial coefficient for mixtures of sphero- 
cylinders with equal radii and weight average molecular 
weights is independent of the width of the distribution. 

Table 1 

Size and shape parameters for the calculation of the interaction 
parameter Ai 

Sphere Spherocylinder 

u 
4 3m3 

4 gzu3 f zra’f 

s 4za2 4nn2 f ZnnI 
H a a + ~Icose 

Y 4rs Amz -cd 
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For mixtures of spheres with equal partial specific vol- 
umes iT the nonideality coefficient decreases with in- 
creasing width. Assigning a vaIue of 8 ic’, E to the total 
excluded volume of a monodisperse system we find at 
bf,#f,=2 a volume of 739 Mwij and at &,/.lcr, = CQ 
a value of 6.84 &fWU_ 

7. Procedure for calculatirkg micelIar weights 

We will now discuss the actual procedure for calcu- 
lating the miceilar weights from light scattering data- 

We start from the plot of the reduced total apparent 
weight average molecular weight (Rgo/K’c s 

~f(~~Z/~C)~}~~~~*) versus the tot& concentration and 
divide these “molecular weights” by the average re- 
fractive index increment squared and obtain the values 

for C%&.~Pp__ The values for ((aa/ac}*>, near the CMC 
are calculated using eq. (14) from estimates of the 
monomer concentration (eq. (1 Cl)), micellar concentra- 
tions, association numbers and the refractive index in- 
crements measured at concentrations well outside the 
CMC region. 

The values from the resulting curve of <M>Y2Pp_ 
versus c are now used in eqs. (10) and (1 l), smce these 
equations can also be used when substituting apparent 
values, as stated there. We now arrive at the monomer 
activityft,, the apparent weight average micellar weight 

~f}~=~~.~~. and the apparent number average miceliar 
weight Gf>napp~k._ The following approximation was 
used: 

The values of Gf jwXPPntk_ should provide us with the 
information necessary to estimate the shapes and sizes 
of the micelles, while the values for (lM),.,lppsnk_/ 

~i}~=~~.~~. give us an estimate of the polydispersity 
of the micetIes. Using the Schulz distribution (eq. ( f 8)). 
the monomer concentration and the values for Al from 
geometric mcldeis <eq_ (19)), the summations in the sec- 
ond virial coefficient of eq. (1) can be carried out. In 
most cases the summations can be replaced by integrals. 

After the reduced total ideal weight average moiectr- 
Iar weights are calculated we start micellar weight esti- 
mations by again using eqs. (7), ( IO) and ( 11). The re- 

Firs. 2. Procedure for calculatin!: the ideal micellar weights from 
reduced apparent total weight avenge molecular weights. 

Cycle 1. The apparent weight and number avenge micetfar 
weights arc obtained from the totat apparent molecular weights 
with the help of eqs. (101 and (1 I). At concentrations near the 
C;\IC an iteration procedure is used to calculate (~~r/ac} from eq. 
(14). From the weight average miccltar weights the micellar 
shape and size is estimated. This leads to the first approxima- 
tion of the interaction parameter “ii (eq. 1.19)). The parameters 
of the distribution function~(~~~} (eq. (18)) ore obtairted from 
3 compariso:! of the number and weight ttvcrage micellar weights. 

Cycle 2. Introduction of the weight fractions. the values of 
Aii and (iJr&c) in eq. f l 1 leads to estimates of th’c idea1 total 
molecular weights from which the micethr weights are obtained. 
An iteration procedure provides us with better estimates of Ali. 

stdting micellar weights provide us with a better estimate 
of the second virial coefficienr and weight average mi- 
cellar weights are obtained usi!=: .. sr:fficient number of 
iterations. This whole procedure is schematically given 
in fig. 2. 

. - 

Evaluation with the help of eq. (IO) of the micellar 
weight at a certain concentration above the CMC re- 
quires the knowledge of the total average molecular 
weight at all lower concentrations. 

If we want to keep the time to reach equilibrium 
within reasonable limits we have t:, use small solution 
coh~mns (around 3 mm), urhich allow only a modest 
concentration range in one experiment. Experiments 



190 R.I.M. T~usk et al.. Physical chemical studies of short-chain lecithin homologues II 

with various starting concentrations but with overlap- 
ping equilibrium concentration ranges are performed. 
At the lowest concentrations tie highest speeds are re- 

quired in order to get an optimal resolution. 
The hydrostatic pressure in the solution columns 

therefore varies from one experiment to the other. 

Since the partial specific volume of monomers and mi- 
celles differ the association equilibrium is pressure de- 

pendent. This leads to ti nonsuperposition of the plots 
of (~tf apjac)w,pp_ against c from different experiments 

{32] _ In this case the miceilar weights should be cal- 
culated for every experiment separately, but this de- 
mands an extremely high accuracy. Moreover, the theo- 
r*tical pressure effects in our case result in a nonsuper- 
position of a few percent at most, as follows from some 
estimated numerical data for diC6- under our experi- 
mental conditions. At the lowest concentration and at 
the bottom positions in the cells a maximal pressure of 

17 atm prevailed. The measured total average molecular 
weights are smaller than the molecular weights if ob- 
tained at 1 atm pressure [32]. At total concentrations 
of 8 mg ml-l, 11 mg ml-* and 20 mg ml-’ the decrease 
of the molecular weight due to the pressure is only 4%, 

2% and 0.5% respectively. The calculated effects for 
diC,- are even much smaller. We therefore negect the 
pressure effects and plot (M W~C~,,~~_ vaIues versus 
c from different experiments on one curve and analyse 
this curve in a manner completely analogous to the 

method used in interpreting the light scattering data. 

8. Results 

8.1. Refcactive index increment 

The change in the refractive index of the solution 

with iucreasing lecithin concentration can be described 
by two straight lines, intersecting near the CMC. The 
curvature near the CMC extended only over a very small 
concentration range. The expression for the refractive 
index change above the CMC is given by 

&I = (af2/acjp TV t II, (22) 

and we may identify this increment with the micellar 
refractive index increment (&r/&z),. The increment 
for monomers will be abbreviated with (an/&), _ In 
table 2 the values of the increments and of the constant 

a are given for diC6-lecithin in aqueous solutions con- 
taining various NaCl concentrations and for diC,- 
lecithin. The value for diCg-lecithin is also included for 
comparison_ In this special case it is not pcssible to 
measure the increment at room temperature in electro- 
lyte free (or dilute buffer) solutions, due to the ap- 

pearance of a phase separation (to be published). 
The decrease of the refractive index increment 

(an/at), - (alz/ac), of the lecithin with increasing salt 
concentrations can be explained by taking the increase 
of the refractive index of the medium tt, - tzo into ac- 
count_ Assuming the refractive index of a solution to 
be a linear function of the volume composition of the 

various components the foIlowing relation holds [ 12, 

331 

(afz/acjs - (alz/ac), = -tfLS - lzo)~. (23) 

iJ equals the partial specific volume of the lecithin_ In 
table 2 we also give the values for the refractive index 

increments caiculated from this equation, using the 
partial specific volumes and the refractive index incre- 
men ts both measured in 1 O-2M phosphate buffer_ 

8.2. Density measurements 

S In plotting density values p versus lecithin concen- 
trations straight lines intersecting near the CMC were 
obtained_ As in refractive index measurements only a 
slight curvature near the CMC was found. From the 
slopes of the Iines the partial specific volumes 5 and the 

partial molal volumes 7 were calculated [ 12]_ The data 
for diC,- and di+lecithin are given in table 3_ 

By subtraction of appropriate values from each other 
the volume of a mole CH, and the volume change during 
micellisation are found. These values compare favorably 

with data for other soaps studied by Corkill [34]. 
In the last column of table 3 we added for comparison 

the molar volumes calculated from data of longer chain 
lecithin homologues in the L-cu liquid crystalline phase 
(3%-371. 

8.3. Vapor pressure osmometry 

We only succeeded in measurements of molecular 
weights by vapor pressure osmometry at concentrations 
below the CMC for di&-lecithin. Up to a concentration 
of about 6 mg ml-t a molecular weight of 471 i- 2 was 
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Refractive index increments for three lecithin homologues 

tccithin M NaCl 

observed an/at (ml g’ ) 

c < CMC c > CMC 

aX IO6 

c > CMC 

anlac [es_ (2311 

c > cxtc c > CMC 

diC6- 0 0.132(0.001) =) 0.126(0.001) 37 

1 0.I2~(0.001) 0_113(0_00L) 31 0.124 O.lIBd) 
2 0.117(0.002) 0.1073(0.001) 19 0.116 0.110 d) 

3 0.111~0.002) 0.0997(0.00 1) 12 0.109 0.102 d, 

diC7- 0 0.136(0.002) 0.125(0.001) 11 

diCa- Ob) 0.125(0.002) 

0=) 0.118(0.001) 0.119 e’ 

a) 

b) 
The numbers between brackets are the standard deviations from least square straight lines. 

c, This value W&IS obtained by extrapolating measurements from hi& temperxtures (SO-90%). 

d) 
Measured in solutions containing 0.2 M Lit. 

CaIcuiated on the basis of measured values in salt free solutions. 
e, Corrected for the LiI effect from extrapolated measurements at hi& temperatures (to be published, see also ref. [ I]). 

obtained, which is in perfect agreement with the mono- 
hydrate monomer molecular weight (47 1.5). This means 
that there is no substantial pteassociation. At higher 
concentrations measurements were progressively less 
reliable, probably due to decomposition of the lecithin 
and the formation of the more volatile caproic acid at 
the high temperatures: 48S”C and 60°C. The osmo- 
meter signals became unstable and the calibration con- 
stant showed sudden jumps, leading to too small appar- 
ent molecular weights. 

8.4. Calibratiotl of the light scatterirlg itmrtmefw 

The following systems were used in the calibration. 

(a) Lysozyme (Boehringer & Soehne, for analytical 
purposes)_ The protein was dissolved in a Na2HPOa 
(0.056 M) - citric acid (0.07 1 M) buffer (pH = 3.7) to 
suppress dimerisation [38] _ The molecular weight was 
found from ultracentrifugation equilibrium experiments 
and was in agreement with other physical analyses [39) 
and with the chemical analysis [40] _ 

Table 3 

Density increments and modal volumes of dihexanoyl- and dihepfanoyllecithin 

a&c 

Lecithin c < ChfC c > CMC 

F2 (ml mole-’ ) 

c < CMC c > CMC 

TCH~ (ml mole’ ) AT* . v, 

c < ChfC c > CMC micellisation L-a 

dicfj- 

dic7- 

0.1513(0.0007) 0.1324(o.a007) 401.3(0.4) 4 10.3(0_4) 9.OtO.6) 411.3 

0.139 (o.ao3) o.ii03(0.0005) 431.4(M) 445.8(1).3) lS(1.6) 17.7(0.5) 14.4( 1.6) 443.8 
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(b) PLxtoglobulin*. Crystalline bovine lactoglobulin 
was dissolved in I o-3 M EDTA (pPH = 6.0), 0.2 M NaCl 

The results for diC6- and diCii-lecithin are plotted 
in figs. 3 and 4. The experiments on diC,- were very 

and dialyzed for 24 hours. The concentrations were poorely reproducible. This large nonsuperposition of 
determined by absorption measurements (E.$T. = 9.1) the curves cannot be explained on the basis of the pres- 
[4 l] _ The refractive index increment was taken [41,42] sure influence on the association equilibrium and is 
to be 0.182 ml g-t . The dimer molecular weight [41] probably due to traces of impurities or to decomposi- 
was found by ultracentrifugation (36700). tion of the lecithin during the 40 hours centrifugation. 

(c) 12-Tungstosilicic acid (Merck, pa.). The calibra- When analysing average molecular weights of diC,- at 
tion constant from TSA in aqueous solutions contain- the meniscus and the bottom of the cell at shorter time 
ing 0.3 M or 1M N&l was obtained by extrapolation intervals (Archibald method) this “decomposition ef- 
to infinite dilution. The refractive index increments fect” has in fact a few times been observed_ The direc- 
from literature were used 1431 (0.100 ml g-1 and tion of the change of the molecular weights was. how- 
0.0972 ml g-l respectively in 0.3 M and 1 M N&l)_ The ever, not always the same. In two experiments a slight 
water content was determined with the heIp of Karl increase, while in one other a larger decrease was found. 
Fischer titrations_ Seven experiments, indicated with dots in fig. 4, show 

(d) Sucrose (BDH aristar). The measurements on a molecular weight-concentration dependence basically 
sucrose were also extrapolated to infinite dilution, using different from the results of the other nine experiments. 
the same dependence of K’ (eq. ( 1)) on the refractive These deviating lines are curved upwards or have a very 
index of the solution as Maron and Lou [44] did. Con- pronounced S-shape. Such plots are often obtained in 
trary to Maron and Lou and Mijnlieff 1451 we found experiments where the sedimentation equilibrium is not 
no substantial depolarisation (pu Q 0.01). reached or in cases where the micellat equilibria are 

All calibration constants agreed within 1.5%. Compa- disturbed by impurities. 
rison of the calibration constants obtained from the 
aqueous solutions and from benzene leads to the con- 

The measured values of Uf 8p/ac1,,Pp_ from all ex- 
periments were averaged and a smooth curve was drawn. 

clusion that the influence of the refractive index of the The standard deviation of the experimental points around 
solution on the calibration constant is much less than 
the theoretically expected [46-48) ,r’ (actually we 

this mean curve is 5 to 7%. An other average curve was 
obtained by excluding the seven experiments marked 

obtained a value quite close to II). This might partially with dots. The standard deviation now is around 3%_ 
be caused by the fact that the photomultiplier does see The resulting mean curves of diC,- and diC,- were 
past the incident beam [49] _ graphically extrapolated into the CMC region,As a 

guide in this extrapolation CMC values from surface 
8.X Alicellar weigfzr derennimrions tension measurements [ 11 were used_ThesevaIues are 

indicated by arrows in figs. 3 and 4. After analysis of 
8.5. I. Ultracerttrifugatiorr equilibrium the entire curves with the help of eqs. (10) (modified 

in analysing the data from equilibrium experiments so as to contain apparent quantities), (13) and (21) the 
use is made of the interference and the Schlieren pattern. apparent micellar weight-concentration dependence 
The fringes and the refractive index gradients were con- is obtained. The results are plotted in figs. 5 and 6. The 
verted to concentrations or concentration gradients broken lines in fig. 6 from uitracentrifugation were ob- 
respectively with the help of eq. (22). We thus ignore tained by taking all results from fig. 4 into account. If 
the influence of the pressure on the refractive indices only the nine more well behaved experiments are used 
and index increments_ The reduced total’apparent weight the micellar weights equal the data from light scattering. 
average molecular weights at concentrations above the At micellar concentrations below 4 mg ml-1 the micellar 
CMC and at different positions in the cell were calcu- weights are dramatically influenced by slight changes 
lated with tie help of a computer program of KetelIapper in the extrapolation of the total average molecular weight 

1501’ to the monomeric region. By trial and error extrapola- 

* The c-lsctoglobulin teas a generous gift of Dr. T-A-J. Payens tions were found that yield acceptable miceBar weight 

of the Netherlands institute of Dairy Research, Ede. The against concentration plots. The sudden increase in 
Netherlands. micellar weight going to very low micelle concentrations 
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Fig. 3. Results from five ultracentrifugation experiments on diC,-lecithin in aqueous solutions containins 16’51 phosphate buffer 
(pH = 6.9 f 0.1). In this figure and in figs. 4 and 7-10 the arrows iidicate the CMC obtained by surface tension measurements [ I]. 
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Fig_ 4. Results from sixteen ultracentrifugation experiments on diC+citbin in aqueous solutions containing lo-* hf phosphate 

buffer (pH = 6.9 + 0.1). 
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163X<M>w app. micelle 

I 
18- 

0 

I I I 1 I I I 
0 2 4 6 8 10 ‘12 

diCG- lecithin micelieconc.(mg /ml) 

Fig. 5. Apparent weight average miccl!ar weights as a function 
of the diCh-micellar lecithin concentration. The broken line is 
derived from ultracentrifugation experiments (dilute buffer so- 
lutions). The fully drawn Iines are obtaini-d from light scatter- 
ing, the solutions contained various NKCI concentrations next 
fo the phosphate buffer. 

is caused by mathematical difficulties in the numerical 

integration in eq. ( 10) and has no physical significance. 

In fig. 7 the R,, values for diC6-lecithin in 0. 1.2 
and 3 M NaC! are shown and in fig. 8 R,, for diC,- in 

0 and 3 M NaCl is plotted. Owing to the limited quantity 
of diC7-lecithin, we calculated the value for the refrac- 

tive index increments in 3 M NaCI, with the help of eq. 
(23): (&z/ac), = 0.112 and (&r/ac), = 0.10 1 _ This may 
have introduced systematic errors of a few percent. 

The plots of R&K’c for concentrations above the 
CMC are shown in figs. 9 and 10. The values for concen- 
trations below the CMC are consistentfy too high, prob- 
abIy due to some dust. Owing to the limited quantities 
of the lecithins we used as little material as possible and 
prepared stock solutions in the light scattering cuvettes. 
DiIutions were carried out in the cells and by the time 
the CMC was reached, after three to five dilutions, the 
dust level was mostly too high (dissymmetry z = 1.03 
to 1 _CM)_ The curves were extrapolated to the CMC in 
a manner completely analogous to the procedure used 
in analysing the ultracentrifugation data. The apparent 
micellar weights were obtained with the help of eqs. 

I I 1 I I I I I I I * 

4 8 12 16 20 
diC,-iecithin micelle cone (mg /ml, 

Fig. 6. Apparent weight and number average micellar weights of diC-&cithin as derived from light scattering tl.r -) and ultra- 

centrifugation (u.c. - ---)_ The arrows (:) indicate the standard deviation of the ultracentifugation data around the mf%n valuzs. 
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I I I t I I 1 I I I 1 
0 8 10 12 14 16 18 20 

dice-Lecithin cent. (mg/ml) 

Fig. 7. It(3yteigh ratio (Rpo) as a function the diCs-lecithin concentration in aqueous solutions containing in addition to the phos- 
@ate buffer (lo-* hi, pH = 6.9 2 0.1) various concentrations of NaCl. (&,I: 0 M, (*I: 1 bf, (0): %f, Coj: 3M NaCl. 

F&- 8. RaYleish ratio &a) a~ a function of the diC7-lecithin concentration in aqueous buffer solutions containing o hf (a) and 
3M NaCl (A). 
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2M 
3M 
M 

NaCl 

I. I.. I. * * * I r 1. I I m - * * I 
0 5 10 15 20 

1.1 3.75 69 diC 6-Lecithin CCXK (mg /ml) 

Fig. 9. Reduced apparent total weight average molecular weight of dice-lecithin as a function of the lecithin concentration in buffer 
solutions containing various Nail concentrations. (0): 0 hf. (A): 1 hf. (0): 2 M, (0): 3 hf Nail. 

(lo), (13) and (21) and are also plotted in figs. 5 and 
6. 

9. MicelIar models 

9.1. ciiC,+ecithin 

The apparent micellar weight of diC,- (fig. 5) shows 
a slight decrease with increasing concentrations, due to 
nonideabty. Applying eq. (I I) to these apparent mi- 
cellar waights then leads immediately to (iCi)w,ppmk_/ 

Wxqp.mic. < l_ A further analysis is only possible after 
correction for nonideaiity. As a first approximation we 
assume the micelies to be monodisperse. For the shape 
of the miceiies we use two simple and rather extreme 
medeis: (I) a compact sphere, in which the whole ie- 
cithin molecules are accomodated, (II) a spherocylinder 
wi$h a pure hydrocarbon center [5 1 I _ The length of the 

molecule depends to a great extent on the unknown 
orientation of the polar group (see, e.g., Cadenhead 
et al. [521 and their references). We will use a length, 
in the radial direction, of the polar part of 8 to 11 &. 
This polar part includes the carboxylic groups and the 
gfycerylphosphoryicholine and has a maximal extended 
iength of about 14 A, as determined from molecular 
models. 

9.1.1. Afodel I: Compact sphere 
From the measured partial specific volume of the 

lecithin miceiles and the micellar weight (z 15 000) a 

radius of 18 A is found. This value is quite reasonabIe 
in view of the length of the monomer. To calculate the 
excluded volume of the lecithin species we also have to 
take the hydratation of the polar groups into account 
[53], with the heIp of 
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I I I I I I I I I 1 

ot t 2 4 6 6 10 12 14 16 18 . I 

diC7- lecithin cont. (mg / ml 1 

Fig. 10. Reduced apparent total weight avenge molecular weight of diC,-lecithin 3s a function of the lecithin concentration in 
aqkx~s buffer so&ions containing 0 $1 (a) and 3 M (A) N&I. 

where El3 is the volume per gram hydrated lecithin. hi 

is the partial specific volume and 6 is the hydration in 
gram water of density 1 per gram lecithin. The literature 
values of the hydration vary from 7 to 20 water mole- 
cules per lecithin molecule, depending on the method 
used (see, e.g., refs. [N-57] and references quoted 
therein). A value of IO water moIecules per molecule 
lecithin seems quite reasonable_ The influence of the 
hydration layer on the calculated values for the ideal 
micellar weights is small (a few percent at the highest 
lecithin concentration). Using this model of hydrated 
spherical monomers and monodisperse micelles the real 
weight average micellar weights were calculated and 
plotted in fig. 11. 

9.1.2. Model II: Spherocylinders 
One can visualise the micelles in an alternative model, 

where the contact between the hydrocarbon part of the 
molecules and water and the polar parts is avoided [S 11 _ 

Using the equations [S I] for the hydrocarbon volume 
d (eq. (25)) and the maximal radius r of the hydrocarbon 

1lP x<M> w id. micelle 

3M 

14- 

I I I I I I 
0 2 4 6 a 10 12 

di C6-lecithin micek cont. (mg /ml) 

Fig. I1 _ diCs-Lecithin ideal miceilar weights as J function of 
the micellar concentrations. The apparent miceI[ar weights are 
idealised using the compact sphere model (see section 9). The 
broken line represents ultracentrifugation data. the full lines 
stem from light scattering. 
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42 A 

Fig. 12. St&on through the diCg-lecithin micelle model. Circle 1 represents the contour of the compact sphere (radius = 18 A). 
Circle 2 is the contour of the hydrocarbon core with radius 7.8 A and a volume large enough to contain 6.8 monomers. Within the 
volume surrounded by 3 the hydrocarbon parts of 34 monomers (micellsr weights 16 000) can be situated. The volume within 4 
is the minimum to contain 34 hydrated lecithin molecules. 

core (eq. (26)) one fTnds that a spherical micetle of diC, 
can accomodate only 6 to 7 monomers. 

v=27.4+26.9x2xnA3, (25) 

r= l.S+ 1_265xni%, (26) 

n is the number of carbon atoms per chain participating 

Id3 x <kg, id. micelle R=l5A 

20 c 3M 

in the hydrocarbon core ( for diCs : II = 5, v = 296.4 A3, 
r= 7.8 I%). As the micelles howexr contain about 35 
monomers the geometry has to depart from the spherical. 
For simplicity’s sake we introduce the STherocylindrical 
model. We now have to choose the outer radius R of 
the spherocylinder. We use two values R = 15 A and 

R = 18 A. From the molal volume a value for a of 11.2 
18 would suffice, but this seems impossible without a 
great strain on the chemical bonds in the lecithin mole- 
cule. The spherocylindrical model is shown in fig. 12 
and the calculated ideal miceliar weights are shown in 
figs. 13 and 14. 

16; x <M>w id. micelle R.18 a 
3rd 

I I I I 8 8 0 2 4 6 6 10 12 

diC d-lecithin micelk cont. (mg /ml) 

Fig. 13. Weight average micellar weights. From light scattering. 
as a function of the diC&ecithin micellar concentration. in 
aqueous so1utior.s containing various NaCl concentrations. The 
micellar weights are corrected for non-ideality using the sphere 
cylinder mode1 (see section 9.1.2) with a radius of 15 A. 

I I ‘ I I I I 

0 2 4 6 8 10 12 
dicgkcithh micelle conc. <mg/ml) 

Fig. 14. Same as ‘Fit. 13. now for R = 18 A_ 



R.l_M Tausk ef ai.. physical chemical studies of short-chain lecithin homologues. II I99 

9.2. &CT-Lecithin 

The apparent micellar weight increases with concen- 
tration (fig 6). This system is ciearly polydisperser 
Gfi wappmi&%appmic. 2: 1.5, as calculated with eq. 
(11). The ratio for the ideat average molecular weights 
will be higher and we use as a first approximation 

G%f )**J/ot} rudmic_ = 2. This simptifies the SchuIz . 
distribution function eq. (18). Again we use two models 
for estimating the interaction parameter A+ 

9.2.1. Model I 
In analogy to the compact sphere of diC,-lecithin 

we assume the maximal compact sphere of diC+ecithin 
micelles to have a radius of 19 A. These micelles can ac- 
commodate about 40 monomers (G%Z1wmk_ = 20 000). 
As the micelles grow far beyond this vaiue, we assume 
the larget micelles to be spherocylinders with radii of 
19 R and different lengths. Again a hydration of 10 
water molecules per lecithin molecule is added. We also 
assume spherical micelles with association numbers 
between 2 and 40 to be present. This last assumption 
has a very minor effect on the second virial coefficients. 
The calculated ideal weight average miceUar weights are 
shown in fig. 1s. 

140 

0 

z 120 

- F 
v 
E 

3M.NaCl 

m 19 A 

lO-‘X <M)w id. micelIe 
140 

r 

Fig. 16. Ideal we&M average micellar weiats of diC&cithin 
as a function of the root of the ratio of micelIar and monomer 
concentration. The molecular weights are idealised using the 
compact micelle model (see section 92.1). The dotted line 
(-*--I is derived from ultracentrifuption (only buffer present). 
The full line (- 1 and the broken line (----) were ob- 
tained from light scattering in 0 M and 3 hl NaQ respectively. 

/IL R=19 %. 

1 I I I I I I I I 
0 2 4 6 8 10 12 14 

I 
16 1s 

diC ,- lecithin micelle cant. (mg /ml) 

Fig_ LS. Weight average micellar weights of diC+zcithin as a function of the miceliar concentration. In 0 hI and 3 M N&S (upper 
set of curves). The dotted lines represent the apparent weights. The broken lines I are obtained from the compact micelle model 
(type I) and the full drawn lines If and Ii1 are derived from the spherocylinder model <type 11) with radii of 16 X and 19 A respec- 
tively and with as little hydruc&on-water contact as possible. 
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9.2.2. Model II 

Avoiding the hydrocarbon-water contact in sphero- 
cylinders with hydrocarbon core radii of 9. I A leads to 
much longer micelles and greater second virial caeffi- 
cients. In analogy to the diCg-micelle we assume an 
outer radius of 16 !i and 19 A. Results for the ideal 
molecular weights are shown in fig. 16. 

10. Discussion 

IO. 1. Rlicellar weights 

In analysing micellar weights the association model 
is seldom used, partly due to the complication of the 
slight increase of the monomer concentration at total 
concentrations above the CMC. Usually miceliar weights 
are evaluated with the assumption of a constant mono- 

mer concentration, for example in the so czlIed Debye- 

The results of diC6-lecithin, where the CMC is rela- 
tively high, are, however, significantly different when 
calculated by both methods, as can be seen from table 

plot [58 1 in light scattering H(c -CMC)/(r - rr-cwc) 

4. The second vitial coefficients given there are calcu- 

versus c - CMC. This last method does give accurate re- 

lated from the apparent micellar weights (Eg_ 5) with 
the help of the relation 

sults at high micellar concentrations in respect to the 
CMC. 

07) 

Tab Ie 4 

Micellar weights of dihexanoyilecithin in aqueous solutions con- 
taining various NaCl concentrations 

NaCl cont. Debye-plot Association model 
(Ml 

0 13200 15400 
1 14100 16200 
2 14700 16350 
3 15500 16300 

Viriai coeff. 
2Bx 104 
(mole ml g2) 
Association 
model 

_ 

5.7 * 0.1 
5.0 f 0.2 
4.7 i 0.3 
1.6 f 0.1 

In this equation (M),,,, equals the micellar weight, 
linearly extrapolated to micellar concentration zero. 
In this case the weight average loses its significance, 
since calculating the virial coefficient in this manner 
implies a monodisperse system. Analysis from the Debye- 
plots reveals no significant virial coefficient (2B < 1W5 
mole ml g2), because the plots of the turbidities versus 
the total concentrations are straight lines (fig. 7). This 
situation is also found in other micellar systems, es- 
pecially with nonionic or zwitter-ionic surfactants 

[59-611. 
DiC7-lecithin gives Debye-plots with a negative virial 

term, which implies a polydisperse system. 
It is essential to have a model for calculating the 

second virial coefficients. In this article we have used 
the simplest possible model: an excluded volume based 
on rigid noninteracting particles. The geometric models 
for the micelles have been discussed in detail in section 9. 

Our simpIified approach does seem to give answers in 
the right order of magnitude as can be seen from the 
diC6-lecithin results (figs. 5, 11, 13, 14) where the de- 
crease in the apparent molecular weight completely 
disappears upon idealising the molecular weights_ 

From the graphs we may conc1ude that the diC6- 
Iecithitz micelles have rather narrow weight distributions, 
at least compared to the diC7-micelles (to be discussed 
below). An impression of the width of the distribution 
can also be obtained from the ratio Q = GWwiamk/ 

~kdlnic.~ as has been discussed in section 5. The lowest 
significant value for Q that can be obtained with our 
experimental methods is around 1.04. The highest values 
for Q are obtained for the spherocylinder (model II) 
with a radius of 18 k at a total concentration of 19 
mg ml-1 (micellar concentration = 12 mg ml-l) we ob- 
tain Q = 1.06 for the NaCl free solutions and Q = I. 1 
in the presence of 3 M N&l. 

diCTlecithin micelles are clearly very polydisperse 

with Q values around 2 (see figs. 6, 15). Using the sphero- 
cylinder (model Ii) with little hydrocarbon-water con- 
tact and radii of 16 A and 19 A we find at a total con- 
ten tration of 16 mg ml-1 (micellar concentration = 
15.2 mg ml-‘) Q = 2.1 and Q = 2.0 respectively_ For the 
more compact and shorter micelles (model I) we fmd 
Q = 1.7. As pointed out previous1y (section 5) these wide 
distributions are obtained if all association constants 
leading to different types of micelles are about equal. 
The micellat weight is then proportional to the square 
root of the micelIar concentration_ In figs. 16 and 17 
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Fig. 17. ldealised weight average mice&r weight of di~7-lccirhin 
from ii&t scattering. The full lines are derived from NaCt free 
and the broken lines from aqueous sotutions containing 3 Xf 
NaCL Two different radii of the spherocylinders (R f 16 X and 
R = 19 A) with as littIe hydtocarban-water contact as possible 
are used (see section 9.2.2). 

we have plotted the ideal micellar weights calculated 
from our different models against (C,k.C,0,,_)*~2_ 

The results of the experiments performed in 3 M 
NaCI, where mice&c weights increase much more 
steeply with the micellar concentration than in 0 M 
Nat.21 (figs. 13 and 14) are now very close to the data 
obtained in NaCI free solutions. This could mean that 
ail association constants increase in the same way with 
increasing salt concentrations, by a kind of salting-out 
mechanism [I, 621. 

IO.2 Momtner cmcemrut~on of diC&lecithi,r 

Althmgh the miceiiar weigftts obtained from light 
scattering and u~trace~t~fugation agree wry wetI with 
each other the monomer concentrations differ signi% 
cantly. The calculated results are shown in fig. 18. The 

CMC obtained from ultracentrifugation is 7.0 mg ml-f 

and is in fair agreement with the CMC as obtained from 
surface tension measurements [ 11 (6.9 mg ml-l )_ Light 

scattering gives a CMC of 6.2 mg mF. The three points 
in fig_ I8 have been cakuIated from surface tension 
measurements I11 by ~~t~~olation of the linear part of 
the 7 versus Iogc curve below the CMC. To explain the 
differences between these data several hypotheses can 

Fiz:. 18. The monomer concentration of dice-lecithin as ZI 
function of the totat lecithin concentration. The full tine is 

cafcufated from Ii&t scarrering, the broken line from uftracen- 
trifugation. The three dots were obtained from surt%ce tension 
measurements f I 1. 

be proposed in connection with the presence of dust 
in light scattering or decomposition of the lecithin in 
centrifugation experiments. but no definite opinion can 

yet be given. 
If the monomer conc~l~tratio~ as 3 function of the 

total concentration is accurately known miceitar weights 
can be estimated. We made some calculations for diCg;- 
lecithin in 3 M N&l using the surface tension data [ l] 
and the monodispers micellar model with no thermo- 
dynamic nonideality. After curve fitting a micellar 
weight of 17 000 + 1 000 was obtained, which is in re- 
markable agreement with the light scattering data. 

Il. Conclusion 

The association of diiexanoyllecithin leads to the 
formation of mice&s with an apparent measured mi- 
cellar weight of about 15 000 to I4 000 in solutions 
of low electrolyte content (fig. 5). The slight decrease 
of these values with increasing lipid concentration com- 
pletely disappears after introduction of a thermodynamic 
nonideality correction based on the excluded volume 
of tile lecithin. ‘I’he micelfar weights corrected for this 
effect range from 16 000 to 17 500 (figs. 11, 13 and 
14). A rather narrow size distribution is observed. The 
results are rather insensitive to the details in the nume- 
rical assumptions involved in the analysis. Roholt and 
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Schlamowits 163) obtained a somewhat larger micellar 
weight. 

Diheptanoyllecithin, however, associates into much 
larger aggregates with wide weight distributions. The ap- 
parent micelIar weights range from 20 000 to 80 000 
(fig. 6). The influences of the assumptions, concerning 
the geometric model of the micetIes, on the nonideality 
correction are much greater than in the case of the 
shorter homologue (figs. 15, 17). Smink [61] reported 
a micellar weighht of 30 000. He, however, gives no fur- 
ther details and we presume that he calculated this 

molecular weight after extrapolation to infiiite dilution. 
Addition of NaCl to the dihexanoyl compound has 

only a very Iimited effect on the micellar weight (fig. 5). 
It therefore seems fair to conclude that the electrostat- 
ic zwitterionic dipole interactions are of minor impor- 
tance to the lecithin miceliar size in a monodisperse sys- 
tern. The large increase in the association number of the 

higher homologue on addition of NaCl (fig. 15) is ex- 
pected if all association constants from this multiple 
equiiib.ium system are increased, for instance by a salt- 
ing out mechanism, which also explains the strong de- 
crease of the CMC. 
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GROWTH RATES OF YEAST COLONIES ON SOLID MEDIA 
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Revious measurements of growth rates of giant yeast colonies on solid media are shown to be unreliable as they 
depend strongly on extraneous factors such as the proximity of other colonies and the dimensions of the apparatus 
used. The hitherto unexplained dependence of the growth rate on the square root of the growth limiting nutrient 
concentration is explained by constructing a theory based on the diffusion of nutrient towards the colony which 
makes use of many ideas used in the theory of flame propagation. The theory also explains why the temperature 
dependence of the homogeneous growth constant is different from that observed in the surface colony, and it re- 
qctes the existence of a lag @se in the homogeneous culture kinetics if the velocity of propagation of the cu:ture 
is to be independent of inoculum size and shape. Both phenomena are known to occur. 

1. introduction 

The growth of bacteria, moulds and yeasts in colo- 

nies on the surface of solid nutrient media is an exper- 
imental technique which has been in common use for 
many years, but it is not until recently that any quan- 
titative studies have been made on the process [ 1,21. 
It has been found experimentally [2] that after a brief 
initial period of exponential grr;wth rate, a phase is 
entered in which the radius of the colony is a linear 
function of the time of incubation. Later the so-called 
“radial law” gives way to a slower phase in which the 
area of the colony increases linearly with time. Pre- 
vious workers [ I, 2J have made growth rate measure- 
ments on several colonies growing together in a single 
9 cm diameter Petri dish. The significance of boun- 

dary effects (i.e., the size of the dish and the proxim- 

ity of neighbouring colonies) does not appear to have 
been realized and investigated. Experiments have there- 

fore been carried out to examine the effect of the size 
of the dish used for the c;;lture of single coIony at the 
centre of the dish on the growth rate of that colony. 

A theory has been developed to describe the growth 
of a single colony on the surface of a solid nutrient 

medium, which takes account of the diffusion of nu- 
trients through the medium. This theory is in many 
ways analogous to the theory of one dimensional flame 

* Department of Chemical Pathology. 

propagation [3,4] _ Laminar flame theory shows how, 
if an ignition is initiated at some point in a large body 

of o,as, the disturbance wilI propagate, as a result of 

the conduction of heat, or diffusion of radicals, as a 
wave satisfying highly non-linear equations. These non- 
linear equations arise as a result of the coupling of trans- 
port processes and positive feedback from the products 
of the reaction_ Similar non-linear waves have been 
studied in biological systems, a classic example being 
the study of the propagation of a dominant gene 
through a given population, according to a non-linear 
diffusion equation [5] _ Another example is the Hodg- 
kin-Huxley theory of nerve transmission [6], where 
many concepts formally similar to flame theories are 
discussed, for example, excitation threshold (parallel 
to flame extinction limits), hysteresis and so on. In 

fact, many concepts responsible for a great clarifica- 
tion of the phenomenological basis of nerve transmis- 
sion have obvious parallels in combustion_ A more re- 

cent example is the observation and theory of travel- 
ling waves in bacteriology [7] _ Bands of motile bac- 
teria placed at one end of a capillary tube containing 
oxygen and a source of energy have been observed to 
travel along the tube at constant velocity. The phe- 
nomenon of chemotaxis (the ability to move towards 
or away from a particular chemical) is used to explain 
the experimental facts, and again a threshold is appar- 
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ent. The theory developed again shows many similar- 
ities to flame theory_ 

2. Apparatus 

Colonies were grown on the surface of nutrient 

agar in circular dishes of diameter $9, 12.5 and 21 
cm. The dishes did not have optically clear lids, and 
so it was necessary to remove the lids to make meas- 

urements of the colony diameters. Therefore, in or- 
der to prevent contamination of the cultures by air- 
borne bacteria during measurement, the dishes were 
contained throughout the experiment in a polythene 
“dry bag”, supplied by Townson and Mercer. This 

was a polythene bag of size approximately 8.5 by 70 
cm which was fitted with a pair of rubber gloves to 
enable operations to be carried out inside the bag, 
and a gas inlet tube for inflation. The mouth of the 
bag was sealed by folding over several times and se- 
curing with clips. A 7 by 5 cm section of the bag was 
removed and replaced by a glass window to enable 
measurements of colony diameters to be made from 
outside the bag, using a traveliing microscope. The 
bag was kept inflated by filtered compressed air from 
a cylinder. The air was filtered through a grade 
HP/EKS asbestos bacteriological filter pad (Griffin 
s25-8 12). 

3. Materials and methods 

The nutrient medium was quite orthodox, contain- 
ing D-glucose, disodium hydrogen orthophosphate, 
ammonium sulphate, yeast energiser and agar. Nine 
tubes of prepared medium (each containing 35 ml) 

were warmed to meIt the agar, and placed in the bag. 
Also into the bag were put the four sterilised growth 

dishes, a Petri dish containing a 13 day old yeast cul- 
ture, sterile measuring cylinders of IO, 25, and 100 
ml capacity and a sterile platinum needle_ The mouth 
of the bag was then sealed and the bag inflated with 
sterile air. The following operations were then carried 
out inside the bag. Volumes of nutrient agar of 10.8, 
35.0,67.4, and 190.5 ml. were measured and put into 

the $9, 12.5, and 2 1 cm dishes respectively, giving 
an agar thickness of 0. I37 cm in each dish. The plates 
were left to dry for a period of 24 hours. The plates 

were inoculated at their centres, using the platinum 
needle, with yeast from the periphery of the two week 
old colony. Measurements of the diameters of the col- 
onies were taken from the outside of the bag using a 
travelling microscope. The mean of two diameters at 

right angles was taken in each case. The experiments 
were carried out in a room which was thermostatted 
at a temperature of 23.0 * 0S”C. 

4. Experimental results 

Several runs were carried out under the above condi- 
tions_ It was found that the inoculation technique was 
not exactly reproducible, in that there was some varia- 
tion in the amount of yeast transferred to the agrtr 
plate by the platinum needle. This was reflected in the 

range of diameters measured 18 hours after inoculation 
of from 0.51 to 0.84 mm, in different runs. The re- 

sults presented in table 1 and in fig. 1 are taken from 
three separate runs, selected so that the diameters of 
the colonies in the different dishes, measured 18 hours 

Table t 
-- --~~-_______L 

Time Mean colony diameter (mm) 
Ways) a b C d 

-__- 

0.75 0.61 0.60 0.61 0.60 
1.00 0.69 0.69 0.69 0.69 
1.75 1.21 t 24 1.25 1.25 
2.00 1 so l-51 1 SO 1.50 
2.75 1.94 1.98 2.04 2.07 
3.00 2.20 2.21 2.24 2.26 
3.75 2.75 2.80 2.81 2.88 
5.75 3.69 3.90 4.08 4.24 
6.00 3.81 4.08 4.27 4.48 
7.00 4.18 4.56 4.80 5.09 
7.75 4.40 4.90 5.16 5.51 
9.00 4.78 5.39 5.69 6.18 

:9.75 4.97 5.68 6.08 6.60 
12.75 5.65 6.56 7.06 8.00 
15.00 6.02 7.21 7.74 8.94 
16.00 6.17 7.45 8.12 9.33 
17.00 6.34 7.72 8.39 9.78 
20.00 6.64 8.46 9.14 10x9 

a) Colony in 5 cm diameter dish. 
b, Colony in 9 cm diameter dish. 
c, Colony in 12.5 cm diameter dish. 
d, CoIony in 21 cm diameter dish. 
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OlAMEiER 
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I I I I 

0 5 10 15 20 

TIME (DAYS) 

Fig. 1. Radial growth curves for yeast colonies grown in dishes of different diameters. 

after inoculation, were as close together as possible_ by hering inoculum sizes, as reflected by the differ- 
Table 2 and fig. 2 show the reproducibility of growth ent 18 hour diameter measurements. The rate of col- 
rates measured in dishes of the same diameter, when ony growth does not appear to be affected by differ- 
the 18 hour colony diameters are similar (columns a ences in inoculum size, as shown by the parallel growth 
and b of table 2), and also the variation brought about curves in fig. 2. 

Table 2 

Time Mean colony diameter (nun) 

WYS) a b C d 

0.75 0.61 0.60 051 0.84 

1.00 0.69 0.69 0.60 0.95 

1.75 1.23 1.24 1.15 156 

2.00 1.52 1x1 1.36 1.75 

2.75 1.99 198 1.84 2.33 

3.00 2.23 2.21 2.06 2.48 

315 2.80 2.80 256 3.03 

5.75 3.93 3.90 3.75 4.23 

6.00 4.11 4.08 3.88 4.28 

7.00 4.59 456 4.37 4.82 

7.75 4.94 490 4.6& 5.17 

9.00 5-42 5.39 5.16 5.62 

9.75 5.72 5.68 5.39 5.94 

a. b. c aml d ate all mkmies grown in 9 cm diameter dishes. 
Column b corresponds to oolumn b of table 1. 

In fig. 3 the colony area is plotted against time for 
growth of colonies in dishes of different diameters, 
using the data of table 1. The previously observed 
transition form radial to area growth law [2] can clear- 
ly be seen to be dependent upon the size of the dish 

in which the colony is grown. Lt is perhaps significant 
that the so called area growth rate law is observed 
most markedly in the 9 cm dish, the size of Petri dish 
most commonly used by other workers. It would ap 
pear that the area growth rate law is an artefact pro- 
duced by limitations on the colony growth due to de- 
pletion of nutrients in the medium, which is most ap- 
parent in the 9 cm diameter dish. Fig. 3 shows that the 
area of the colony in the 21 cm dish increases more 
rapidly with time, and that of the colony in the 5 cm. 
dish less rapidly with time, than the linear case of the 
colony in the 9 cm dii. 

The period over which the radial growth rate law 
holds is longer, the larger the diameter of the dish_ It 
would! be interesting to perform an experiment in 
whic:t the concentrations of nutrients at the boundary 
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Fii. 2. Ebdid growth rates for yeast colonies grown in 9 cm diameter dishes. 
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Fig- 3. Area growth cuves for yeast mlonies grown in dishes of different diameters. 
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of a iarge dish were held constant by some means (i.e., 
using the equivalent of a dish of infinite diameter), 
and to see whether this would produce a true radial 
growth rate law. There are theoretical grounds for sup- 
posing that for a colony grown in a dish of infinite 
diameter the radial growth rate law would hold, as ex- 
plained in the next section. 

5 Theory 

In liquid culture, if all nutrients are present in ex- 
cess, bacterial growth rate is described by the equation 

PI 

d@r = kn, (1) 

where 11 is the number of cells present at time f, and 
k is the specific growth rate constant. Integration of 
rhis equation gives 

lnrr = kt + In no, (2) 

where no is the number of cells at zero time. in solid 
culture, if the flow of nutrients into the colony were 
unrestricted, the growth rate of the colony should con- 
form to eq. (I). If the colony grew 2s a disc of radius 
r and constant height h, then 

I1 = r&p, (3) 

where p is the density of the colony, expressed in cells 
per unit volume, and it is easily shown that 

In r = 0.5 kr + In ro (4) 

where r. is the radius at zero time. The radius should 
therefore increase exponentially with time. This is in 
fact observed in the initial stages of growth (for ap- 

proximately r < O-1 mm_)_ 
During the phase of constant radial growth, the 

radius r, of the colony at time t, is described by the 
equation 

I-= Kt fro, (5) 

where K is the radial growth rate constant_ The con- 
stant, K, has been found experimentally [i] to be 

related to other parameters by the equation 

K=k’(&+k&k (61 

where go is the initial concentration of glucose in 
the medium, gt is the minimum glucose concentra- 
tion required for growth, and is known as the lag 
concentration, k is the specific growth rate constant 
in liquid culture and k’ is a constant of proportion- 
ality. 

Previous attempts to develop a mathematical 
model for the growth of surface colonies run as fol- 
Iows [ 11. Growth in the circular colony is assumed 
to be restricted to an annulus of width a. The growth 
law of eq. (I) then becomes 

djrjdi = kng (7) 

where 11~ is the number of cells in the growing zone. 
If c1 e v then we have 

I1 = n?hp, @I 

and 

%r 
= 2 sr2Ap. (9) 

If A approximates to a triangle of area OS nk, then 
the result is obtained that 

r=0.5akt+ro_ (10) 

Hence the observed rate constant K from eq. (5) is 
given by 

K = 0.5 ak. (11) 

This is obviously not in agreement with the experia 
mental observations described in eq. (6). 

The faults in this theory lie in the fact that dif- 
fusion of nutrients through the medium is not con- 
sidered. Growth is in fact assumed not to be limited 
by diffusion. An improved theory should consider 
the diffusion processes. 

We consider the one dimensional propagation of 
a colony along the x axis from right to left, the plane 
front of the colony moving with velocity G. We as- 
sume a rate law for the consumption of glucose 
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(fuel) to be of the form fine a dimensionless cell concentration, LT, by 

- d.g/dt = krz Cg - gl), (12) 

where g is the glucose concentraGon at time t, g1 is 
the lag concentration required for growth), k is the 
homogeneous specific growth rate constant and II is 
the number of cells. 

(J = (PY_Jti,-Y,) = Y/Y_, (16) 

since y_ , the cell concentration at x = -QD, is zero. 
Wethushavea=Oatx=-andu= 1 atx=+. 

The diffusion equations for this system are anal- 
ogous to the equations describing the thermal pro- 
pagation of a flame with Lewis number infinity [9]- 
The equations are, for glucose 

The dimensionless concentrations are now as re- 
presented in fig. 3a. Substituting the dimensionless 
concentration parameters in the diffusion eqs. (13) 
vld (14), we obtain 

D d*g/dx?- - C d&lx - kn(g -g,) = 0, 03) 

and for cells, assuming that the cells are non-mo;iIe 

D d’r/&” - G dy/dx - cky, ya = 0, 

and 

-G dn/dx f ckrz& -g,) = 0, (14) 

-G du/dx + ck& - g,) = 0. (18) 

From consideration of the conservation of mass 
within the system, we have 

where D is the diffusion coefficient of glucose 
through the medium and c is a conversion factor, 
the number of cells produced per unit mass of glu- 
cose consumed. 

gl ‘Y, =g. fY_ =g_ - 

Hence 

(19) 

We now define a dimensionless glucose concen- 
tration, 7, by 

where g_ is the glucose concentration at x = - 

and g, is the glucose concentration at x = t90 (as- 
sumed to be equal to the lag concentration). From 
eq. (lS).it can be seen that 7 = 1 at x = - and 
y=Oatx=+=_ 

Expressing cell concentration in the same units 
as glucose concentration by putting y = n/c, we de- 

Y, ‘9, -g1- (20) 

We can now write eqs. (17) and (18) as 

d2,/dx2 - (G/D) drldx - (d/D) cP__- g,) w = 0, 
(2 1) 

and 

-(G/D) du1d.x f @k/D) (g_- gr) yu = 0. (32) 

We now introduce the dimensionless distance pa: 

(17) 

movement of celI fmnt 
at Velocity G 

cells 

Fig. 3a. Geometrica! arrangement of ondimensional theoretical madeL 
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ametzr, z = x/i, where 

r’ = (ck/W &_,- g,), 

transforming eqs. (21) and (22) into 

d’7/dz2 - (G,/o) d7/dz - 7a = 0, 

and 

(23) 

(24) 

-(GZ/D) du/dz f 70 = 0. (25) 

If we introduce the dimensionless velocity, fl = 
Gl/D, we have the two diffusion equations in the 
completely dimensionless forms: 

d’7/dz2 - /I dy/dz - 70 = 0, (26) 

and 

-_cr do/& f 70 = 0. (27) 

The problem now is to determine whether this 
pair of equations has an eigenvalue solution inp, 
i.e., whether there is a unique vaiue or a set of dis- 
crete values of CL for which the pair of equations 
has a solution_ 

We integrate eqs. (26) and (27) from - to z, 
using the boundary conditions 7 = I and a = iI at 
2 = --Qo, to give 

d7/dz - I_l(7- 1) - j ya d.2 = 0, 
- 

and 

Z 

-PO + 
s 

yodz = 0. 
-_ 

(28) 

(29) 

Adding eqs. (28) and (29) to eliminate the integral, 
we obtain 

d7ldz - ~(7 + u - 1) = 0, 

and using eq. (27) gives us 

dyldo = cr2 (7 + a - I)l7a, 

(30) 

(30 

F&. 4. The (y. u) phase plane for eq. (31). Physic4 solutions 
must tie within the sbded area. 

which can be studied conveniently in the (7, o) 
phase plane. 

The behaviour of the solutions of eq. (31) can be 
mapped out by using Liopounoffs stability theorem 
[IO] to investigate the nature of the singularities of 
the equation. Any solution must pass through the 
points 7 = 1, u = 0 (the initial point, at z = -), 
and 7 = 0, D = 1 (final point, at L = +-)_ These are 
the only two singularities. In the phase plane a phy- 
sically acceptable solution must link these two singu- 
larities and also remain in the pcsitive quadrant, 
bounded by the 7 and u axes, and the fines 7 = 1 
and o = 1. In addition, from eq. (30) and the fact 
that 7 is a monotonically decreasing function of z 
(i.e., d7Id.z < 0), the solutions must also satisfy the 
condition 

y+o-- 1<0. (32) 

Such solutions are therefore restricted to the shaded 
area of fig. 4. 

The nature of the singularities is determined by 
the solutions of the characteristic equation 

A-A B 
c D-X = OS (33) 

where 

A = a[~~(7 + u - I)]& = p2, 

B = a[~~(7 + u - i))/aa = 2, 

(34) 

(35) 
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c- a[7a]/a7 = 0, (36) 

(371 

evaluated at the singular point. If one root of the 
characteristic equation is positive, then the singular- 
ity will be unstable, i.e., a perturbation away from 
the equilibrium position will tend to increase with 
time. If the second root is also positive, then the 
singuiarity will be an unstable nodal point’, i.e., an 
infinite number of integral curves leave the singular- 
ity. If the second root is negative, then the singular- 
ity is a saddle point and has only two integral curves 
entering and two leaving the point [LO]. 

For the initial point (7 = I, u = 0), the charac- 
teristic equation is 

Fig. 5. Integral curves in the (7. a) ptise phnc for solutions 
of eq. (31). Arrows indicate motion in time. 

h2 -(& 1)X+p2=0, (38) 

which has roots A = 1 and h = I,I~. The initial point 
is therefore an unstable nodal point. 

For the final point (7 = 0, u = I), the character- 
istic equation is 

x2 -p2x_p2=0 I (3% 

which has roots X = y2 and h = -1. This point is 
therefore a saddle point. 

The situation in the (7, a) phase plane is there- 
fore as shown in fig. 5. For a given value of p there 
will always be one integral curve from the infmite 
set of curves leaving the initial singularity which en- 
ters the final singularity. This will be true for any 
value of P_ In this situation therefore the system 
does not have an eigenvalue solution. This means 
that any value of p will satisfy the equations de- 
scribing the system. In physical terms, the implica- 
tion is that the system would bp rxtremely sensitive 
to the initial conditions, and any variation in, for 
example, the profde of the inoculum, would result 
in different values of the observed growth velocity. 
This is obviously not the case, as measurements of 
growth velocity are reproducibIe, even for colonies 
grown from inoculi of different sizes, and so it 
would appear necessary to impose some additional 
restriction on the growth equations in order to ob- 
tain an eigenvalue solution. 

tion of the mathematically analogous one dimension- 
al flame propagation equations. that if the rate func- 
tion, Q(7, u), for the consumption of gIucose or the 
generation of cells in this case, is such that 6(-y. a) 

becomes zero in some finite neighbourhood of the 
initial singuktrity (7 = 1, (I = 0), then a system of 
this type will have a unique eigenvalue solution. 
With this restriction, the initial singularity becomes 
a degenerate type of saddle-node, with only one in- 
tegral curve leaving the singular point into the posi- 
tive quadrant_ For general values of the dimension- 
less growth velocity cc, the phase plane diagram will 
take the form of fig. 6(a) or fig. 6(b). For one parti- 
cular value of y, there will be an integral curve 
which joins the initial and final singularities, as 
shown in fig. 7. This curve gives the eigenvalue so- 
lution of the problem. The condition that Q(r, a) 
becomes zero in some finite neighbourhood of the 
initial singularity is easily satisfied by consideration 
of the lag phase of bacterial growth. The lag phase 
is the period of, time immediately following inocu- 
lation during whkh no growth occurs [Sl. i.e., 
Q(7, o) = 0. After the lag phase, growth proceeds 
according to the rate law given in eq. (II?). 

Having shown that an eigenvalue solution exists 
for this system, we can now examine the relation- 
ship between the eigenvalue dimensionless velocity, 
~1, and the real velocity, G. From the definition of 
r-l(p = GI/D), and eq. (23), we obtain. 

It has been shown by Johnson*, in the considera- * See ref. 191, p_ 109. 

6 
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G = &kcD&_ -gl) . (40) 

This equation may now be compared with the experi- 
mental observations [I] given by eq. (6). The growth 
velocity, G, is equivalent to the radial growth rate con- 
stant, K. The glucose concentration, g_, at x = -, 

corresponds to the initial glucose concentration, go _ 
Eq. (40) may be expressed as 

(40 

We can thus see that the constant k’ of eq. (6) is equal 
to a. The fact that the dependence on the initial 
glucose concentration, go, and the lag concentration, 
gl, does not correspond exactly between eqs. (6) and 
(41) may well be due to the fact thatg[ is much small- 
er than go. With this condition the approximation 
hoids that 

(a) 

(b) 
o- , 

Fig. 6.lntegral curves in the (r.0) Phase plane for gemd 
values of ~1 with the additional restriction (lag phase) on Q<% 0). 

Fig. 7. Integral curves in the (7. a) phase plane for the e&en- 
value of p (with lag phase). 

It is therefore quite possible that the experimentally 
observed dependence of the radial growth rate con- 
stant,on the glucose concentrations [ 11 only approxi- 
mately obeys eq. (6), and may be more accurately de- 
scribed by eq. (41). 

Another experimentally observed feature [l] which 
this theory can explain is the fact that the temperature 
dependence of K, the radial growth rate constant, is 
different from the temperature dependence of k, the 
homogeneous growth rate constant We can see from 
eq. (4 1) mat K depends not only on fi but also on 

fi. The diffusion coefficient of glucose, D, is itself 
temperature dependent, and so we would predict a 
different temperature dependence of K fmm that of 
k (or &). 
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The enthalpy of the helix-coil conversion of phenylalaninespecific transfer ribonucteic acid from brewer’s yeast 
) has been measured using both an LKB 10700-2 batch microcalorimeter and art adiabatic dif- 

~ZN$$%yg~ - oruneter. In the mixing calorimeter the conversion from coil to helix was induced by mixing 
solution with a solution containing an excess of MgSO+ We measured the enthalpy of this reaction step- 

wise in the temperature range from +9 to +60°C. For the enthalpy of folding of tRNAPhe from coil to helix this 
method yielded the remarkably high value of -310 kcal/moIe of tRNAPhe. with the differential sunning calori- 
meter in which the heiix-coil convzrsion is simply induced by raising the temperature we found a value of +240 
k&/mole of tRNAPhe at a Tm value of 76°C and a value of t200 k&/mole of tRNAPhe at a Tm value of 50°C. 
A comparison of the apparent v;ln’t Hoff enthalpies with the calorimetrically measured enthalpies shows, that the 
caoperativity of the system increases contindly with rising metting temperatures - which ze achiewd by increasing 
hfg’ * concentrations - reaching a constant value at about SPC. Abbve this temperature value the thermodynamic 
behaviour of the helix-coil mnversion of tRNAPhe may be approximately described by the model of an all-or-none 
process. 

1. Introduction 

The thermodynamic behaviour of the unfolding 
of tRNA has been studied by several authors with 
different indirect methods such as UV alzzcrption, 
viscosity and fluorescence measurements. Except for 
one experiment performed by Levy et al. (11 no 
direct calorimetric investigations of the helix-coil 
conversion of specific tEWAs have been reported. 
R&ner et al. [2,3] have studied the unfolding re- 
action of tEWAy& comparing the differentiated 
W-melting curves of separated half molecules with 
the melting curve of the intact molecuIe. Including 
fluorescence measurements they could resolve the 
melting process of tRNAF& into five reactions. To 
evaluate the enthalpy of the whole unfolding process 
the authors treated the single reactions as all-or-none 
processes constructing van? HOFF plots and summa- 
rized the apparent van? Hoff enthalpies of the par- 
tial reactions. They obtained 180 kcaljmole of tRNA 
for the unfolding of tRNAk_ These investigations 

were made in buffer solutions free of Mg2’ ions. The 
results have been reproduced by T-jump experiments_ 
When extending kinetic investigations to tRNA solu- 
tions containing h4g2’ the authors Found that with 
increasing Mg2* concentrations the qectrum of relax- 
ation times degenerated to one single relatition time. 
These kinetic results led to the conclusion that only 
at sufficiently high Mg2+ concentrations the unfolding 
of tEWAPhe may be described as a single all-oraone 
process. l&y et al_ on the other hand treated the 
whole helix-coil conversion of tEWAPhe zs a single 
all-or-none process independent of the experimental 
conditions. They claim that the enthalpy of conver- 
sion of tRNAPhe can be evaluated from a single van’t 
Hoff plot in any case, and found that their theory is 
sufficiently supported by one mixing experiment in 
an LELB flow microcalorimeter, by mixing a Mg2*- 
tEWAPhe solution at 57OC (tRNA in the folded state) 
with an isothermal solution of excess ethylenediamiue- 
tetra-acetic acid (EDTA) to complex the IUg*” ions. 

By that procedure tRNAme unfolds spontaneously. 



D. Rode et a!.. Caldrimetric investigations of tRNAP’le 21.5 

The experiment yielded a value of +125 kcal/mole 
of tRNAphe, which was exactly the same value the 
authors obtained from a van’t Hoff prot of a UV- 
melting curve at a melting temperature of 57°C. In 
the face of these two different opinions we thought 
that a systematic calorimetric investigation should 
bring some clearness into the thermodynamic descrip- 
tion of the helix-coil conversion of tRNA$‘&_ 

2. Experimental 

t~*bilWer’s yc2it was purchased from Boehringer- 
Mannheim. tR.NAPhe was purified by column chro- 
matography with benzoylated DEAEcellulose [4] 
using the proadure as described by Schneider et al. 
[S] . The final purity of the tEWAPhe, characterized 
by aminoacylation assay [6 j with radioactive STAN 
Star 14C-phenylalanine (Schwarz Bio Research) was 
1.6 to 1.7 nmole phenylalanine incorporated to one 
ODzGO unit* of tRrJAPh=. AU solutions used were 

prepared with double distilled water and with chemi- 

cals of analytical reagent grade. 

2.2. Methods 

The concentrations of tWAPhe solutions were 
calculated on the basis of gravimetric phosphorous 
determinations [7] which were made with aliquots 
of the solutions after all organic material had been 
destroyed by evaporation with HClO,. All tRNA 
solutions prepared for the various measurements 
were buffered with sodium citrate (5 X 10-X M) pH = 
65. 

W-melting curves were measured with a Hitachi- 
Perkin-Elmer spectrophotometer 124 using standard 
quartz cuvettes of 1 cm pathlength.The temperature 
of the thermostatted celi holder was regulated with 
the aid of a Lauda Kryomat K2R. Using an X-Y 
recorder (HewIett Packard, Palo Alto) absorbance 
was recorded as a function of the EMF of a copper- 

constantan thermocouple (hot junction inside the 

* One OD 260 unit is the amount of material, which in 1 ml 

of solution produces the absorbance 1 when m-u& at 
260 nm in a cuvette of 1 cm pathlength. 

sample cell and cold junction inside a bath of ince- 
water). 

The adiabatic differential scanning calorimeter 
which was developed by Grubert [&] employing solid 
state electronics is able to operate in the temperature 
range from -10 to +l 10°C. It is an improved version 
of the apparatus described by Ackermann [9] . Each 
calorimeter vessel contains 25 ml of solution. The 
sensitivity of the apparatus is such that heat effects 
of 12 cal/P occurring over a temperature range of 5°C 
can be determined with a precision of + 3%. 

Mixing experiments were performed with an LKB 
batch microcalorimeter (10700-2). A detailed descrip- 
tion of this apparatus has been given by Wads; [lo] _ 
As the standard version of the LKB 10700-2 works 
only in the temperature range from ~20 to +4O“C the 
calorimeter was modified for operation in the range 
from 0 to +6O”C. 

3. Results 

3-I_ UVGdxorptbn nieasurenlems 

As we found the point of inflexion and the general 
shape of the UV-melting curves of tRNAPhe solutions 
to be invariant with respect to the wavelength we meas- 
ured the temperature course of the absorbance at 260 
nm where the hyperchrornicity reaches its maximum 
value. 

Fig. 1 shows a series of melting curves of tRNAPhe 

Fig. 1. Melting curves of tRNAPhe recorded at 260 nm. The 
solutions were buffered with 5 X 10m3 XI citrate at pH 6.5. The 

cuncentration of tRNA was 25 X 10m6 M. Concentrations of 
XI@04 were as follows: 1: 2 X 10” hl; 2: 4 X LO4 M; 3: 6 X 

LO4 hf; 4: 8 x lo4 hl; 5: 1O-3 M; 6: 2 x 1O-3 hl; 7: 3 x LO-3 
M;8:4x10-3hi;9:5X10-3M:10:6X10-3hf;ll:8~ 
10-S hi; 1’: 10-Z M; 13: 2 x 10-Z M. 
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obtained from solutions of different Mg2” concentra- 
tions_ Lf we define the points of inflexion with respect 
to the temperature axis as melting temperature - in- 
dependent of the problem whether there are one or 
more melting processes -we can construct a phase 
diagram of tRNAPhc. For this purpose the melting 
temperatures of fig. 1 were plotted versus the corre- 
sponding Mg*+ concentrations (see fig. 2). At the 
upper left part of the curve tRNAPhe is stable in its 
unfolded state and at the lower right part it is stable 
in its folded state. Passing this curve means that a 
transition of tRNAPhe from the folded to the un- 
folded form or vice versa takes place. As can be seen 
from fig. 2 this transition can be induced either by 
changing the concentration of Mg*+, which allows 
one to measure the entbalpy of the reaction with 
the LKB batch microcalorimeter, or by changing the 
temperature, which allows one to follow the reaction 
with the differential scanning calorimeter_ 

Besides these direct methods to determine the en- 
thalpy of conversion an apparent van? Hoff enthalpy 
of the unfolding reaction can be estimated. For this 
purpose; the reaction is regarded as a two-state process 
according to Levy et aI. [ l] . The enthalpy of such 
a simple reaction can be evaluated with the aid of 
the equation 

(1) 
where AH= is the apparent enthalpy of conversion and 

@UK), is the slope of the temperature course of 
the degregof conversion B(T) at T, _ 

Fig. 2. Phase diagram of tRNAPhc_ The diagram is mnstructed 
using the melting temperatures of the curvesintii.lforthe 
mrresponding MgZ*mncentrations. 

The function S(l’) can be easily constructed nor- 
malizing the W-melting curves by setting the original 
absorbance value to zero and the finat absorbance 
value to one. 

Fig. 3 shows the apparent enthalpies AHc evaluated 
by applying eq. (1) to the experimental data given 
in fig. 1. In contradiction to the.curve published by 
Levy et al. [l ] we fmd no straight line but, instead, 
a curve rising up to 55°C and then remaining at a 
nearly constant level. Levy et al. [I] explained the 
constant slope of their curve by the assumption, that 
a relatively large AC, value causes the growth of - 
Aflc with increasing temperature according to the 
equation 

A<(T) = AH’,(T,) f s’ AC,dT. 

T, 

Our interpretation of fig. 3 is, that the cooperativity 

of the melting of tRNAPhe _ mcreases with increasing 
melting temperatures up to 55°C. At this temperature 
the cooperative length [ 1 I ] has nearly reached the 
length of the molecule so that no further increase of 
cooperativity can occur. In this view the application 
of eq. (1) is only justified at T, values above 55OC. 
As will be shown later even irt these cases this proce- 
dure is only an approximation. 

3.2. Differentior scannihg cdorimeny 

The excess heat capacity versus temperature plots 

200 - 

160 - 

160 - 

140 - 

lzo- 

im - 

80- 

60- 

I 

Fig. 3. Apparent ent&Spks of conveFsion of tRNAPhe, A&, 

as function of the meking temperature Tm. 
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of two typical measurements with the differential 

scanning calorimeter are presented in fig. 4. The slight 
rise of the base lines may not be interpreted in terms 
of a permanent increase of the heat capacity of 
tRNAphe_ It is rather due to the imperfect shiehiing 
of the calorimeter vesseIs [8]. The measurement pre- 
sented in fig. 4a was performed with a tRNAPhe solu- 
tion containing a small amount of Mg*‘. The advantage 
of using such solutions is that the melting process 
occurs at relatively low temperatures_ The disadvan- 
tage is that the measurement yields only a flat and 
broad peak of excess heat capacity, the computation 
of which is rather difftcult on account of the long 

distance of base line under the peak which is obtained 
by interpolation. The result given in fig. 4a was found 
to be easily reproducible - within the margins of er- 

ror -when a new measurement was performed on 
the same tRNAPhe solution. 

When we tried to reproduce the result of fig. 4b 
with the identical solution it turned out that the peak 
became more flat after each measurement and the 
area of the peak diminished. For example, a second 
measurement with the solution of fig. 4b yielded only 
200 and a third one only 170 kcal/mole of tRNAPhe. 

We believe that this effect is due to degradation of 
tRNA taking place at such high temperatures (up to 
90°C) to which the solution had to be heated to get 
a reliable base line at temperatures above the conver- 
sion_ Both the high temperature and the rather high 
concentration of Mg2+ cause degradation of poly- 
nucleotides, a phenomenon which is well known 

from the literature [ 121. 
In addition to Mg*+ ions we need in most cases 

a rather high content of NaCl to prevent precipitation 
of tRNAPhe at high temperatures. By doing several 
UV-absorption experiments with special cuvettes 

Fb. 4b. 

Fig. 4. Typical temperature courses of the additionaL heat capacity of CRNA Phe solutions recorded with the differential sunning 
micracaloriiaeter (measurements no. L and no. 5 of table 1). A relative calibration of the ordinates can be obtained using the 
standard asea of 0.8768 cak The energy represented by this standard area was determined by a series of eIectFicai calibration ex- 
periments [8]. 
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Table 1 
Results of the measurements obtained with the different&t 
scanning calorimeter. (Concentration of tRNAPhe: 6 x IOes 
to 8 x 10-s %I) 

No. Salt concentrations Tm< Cl AH, @al/mole 
cf t RNAPhe) 

1 10 -3 M MgSO4 49 200 r 30 

2 5 x 1O-s M h&SO4 70 250 k 20 

3 8 x IO-* M &l&04 765 240 f 20 
05 h¶ NaCl 

4 8 x IO-” XI B&SO4 76.5 240 + 20 
1 XI NaCI 

5 8 x IO-’ hl h&SO4 765 240 + 20 
1 hI Nat3 

6 8x IO-’ M hfgS04 763 220 f 20 
1 hl NaCI 

7 2 x 10” h¶ hfgS04 79 230 * 20 

(pathlength = 0 3 mm) we were able to establish that 
tRNAPhe at concentrations needed for calorimetry 
(about 7 X 10e5 mole/S? of tRNAPhe) tends to pre- 
cipitate during the helix-coil conversion at high Mg2+ 
concentrations_ That means we found the folded 
form to be soluble under all conditions tested but 
the unfoIded form precipitating from 2.2 X lOA M 
Mg2+ upwards. We found the precipitation to be 
entirely reversibIe on cooling the suspensions. 

in table 1 the results obtained from measurements 
performed with the adiabatic scanning calorimeter 
are listed. As can be seen hardly any temperature de- 
pendence of the AH, values is detectable_ This is per- 
haps the most striking argument against the concept 
of Levy and Biltonen 1131; who interpreted the in- 
crease of the apparent enthalpy of conversion (see 
fig. 3) with rising melting temperature by an increase 

Scheme 1 
The mixing experiments 

ml 

Reference cell 

of the true enthalpy of conversion due to a rather 
large ACp value. 

3.3. Mixing caiorimerry 

With the aid of the batch microcalorimeter we 
measured the heat liberated when tRNAPhe is con- 
verted from its unfolded to its foIded state by a change 
of the composition of the solution. This change re- 
sulted from mixing the tRNA solution with a solution 
of MgS04 having the same temperature. To compen- 
sate the heat of dilution of MgS04 we took advan- 
tage of the differemial principle of the LKE? calorim- 
eter mixing in the reference cell 2 mi of buffer with 
2 ml of MgS04 solution and in the reaction cell 2 ml 
of tRNAPhe solution with 2 ml of MgS04 solution*. 
This generat arrangement of the mixing experiment as 

explained by scheme I was used during the whole 
series of measurements. The scheme shows the refer- 
ence and the reaction cell of the LKB batch micro- 
calorimeter_ Each cell is divided into two compart- 
ments for part of its height. Mixing is initiated by 
rotating the calorimeter unit. 

The lowest temperature at which the calorimeter 
could be operated - cooled by a Lauda Kryomat 
K2R - was i9”C (see fig. 5). The highest temperature 
at which we couid measure the folding reaction of 
tRNAPhe was 60°C. The results of our measurements 
in the temperature range mentioned are given in fig. 5. 
At low temperatures the course of the enthalpy values, 
referred to one mole of tRNAPhe, reaches a rather 
constant level at about tI2 kcal/mole. These small 
positive enthalpies can be associated with the binding 
of Mgz’ to the negatively charged phosphate residues. 

* The heat of dilution of tRNAPhe was measured in a separate 
experiment and was found to be neglegible small. 

I 1 

Reaction cell 
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Fig. 5. Heat liberated on mixing tRNAPhe solutions with 
hfg*+ soIutions as a function of temperature. The values an 
the ordinate are’nonnalirpd to one mole of tRNAPhe_ 

The stoichiometry and the binding constants of this 
reaction have been investigated by several authors 
by NMR relaxation studies [ 141 and electron spin 
resonance [ I5 J in the case of Mn2+, and by mixing 
calorimetry [16] and cation specific electrodes [ 171 
in the case of Mg*+. Krakauer [ 181 has measured 
the heat of binding of Mg*+ to the phosphate groups 
of synthetic polynucleotides and has found a positive 
value of about I kcal/mole Mg*’ bound in all cases 
with the exception of polyadenylic acid. 

In the case of tRNAPhe we measured +12 kcal/ 
mole of tRNAPhe at +9OC. With a mean value of 
about 30 binding sites for one tRNA molecule, found 
by the authors mentioned above, one obtains 0.4 
kcal/mole of Mg2’ bound. But this value may not be 
simply interpreted by the association reaction alone. 
W-absorption experiments showed, that at +9”C the 
absorbance value at 260 nm of a tRNAPhe solution 
free of Mg*+ decreases upon addition of MgS04. 
(we found a-decrease of about 3% at a foal concen- 
tration of 10m2 M Mg*+.) From this we conclude 
that even at this temperature tR!?JA is present in a 
structure of higher order (for example a higher degree 
of base stacking in the loops) in the presence than in 
the absence of Mgtc. On account of this phenomenon 
our value of +12 kcal/mo!e of tRNAme must be con- 
sidered to be composed of the positive heat of binding 
of Mg*’ to the phosphate groups and of a small nega- 
tive enthalpy resulting from enhanced base staking. 
At 60°C the entbalpy values for the reaction of 

tRNAPhe and i%fg?’ have reached an upper constant 
level, indicating that they represent the enthalpy dif- 
ference between completely unfolded and folded 
tRNAPhe. We wish to point out that our results do 
not agree with those obtained by Levy et al. [l] . 
These authors found for the unfolding reaction of 
tRNAPhe at 57OC initiated by complexing hlgl+ with 
EDTA a value of +123 + 25 kcal/mole of tRNAPhC. 
Our vaIue at that temperature is 290 kcal/moIe of 
tRNAPhe. Hence, our results obtained with the batch 
microcaIorimeter arc in contradiction to the concept 
of Levy et al. who postulated the apparent van’t lioff 
enthalpy to be equal to the calorimetrical value at 
any melting temperature_ 

To get the true enthalpy of the conformational 
conversion of tEWAPfie from fig. 5 we must subtract 
the value of the lower level from that of the upper 
one. By this procedure we can eliminate the heat of 
binding of MgZt to tRNAPhe, provided that this heat 
of binding does not depend on temperature. According 
to this procedure we obtain 310 kcal/mole cf tRNAPhe 
for “Hc. 

4. Discussion 

Throughout this paper we have repeatedly pointed 
out that our experimental results and interpretations 
are different from those of J_evy et al. The main dif- 
ferences can be summarized as follows: 

(1) The va’t Hoff enthalpy calculated by using 
eq. (1) does not rise linearly with temperature as found 
by Levy et al. but reaches a constant level at 57’C. 
We attribute this behaviour to an increasing coopera- 
tivity which reaches a maximum value at 57°C which 
approximately represents the true enthalpy of con- 
version above that temperature. 

(2) The enthalpy of conversion of tRNAPhe deter- 
mined with the differential scanning calorimeter hard- 
ly shows any temperature dependence. This clearly 
shows that there is not such a considerable difference 
as high as 3 kcal/mole deg between the heat capacities 
of folded and unfolded tRNAPL as postulated by 

Levy et al. The absolute values of AH, being 240 kcal/ 
mole of tRNAPhe at 76’C and 200 kcallmole of 
tRNAme at 49°C are considerably higher than those 
predicted by bvy et al. who found values as low as 

160 kcal/mo!e of tWAPhe at 76°C and 100 kcal/mole 
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of tRNAPhe at 49°C. 
(3) The reliability of the calorimetrical mixing 

experiment performed by Levy et al. at 57OC yielding 
a suspiciously low value of 123 i 25 kcal/mole of 
tRNAPhe for AH, is open to question, since our sys- 
tematic investigation of this reaction over a broad 
temperature region yielded 290 f 25 kcal/mole of 
tRNAPhe at 57°C (see fig. 5). 

The difference between the results we obtained 
with the differential scarming calorimeter and those 
we measured with the LKB batch microcalorimeter 
can be explained at least in part by the following 
hypothesis: If there occurred any noncooperative 
increase in the heat capacity of tRNAphe during 
heating the solution, for example, due to unstacking 
of the. bases in the unfoIded state, this would influence 

the enthalpy change determined with the mixing calo- 
rimeter. However, this would not influence the AH, 
value measured with the adiabatic calorimeter. Ln 
this case there would result only a shift of the bw 
line to higher values. We have also observed a differ- 
ence of the same magnitude when we measured the 
enthalpies of the helix-coil conversion of polyuridylic 
acid using the two calorimetric methods without 
finding a satisfactory explanation [19]. Because the 
reaction taking place in the differential scanning micro- 
calorimeter is more distinct than that in the mixing 
calorimeter we thlnlc the results we have obtained 
by the first method are more realistic_ 

If we compare our calorimetric results with those 
obtained from UV-absorption experiments by RZimer 
et al. [2] there is a moderately good agreement with 
respecr to the numerical values of AH, determined 
with the differential scanning calorimeter (240 kcal/ 
mole) and to those estimated by RZmer et al. from 
transitions of isolated half molecules and of resoIved 
transitions from the whole molecule (180 kcal/mole). 
Our interpretation of increasing cooperasvity with 
increasing melting temperatures is not in contradic- 
tion to their concept of evaIu&g van? Hoff enthal- 
pies from resolved transitions which may be assigned 
to different parts of the molecule. But neither adiaba- 
tic scanning calorimetry nor mixing calorimetry are 
sensitive enough to resolve the conversion of tRNAme 
into distinct transitions under appropriate conditions 
and to give direct support to the findings of Rgmer 
etal. 

The difference between our calorimetrically deter- 

mined value (240 kcal/mo!e) and that estimated by 
R6mer et al. (180 kcal/mole) is probably due to the 
fact that the van’t Hoff enthalpies and the true calo- 
rimetric enthalpies are not identical even for rather 
small helical segments. 

It is rather difficult to discuss the enthalpy of 
conformational conversion on the basis of the ex- 
perimental data of model compounds and of the 
primary and secondary structure evaluated by Raj 
Bhandary et al. [20]. According to the cloverleaf 
structure which was confumed by the X-ray diffrac- 
tion analysis of Rim et al. [21] tRNAPhe should have 
12 GC pairs, 8 AU pairs and 1 GU pair. The enthalpy 
of the helix-coil conversion of the poly(A+U) doubIe 
helix was determined to be 9 kcal/mole of base pairs 
at T, = 75°C [22] _ 

Calorimetric measurements of the helix-coil con- 
version of poly(GiC) have not yet been performed, 
not to mention the poly(G+U) double helix. Even 
if such data were available it would not be clear whether 
one has to take into considera?ion all 21 base pairs 
or only 21 minus 2. The problem is that each first 
base pair of the two continuous stacks proposed by 
Kim et al. [2 1] does not cont&ute to the stacking 
enthalpy which represents the main contribution to 
the helix-coil enthalpy. 
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We discuss in this article the origin and magnitude of the single bond rotational barrier in amides and esters. The 
high rotational barrier of amides is biochemically manifested in the limited conformationa! freedom of proteins, 
since there are only two instead of three bonds to rotate about p-r amino acid r=sidue. On the basis of thermochemi- 
cal estimates with model compounds, we find that the resonance energy of esters is somewhat h&her than that of 
amides. However. the experimental rotitional barrier for the former is considerably lower than the latter. We suggest 
esters have lower rotational barriers than the corresponding amides because they retain a large fraction of the reso- 
nance energy in the transition state. Justification is offerred using an orbital delocalization argument. 

1. introduction 

The purpose of this article is to discuss the origin 
and magnitude of the single bond cotational barriers 
in amides and esters. The high rotational barrier of 
amides is biochemically manifested il the limited con- 
formational freedom of proteins, since there are only 
two instead of three bonds to rotate about per amino 
acid residue [l-3] _ The conformational energies of 
proteins and their components has been the subject 
of active quantum ctemical investigation. (See ref. 
[4] and literature cited therein.) Qualitatively, the. 
high rotational barrier to rotating around the C-N 
bond in amides has usually been rationalized in terms 
of a large ground-state double-bond contribution 
from resonance structure Zb. 

o\c__N/R _ OY (‘I, R 
C-N 

/ \ / \ 
R R R R 

la lb 

This explanation is also consistent with the consider- 
ably lower rotational barriers in esters. In esters, the 
higher electronegativity of oxygen relative to nitrogen 
should considerably decrease the resonance contribu- 
tion of 26 in the ground state ‘since it requires positive 
oxygen. Accordingly, there should be less double-bond 
character to the carbon-oxygen bond in question. 

O\ JR 0 I-) 

F/- 
\ VI/ R 

c-o 

2a 
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2b 

In this paper, we intend to show that this interpreta- 
tion involving comparison of C-N and C-O multiple 
bonding is incorrect, or at best, markedly incomplete. 

2. Results and discussion 

The rotational barriers of amides, ca. 2 1 kcal/mol 
[S] reflect their resonance energies. (The resonance 
energy of a compound is defined here as the differ- 
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ence of its heat of formation determined experimen- 
tally and theoretically by use of model compounds, 
bond additivity, or related thermochemical schemes_) 
In eq. (l), the heat of formation [6, 7] of N,N-di- 

methylacetamide is calculated on the basis of model 
compounds [S] _ Comparison with the calculated value, 
AIY~ = -58 kcal/mol yields a resonance energy of 
about 2 1 kcal/mol_ 

AffHf(CHJCON(CHJ),) = AkJ&CH,COCH, j 

* Af$-WH3)3”) - +W2H6), (1) 

-37.5 kcal/mol=(--51.90) +(-5.81) - (-20.24). 

For those compounds where neither resonance nor 
strain considerations are anticipated, these calcula- 
tions of heat of formations are reliable to within 1 or 
2 kcal/mol. In eq. (2), the heat of rormation of l,L- 
dimethylacetone (3-methyl-2-butanone) is estimated: 

Nf&CH,COCH(CH,),) = aH&CH,COCH,) 

f m&(CH3)3CH) - A$+H6), (2) 

-64.1 kcal/mol= (-51.90) + (-32.41) - (-20.24). 

The experimental heat of formation is -62.8 kcal/mol 
in close agreement with our result. Enamines display 
slightly lower rotational barriers than those of amides 
[9, lOI_ The thermochemistry of few enamines is 
available. Comparison of the calculated heat of forma- 
tion [eq. (3)J of aminoethylene with the suggested 
value, 5.5 kcallmol [ 111, yields a resonance energy of 
about 14 kcallmol. This value (to be compared with 
the value of 21 kcai/mol in amides) is consistent with 
a smaller contribution from 36 since carbon is not as 
electronegative as oxygen. 

4M,(CH,=CHNH,) = M&Cfi,=CHC~ ) 

f A&tCH,NH,) - u&H& 

19.6 kcal/mol = (4.88) + (-5.50) - (-20.24). 

(3) 

H (-1 
\,_,A” l&Y” 

/ - 1.. -- 
H 
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3b 
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Equation (4) estimating the heat of formation of the 
saturated ethylamine again shows good agreement be- 
tween theory and experiment as neither resonance nor 
strain considerations are applicable here. 

~w,(cH,cH,wi,) = M&c~-~,~H~cH~). 

+ 4qXcH,NH,) - 4f$K2H6), (4) 

- 10.09 kcal/mol = (-24,83) f (-5.50) - (-20.24). 

The experimenta! value for this quantity is - 1 1.35 
kcal/mol*. 

Let us now consider esters. The intrinsic isomeriza- 
tion barrier about the carbon-oxygen bond in esters 
for cis-trans interconversion is about 7-10 kcal/mol 
[ 121. However, comparison of the calculated [eq. (5)j 

and experimental, -99.2 kcal/mol, heats of formation 
of methyl acetate yields a resonance energy of approni- 
mately 24 kcal/mol. 

* The reader may have noted that there are atomic hybridiza- 
tion problems inherent in eq. (1) not found in eq. (2). That 
is, we do not precisely conserve the number and types of 
bonds. In (I), there is an sp*-sp* C-N in the left-hand 
compound. In the right-hand corn 
each of sp* F? -sp3 C-C and sp3-sp 

unds, there is one bond 
C-N and one sp3-sp3 

C-C bond has been removed. In (21, there ate equal num- 
bers of sp2-sp3 and sp3-sp3 C-C bonds on both sides of 
the equal sign. Analogous to (I), in (3), there is an sp*-sp* 
C-N in the left-hand compound while with the right-hand 
compounds, we have an sp* -sp3 C-C bond and an sp3-sp3 
C-N bond and the removal of a sp3-sp3 C-C bond. Ana- 
logous to (21, in (4) there is no such hybridization problem. 
However, we may estimate the hybridization effects by ap 
pying our logic to &YflCH#ZH=CH,): 

MdCH3CH=CH2) = zGff<CH3CH2CH3) 

+ bHt(CH2=CH2) - AfIfiC2H6). 

7.86 kul/mol = (-24.83) + (12.45) - (-20.24). 

The experimental Value is 4.88 kul/moI, an energy differ- 
ence of 3.0 kcal/mol. This difference combines the effect of 
a ClIange from sp’-sp3 to sp3-sp* C-C bonding and hyper- 
conjugative stabilization_ Since the Later effect is insepacabte 
from the former, the 3 kal/mol is “merely” an upper bound 
to the hybridization effects which we wished to estimate. 
However, in comparison to the 21 or 24 kcal/mol r~nance 
energy, this 3 kcallmol is a small, but admittedly non-negli- 
gible quantity that we will continue to ignore. 
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0 

4b 

Fig. 1. Rotamers of amides. 

M&CH,COOCH,) = AIfr(CH,COCH,) 

+ M&CH,OCH,) - M&H,), (5) 

-75.66 kcal/mol= (-51.90) + (-44.00) - (-20.24). 

Accordingly, the resonance energy of the ester is 
greater than that of the amide, 2 1 kcal/mol. As such, 

resonance energies and rotational barriers for amides 
and esters do not correspond when analogous model 
calculations are used for both. The reader should note 
we have not assumed that the fraction of the rr-contri- 
bution to resonance stabilization is the same. That is, 
we have not assumed the reiative importance nor es- 
timated the absolute importance of structures la. Ib. 
2r1 and 2b. 

The high rotational barrier of an amide results 
from a loss of resonance stabilization in the transition 
state. This may be envisioned as being due to removal 
of the ritrogen p-orbital from the rr-system of 4a to 
yield 4b (fig. I). 

Alternatively, one might envision overlap of the 
carbonyl system with the antisymmetric linear com- 
bination of the two nitrogen sp=orbitais bound by 
two substituents as shown in 4c (fig 2) [ 13,141. 

cl vo @ OLNB 
R’@ QR 

4c 

Fig. 2. Delocalization of the antisymmetric conbination of the 
two nitrogen bond pairs into the carixmyl group of an amide. 

These bound electrons are delocalized onto the 
carbonyl group to a much smaller extent than lone- 
pair electrons_ This is analogous to the relative mag- 
nitude of lone pair-Ione pair and lone pair-bond 
pair repulsions in Valence-Shell Electron Pair Repul- 
sion theory [ 15). Accordingly, the delocalization or 
resonance contribution, is insignificant. This differ- 

ence in tie ability to participate in resonance or de- 
localization between lone pair electrons has been used 
to expfain the surprising quantum chemical predic- 
tion that the rotational barrier of methylene immon- 
ium, 5 is greater than that of methylene imine, 6 [ 161. 
(Isomerization barriers for substituted methyiene 
imines are discussed in reference [ 17 I.) 

H\w AH 
N-C N--C 

/ \ -. \ 
H H H 

5 6 

The low energy barrier for isornerirariorz about the 
carbon-oxygen bond in esters is explicable in a num- 
ber of ways. Two are presented here. A low rotational 
barrier may be rationalized as the result of overlap of 
the carbonyl group with the antisymmetric linear com- 
bination of oxygen sp2-orbit& in the transition state, 
7, (fig. 3). 

7 

Fig. 3. Delocalization of the antisymmetric combination of 
the oxygen bond and tone pairs into the catbonylgroup of 
an ester. 

Only one substituent is bound to oxygen and the 
electron pair in the orbital shown is more readily de- 
localized than the pair in the corresponding orbital of 
an amide. Alternatively, by analogy to imines [ 171, 
esters may be isomerized through inversion as depicted 
in scheme I (ftg. 4). 

In the linear C-O-R transition state, the central 
oxygen is formally hybridized sp but this does not 
prevent resonance stabilization of the ester. Accord- 
ingly, the barrier to isomerization for esters is lowered. 

Fig. 4. Inversioion pathway for esters. 
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There is no corresponding Process for amides. We 
may make one C-N-R group of an amide, but not 
both. Were both linear, the substituents would be 
directly superposed_ 

The most crucial difference, therefore, in the 
isomerization pathways in esters and amides is the 
ability of the former to retain a large fraction of the 
ground-state stabilization in the transition states of 
rotation_ Furthermore, inversions which maintain 
resonance are possible only in esters. Amides appar- 
ently lose most of their resonance stabilization in the 
transition state of the rotation mechanism. 

The barriers to rotation in protonated aldehydes 
[N], protonated ketones [ 191, and methylated ke- 

tones 1201, are higher than those of unprotonated 
esters. In the first three cases, resonance delocalizes 
a positive charge, while resonance in esters separates 
opposite charges. fiotonated imines have resonance 
through delocalization of a positive charge while 
amides have separation of charges. Accordingly, we 
should not be surprised that the former have higher 
rotational barriers [21] than the latter. Protonated 
in-tines most probably have higher rotational barriers 
than protonated ketones and aldehydes for the rea- 
sons discussed above. Finally, one would speculate 
that protonated ester 8 might have a rotational bar- 
rier comparable to that of an amide, since only one 
Ione pair is available for delocalization. However, 
resonance contributbr 9 would be high in energy and 
the barrier might well be lower than that of an un- 
protonated ester. 

o\C~;/R o*r ,R 
c-0 (+2) 

R’ -1 ” R/ ‘H 
8 9 

Experimentally,- however, it is known that esters are 
protonated on the carbonyl group, 10 1221. 

Esterification of mesitoic acid [23] and hydrolysis of 
mesitoates [24] most probably proceed through pro- 

tonated esters such as 8. As such, these structures 
should not be summarily dismissed. 

3. Conclusion 

In summary, we find that the resonance energy of 
esters is somewhat greater than that of amides even 
though the rotational barrier for the former is consid- 
erably lower than the latter. The reason why esters 
have lower rotational barriers than the corresponding 
amides is that they retain a large fraction of the reso- 
nance energy in the transition state. This is justified 
by an orbital delocalization argument. 
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STUDY OF THE INTERACTION OF POLYNUCLEOTIDE CHAINS 
WITH OLIGOMERS BY MEANS OF CHROMATOGRAPHY. 
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The interaction of the aligonucleotides ApA. ApApA, ApApC and ApApU with poly(U) and (!p)sl and (Ip), with 
poly(C) has been studied by means of equilibrium gelfiltration through Sephadex. 

From sorption isotherms the free energies, energies and entropies of complering have been computed for different 
concentrations of magnesium ions in the medium. 

The stoichiomettic ratio of polymers to oligomers has been measured and found equal to 2 in the case of ApApA 
and ApApC. This shows that the cytidylic acid residue is included in the ternary complex. But in the case of ApApU 
the noncomplementary base is partly squeezed out of the complex. 

The stacking free energy of nei&bouring oligomers has been found to be in the range 1000-3000 cJ/mole depend- 
ing on the conditions. 

The stoichimetric ratio has been found to be I in the case of poly(C): oIigo(l). the stacking energy is equal to 
1.2 kcaljmole. The effect of magnesium is somewhat different in the case of double and triple helices and probably 
reflects the formation of coordination compcunds with the nitrogen bases of nucleotides. 

1. Intraduction 

Simple polynucleotide complexes can be regarded 
as models of nucleic acids. In particular, they can be 
used to simulate the thermodynamic properties of the 
codon-anticodon interaction. This is relevant for the 
role of ions and hydrogen bonds in protein synthesis 
and the origin of the free energy barrier which protects 
translation against errors. 

Recently, a series of papers has been published, 
dealing with the interaction of homopolynucleotides 
with complementary oligomers [l-S] _ This process 
was studied by means of hypochromicity measurements. 

The thermodynamic characteristics were found by com- 
plicated calctdations because in every run the concen- 
tration and temperature of the solution were varied 
simultaneously. 

Another method was used by Ts’o and Davidson 
[9-l 11 _ They applied equilibrium dialysis and obtained 
directly the sorption isotherm. 

In our previous paper [ 121, we described a direct 

method of measuring soprtion isotherms for oligonu- 
cleotides on polynucleorides by means of gelfiltration 
through Sephadex. This method has an important ad- 
vantage as compared with equilibrium dialysis_ It en- 
ables one to study the interaction for a much broader 
class of different oligomers. 

In our first paper we applied it to the study of the 
interaction of polyuridylic acid with the triplets ApApA 
in the absence of magnesium ions. This paper is devoted 
to the comparison of the interaction of ApA, ApApA, 
ApApU and ApApC with poly(U) and (l~)~l and (1~)~ 
with poly(C) at various maflesium concentrations. 

2. Materials and methods 

We used ADP, UDP, CDP, poly(A) of Reanal (Hun- 

gary), poly(I) of Calbiochem (USA), Sephadexes G-SO, 
G-75, G-100, G-200 of Pharmacia (Sweden). 

The oligonucleotides were prepared by hydrolysis 
of the corresponding homopolymers and copolymers 
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column. The zone was divided into two_ In front was complexed with the polymer. A series of measurements 
thy zone of the complex, which contained an equilib- at a constant temperature and different initial concen- 
rium concentration of free oligomers, behind it was the trations of the oligomers gave us a complete sorption 
zone of free oligomers. From the extinction of the back isotherm [ 121. 

zone we found the Ldncentration of free oligomers and 
determined (knowing its initial concentration) the amount 

Fig. I_ Sorption isotherms of oligonucleotides on polyuridyiic 
acid. 
(a) Sorption isotherms of ApApA on poly(U): 0.01 hl hlg*. 

0.1 hf Nz?, 0.0005 hf EDTA. 0.005 M Tris-HCI (pH 7.2). 
Sephadex C-50 and C-LOO. Arrows indicate the points obtained 
on a column of GfOO. Curve 1: 13OC. curve 2: 21%. curve 3: 
26%. Concentration of poly(U) is 5 and 10 X LOm5 M of mo- 

namer units. 
(b) Sorption isotherms of ApApU on poly(U)_ Oil M hfg%. 
Sephadex G-75 A. Concentration of poly(U) is 6 and 12 x 10s 
h¶ of monomer units. Curve 1: 4.5OC. curve 2: 8.S°C. curve 3: 

13’C. All ocher conditions as under (a). 
(c) Sorption isotherms of ApApC on poly(u). Concentration 
OF polyW is 10 4 hf of monomer units. All other conditions 
and designations same as for @)_ 

3. Control experiments 

It was noticed that different nucleotides are eluted 
from Sephadex with a retention volume exceeding the 
geometric volume of the gel coIumn [20] _ It is due to 
some interaction of the heterocyclic compounds with 
dextrane. To make sure that this effect has no measur- 
able influence on the sorption isotherms of polynucleo- 
tides with oligomers, we undertook special control cx- 
periments. 

If the Sephadex matrix interacts to some degree with 
the oligomers the sorbate must be distributed between 
the polynucleotide chains and the gel matrix. There- 
fore the sorption isotherm measured under our condi- 
tions must appear shifted to higher oligomer concentra- 
tions. This shift is expected to be proportional to the 
amount of dextran gel in a unit of volume. 

Taking Sephadex with different swelling coefficients, 
i.e., G-50 and G-100, which differ by a factor of two 
with respect to this property, we coilld expect a signifi- 
cant difference in sorption isotherms. 

The results of measurements are presented in fig. la. 
We see that all experimental points obtained with both 
Sephadexes are coincident on the same curve. Therefore 

Fig. 2. Dependence of the binding constant of the compler 
ApApA: poly(U) on hfg Z+ concentration. Buffer same 3s for 
fig. 1. T = 26°C. The value of the dissociation constant at 26OC 
and at zero h@+concentration was obtained by extrapolation 
of measured values for 0.6.6. L I and 17OC to 26% 
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Thermodynamic characteristics of the interaction of oLigonucLeotides with polynucleotidcs computed from experhneatal sorLrtion 
isotherms a) 

Oligonucleotide h-lg* b’ 
(mole) 

T(“C) Ag~,/~x 10’ XA 
(mole) 

-Af -A(&+<)=) -Ad 

(cal/moLe) (kcat/moLe) (cat/mole 

deg) 

-(Afi,a”C 
Wailmole) 

ApApAd’ 0.000 

AQAQA 0.010 

ApAfA 0.100 

APA 0.100 

APAI’U 0.100 

AQAQC 0.100 

APAPA 

APAPU 

APAPA 

0.003 

0.003 

0.035 
0.020 
0.005 

0.100 

O.lQO 

0.001 

0.003 
0.010 

0.001 
0.003 
0.005 
0.010 

0.025 
0.050 

0.0 
6.6 

11.0 
17.0 

13.0 
21.0 
26.0 

26 .O 
31.0 
37.0 

8.4 
14.0 

19.8 

4.5 
8.5 

13.0 

4.5 
8.5 

13.0 

0.0 

0.0 

26.0 
26 .O 

26.0 

0.0 
8.0 

14.0 

0.0 
8.0 

14.0 

0.0 

0.0 

1.2 
2.4 
2.9 
6.1 

0.6 
2.0 
4.9 

0.7 
1 s 
5.6 

0.87 
1.85 
4.63 

6.1 
9.0 

17.7 

2.25 
4.1 
9.0 

0.36 

68 

1.65 

Z 

1.25 
4.75 

11.00 

1.25 
4.70 

11.00 

15.0 

5.35 
2.35 

19.5 
7.0 
5.0 
2.35 

1.35 
1.35 

OS 

OS 

0.5 

OS 

0.6 

0.5 

OS 

0.5 

0.95 
0.92 

0.95 
0.92 

1100 
1200 
1300 
1350 

1000 
1300 
2400 

1500 

2200 
2200 

1300 
2100 
3450 

2400 
2800 
3000 

1700 
1600 
2100 

1900 

2600 

LOOO 
1700 
3600 

1100 
1200 
1250 

1100 
1200 
1250 

700 
1500 

1000 

1200 
1400 
1800 
1300 
900 

900 

14.8 5 1.5 37i 5 

27.5 t 1.5 73 * 5 

35.5 f 2.5 95% 8 

24.2 % 1.0 63* 3 

20.0 + 3 522 11 

26.0 L 1.7 67* 6 

2.5 c 1.8 68 f 6.8 

25 F 1.8 68 2 6.8 

4.2 

6.6 

8.2 

6.30 

5.0 

6.7 

6.8 e, 

4.0 e) 

S.-l 

5.4 

a) The study of th e c m o p lex formation was performed in the buffer: 0.1 hC NaCL. 0.0005 M EDTA. 0.005 hf X-is-HCI @H 7.2) 
b, Designations: kfg” total concentration of magnesium in the medium;Ae,r/a equilrbrium concentration of the oligomes in the 

solution at half saturation of the poLymer sites; XA molar ratio of the oLiiomer to the Polymer in the comptex at satutation;f 
stacking free energy; E binding energy of single oligomer to the polymer; e the stacking enetgy;S binding entropy of the oLLLomer 
to polymer: (arias free binding energy of the oligomer to Polymer, computed for 13%. 

‘) The computation of A(E f e) and AS was performed according to eq. (1) by the Least squares method. 
‘I Data taken from [ 121_ 
e) r.. .kzr ____ a c ;_ -I_._._._a _. fi+ 
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we can be sure that the isotherms are not distorted by 
the interaction of oligonucleotides with the gel. 

Another control was performed by the variation of 
the concentration of polynucleotides. Obviously the 
sorption isotherms must not depend on the concentra- 
tion of the p.oIymers. This was confirmed by experi- 
ments, changing the concentration of the polymer 3 
times. 

4. Results 

Examples of sorption isotherms of the oligomers 
an polyuridylic acid are given for ApApA in fig. la, 
for ApApW in fig. lb and for ApApC in fig. Ic, and 
in fig. 2 (sorption of Ip)sl and (tp)~ on poIy(C). Quan- 
titative characteristics of studies of all 37 combinations 
are listed in table 3. 

The binding energy was calculated from 

Ae=t,2=kexe[(E+~)IR~. (1) 

where .4e=1,2 is the equilibrium concentration of free 
oligomers at half saturation of the polymer sites, k is 
the entropy factor, E the binding energy of a single 
aligomer to the polymer, E the stacking energy, and 
0 the fraction of occupied sites on the polymer chain. 
The free binding energy is 

AF= RTln(A,&. 

The free energy of stacking Af is computed From 

(Ql dWW,,l12 = exp[-Af/2W - (3 

These formulas were derived from the statistical theory 
Of the cooperative sorption isotherm [ 12, 21,22). 

4. I. Effect of magnesia ions on the interaction of 
ApApA witk poIy(U) 

From table 3 we see that the stoichiometry of inter- 
action of ApApA with poly(u) remains unchanged, 
always l(A);2(u), at different Mg2” concentrations. 
Tbii is different from the polymeric complex 
poly(A):poly(U), which changes its composition when 
the ionic strength increases 122,231. 

We conctude from the same data, that the energy of 

interaction increases considerably with tie cancentra- 
tian of magnesium ions. Simultaneously the entropy 
decreases_ 

From the data of table 3 a plot of l/A,= 1,1 for the 
complex ApApA with poly(C) versus the magnesium 
concentration C,,, at 26°C was constructed (fig. 2). 
1/d,,tj2 has the meaning of the binding constant of 
oligomers with polynucleotides. The linear dependence 
of l/A,,,,, on magnesium concentration shows that 
magnesium gets bound to the complex and stabilizes 
it_ It is obvious from this plot that until 0.1 M Mg?+ 
does not saturate the complex because the bicding 
constant goes on increasing proportionally to magnesium 
concentration_ Therefore it is impossible to estimate 
the dissociation constant of the magnesium complex. 
It must be larger than O. 1 M. 

4.2. hteracriorl of (Ip)51 arld (Ip)d with PO&(C) 

The interaction of (Ip)sI and (lp)~ with poiy(C) at 
varying magnesium concentration in solution was also 
studied. 

These complexes are \-ery interesting because thc;r 
are binary and therefore seem to be adequate models 
of nucleic acid double helices. It is interesting to com- 
pare the adsorption isotherms in the presence of the 
phosphate end group and in its absence on the 3’ end 
of the oligonucleotiden This allows us to evaluate the 
contribution of the phosphate groups to the interaction 
ecergy and entropy of polynucleotides with oligonu- 
cleotides. 

The formation of the complex oligo(l):poly(C) at 
varying magnesium concentration was studied. Cn fig. 
3 are presented adsorption isotherms of (Ip)5 I and 
(1~)~ on poly(C) in the presence of 0.1 M MgZ+_ The 
stoichiometry of the complexes is l(I): l(C) in accord 
with previous findings [S, 81. The isotherms of both 
oligomers ofi poly(C) coincide entirely at this high 
magnesium concentration_ From these data the values 

of the energy A(E f E) and entropy ti of complex for- 
mation were computed. They are presented in table 3. 
The value A(E f E) = -24.5 kcal/mole is in agreement 
with that of Ts’o [Sj obtained from melting curves of 
this complex, analyzed according to [241_ In accord 
with the data of Ts’o [8] the complex aliga(l):poly(C) 
proved much less stable than oligo(A):poly(U). 

From the curves of fig. 3 free energies of stacking 
were obtaine?. -?-i& ice listed in table 3. They are of 
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Fig. 3. Sorption isotherms of (1~)s I and (IpI on poly(C). Con- 
centmtion of poIy(CCf 8 X I& M of monomer units_ All other 
conditions same as for fig. lb; (*) experimental points for 
(Ip)s l:poIy(C) interaction; (0) experimental points for (Ipbs: 
poly(C) interaction. Curves 1,2 and 3 correspond to 0,8 and 
14*C. respectively. 

the same order as the values found for the triple com- 
plex 2 poIy(U):oligo(A) and equal to I.2 kcal/mole. 

We measured afso sorption isotherms of (lp)5C and 
(1~)~ on poly(C) at O*C and different magnesium con- 
centrations in the buffer_ The plot of i1.4,=tlz versus 
CM8 is presented in fig. 4. Fig. 4 shows that in this case 
we obtain a curve of the kangmuir type showing satura- 
tion. This curve can be described by 

fj%=Ii2 = Q&#’ f CM&- 

iv 
9 

Fig- 5. PIot of diivrciation constants of (Xp)sI and (Ip)6 with 
poly(C) versus the reciprocal values of magnesium concentra- 
tion. (0) (Ipks I:pdY(Cf interaction: (0) (Ip)&poIy(Ck inter- 
action. 

Here Chig is the concentration of Slg2’ in solution, and 
b the dissociation constant of magnesium in a complex 
with double-stranded olig~~):poly(C)_ 

Iti this case we can make a rectilinear plot of the 
inverse values, i.e_, Aezlj2 versus lK& (fig. 5). 

From table 3 and fig. 5 we see that t% e strength of 
complexes is the same for (tp)SI:poly(C) and (1~)~: 
poiy(C) at high magnesium concentration (0. I M’), but 
becomes different when the concentration of Mg2+ de- 
creases. At 0.001 h-1 Mg*’ ffie cont~butioR of the end 
phosphate group of (1~)~ to the binding constant is 
about 20%. 

4.3. lrtfluence of the oli,omer size on the thermodynamic 
character&tics of the complex witfr pufyrzucfeoties 

Comparing energies and entropies of tire complex 
of poly(‘L1) with ApApA and ApA in 0.1 M NaCi, 0.1 

M M&l, at pH 7.2 we find that A(E + E) and AS for 
one A group are the same and equal to A(E f ci) = 
- 12 kcaljmole, and ds = -3 1 Cal/mole degree, 

4.4. Effect of noncomplemerntary bases at the 3’ end 
of the oligonuc~eotiiies on the compiexing with ~o~y(U~ 

Fig. 4. Plot of reciprocal values of dissociation constants of 
Op)s)i and (Ip>, with poly(C) versus the total concentration 
of magnesium in the medium. lhis curve ‘was constructed ac- 
cording to data from table 3. T= 0°C. (X) (Ip)sI:goly(C) in- 
teI%tion; (0) (tp)&poty(C) ktemctiot% 

One of the most interesting points in the interaction 
of polynucleotides is the behtiour of nonccmpIemen- 
taty bases. From data on melting of complexes of poly(u) 
with the copolymer poIy(AG) Uhlenbeck con&d& 
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that up to a definite amount of guanylic acid in the 
copolymer, the noncomplementary bases are included 
into the complex (251. 

of the complexes poly(U)r(Ap),X on the specificity of 
the “wrong” base X [3, 25]_ 

To the same conclusion came Podder, who studied 
the interaction of hvo pairs of oligomers: GpGpGpC 
with GpCpCpC and GpGpGpU with GpCpCpC. He as- 
sumed that there is complexing between noncomple- 
mentary bases G and U [26]. 

On the other hand there exist many data showing 
that the noncomplementary bases are squeezed out of 
the complex, if they are situated at the end of the oligo- 
nucleotide [ 1,3,6] _ 

From table 3 the values of AS for the three complexes 
poly(U):ApApA, poly(LJ):ApApC and poly(U):ApApU 
are respectively -92, -67, -52 Cal/mole degree. The 
interpretation of these data is not unambiguous_ The 

difference in energy and in entropy losses by the forma- 
tion of the complexes investigated, reflects the different 
solvation of the 3’ end bases of the oligonucleotides 
[28] and a different degree of perfection of the com- 
plexes. 

Our data for the sorption isotherms of ApApC on 
poly(U) and ApApU on poly(U) in 0.1 M NaCl and 
0.1 M MgCl, (pH 7.2) are presented in fig. lb and lc. 

4. Discussion 

The molar ratio of the oligomers to the polymer 
X, at saturation, computed for one chain link is 0.6 
for ApApU and 0.5 for ApApC. Therefore the stoichio- 
metric ratio of the complex poly(U):ApApC is the same 
as in poly(U):ApApA, i.e., 2: 1. But for the complex 
poly(U):ApApU the stoichiometric ratio is different, 
namely 1.67: I_ 

On the basis of eq. (3) the stacking free energy Af 

was calculated for all sorption isotherms (table 3). We 
see that the free energy increases with temperature due 
to the entropy variation. 

From these data we conclude that in the case of 
poly(U):ApApC a perfect ternary complex is formed. 
Obviously there exist molecular forces binding the 
cytidylic acid residue in the complex. This reminds one 
of the rules of wobbling, discovered by Crick. They al- 
low hydrogen bonding of a cytidylic residue at the end 
of the oligomer with polyuridylic acid [27] _ 

It is important to emphasize that in all conditions 
studied the free ener=v of stacking is several times smaller 
than the free energy of complex formation (LW is near 
-8 kcal/mole). 

In the case of poly(U):ApApU, the stoichiometric 
ratio 1.67: 1 shows that the complexing of the noncom- 
elementary base is effected partially. At many points 
the “erroneous” base is squeezed out of the chain. If 
this were complete, we would have expected a stoichi- 
metric ratio 1.335: I because each triplet ApApU would 
then bind a doublet UpUp in each poly(U) chain. Ob- 
viously this is not the case and the noncomplementary 
bases must be partly included into the ternary complex. 

The average value of Af in our experiments is about 

--2 kcaljmole, which agrees fairly well with the data 
obtained by equilirbium dialysis [9-I 1) _ 

It would be interesting to know the stacking energy, 
but we cannot obtain it because our measurements are 
limited to a very narrow temperature range. 

The stacking free energy, which is the difference of 
two much larger terms Af = AE - TAS is not known 

with a sufficient degree of precision for the computa- 
tion of the energy term. 

But in any case the stacking is due to hydrophobic 
interaction of bases and it is well known from the work 
of Nemethy and Scheraga 1291 that the hydrophobic 
forces are the result of entropy increase of water in the 
case when hydrophobic parts of molecules come to- 

If we compare the binding energies A(E f E) of ApApA, gether. The energy change in the case of hydrophobic 
ApApC and ApApU with poly(U), we see that in standard interactions is small or even positive. Therefore the 
conditions (at 0.1 M Mg&) the binding energy of the value -1000, -3UO0 caljmole found for the stacking 
perfectly complementary complex is much larger than free energy is mainly of an entropy nature. This is 
that of the erroneous triplets ApApC and ApApU. In important because the energy of complex formation 

the last case the decrease of binding energy is more pro- found to be about - 13000 callmole per nucleotide 

nounced (-26 kcal/mole and -20 kcallmole, respective- residue is practically totally explained by hydrogen bond- 

ly, instead of -35.5 kcal/mole). This result is in qualita- ing of the bases; the contribution of stacking energy 

tive agreement with the data of Bautz and Uhlenbeck must be insignificant. 
concerning the dependence of the melting temperature It was estimated earlier from the temperature depen- 
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dence oFCRD spectra of the oligomers ApA and 
ApApA 130,3 I] that there must be an energy barrier 
of the magnitude of 7000 Cal/mole separating both 
states, the stacked and freely rotating ones. But this is 
a different situation_ In the case of an oligomer sur- 
rounded by water the hydrogen bonds of bases are not 
saturated by interaction with comptementary bases. 
Therefore the energy found in these Iast experiments 
is not of a purely hydrophobic interaction_ It is con- 
nected with the solvation of polar groups and is similar 
to the hydration energy of bases starting from the crys- 
talline state. 

What results from these measurements is that the 
triplets are already stacked before their sorption on the 
polymers. 

In fact some free iotation inside the oligomers is 
allowed at the temperatures of our experiments. Com- 
puting the contribution of internal rotation to the stack- 
ing energy from the data of Brahms et al. 13 11, we find 
a small correction of lo- 15% to the value discussed 
above. 

We see from table 3 and figs. 2 and 3 that the bind- 
ing of otigomers to polynucleotide chains depends 
strongly on magnesium. Obviously electrostatic inter- 
action makes a significant contribution to the energy 
of the complexes. 

There are two modes of binding magnesium to nu- 
cleotides. Oue is ionic exchange with sodium on the 
phosphate groups, the second is by coordination bond- 
ing of nitrogens in adjacent bases. The ionic exchange 
equilibrium was studied by Krakauer et al. [32.33] _ 
Obviously the apparent equilibrium constant is strongly 
dependent on the sodium concentration. For the poly- 
nucleotide triple complex poly(A): 2 poly(U) at 0.1 M 
Na+, the apparent dissociation constant of Mg*+ is about 
IO-? M. We see that the entire straight line in fig. 3 is 
above this concentration_ We conclude therefore that 
it is the second equilibrium of magnesium with the ni- 
trogen bases which is important for the formation of 
the triple helix. 

With some metahic ions the formation of bridges 
between nitrogen atoms of the bases was demonstrated 
in a straightforward way by X-ray analysis [34] _ Up to 
now this has not been accomplished in the case of mag- 
nesium but it seems quite plausible. It is interesting to 
note that the investigation of the interaction of magne- 
sium with tRNA showed the existence of two kinds of 
sites for Mg*+ binding [35] _ It was found that the bind- 

ing constants for these sites differ by about a factor of 
100. It is quite possibIe that this difference reflects two 
kinds of magnesium binding with polynucleotides dis- 
cussed above. In our case a direct measurement of the 
dissociation constant of the bases with magnesium has 
to be done. We expect it to be higher than 0.1 M. In 
the case of the double complex oligo(i):poly(C) the 
probable value of the dissociation constant of magnesium 
with the complex is lIT?- M, which is not so Far from 
the dissociation constant of Mg** with the phosphates 

in the double complex poly(A):poly(U) 132,331 (in 
the case for the complex poly(l):poly(C) no data are 
available, but different complexes must be similar in 
this respect)_ 

It is seen from fig. S that the phosphate group at 
the end of the oligomers gives a negative contribution 
to the binding constant of oligc@) and poly(C), depend- 
ing on the magnesium concentration. 

We have seen that the energy contribution of an 
adenylic acid residue with 2 uridylic acids is A(E f e) = 
- 12 kcal/mole and AS = -30 Cal/mole degree at 0.1 
M Mg2’. Davidson and Damle 17. 1 I ] obtained for the 
com$lex poly(U):adenosine (2U:IA) AH = -19 kcal/ 
mole and AS = -30 callmole degree- The energy of 
interaction of the polycu) with adenosine is higher by 
6 kcai/mole. This is due to the absence of phosphate 
groups in adenosine and shows that the repulsion energy 
is not completely compensated even in the presence of 
magnesium ions. 

Finally we will discuss the effect of an “erroneous” 
base on the dissociation constant of the complex. 

In table 3 the characteristics of sorption for ApApA 
and ApApU at 0°C and ionic conditions similar to 
physiologic ones are compared (0.1 M NaCI; 0.003 M 

MgC12; PH 7.2). Ag = t/2 is equal to 0.36 x l(r5 M for 
ApApA:poly(U) and 68 x ltYs M for ApApU:poly(U). 
The ratio of binding constants For the “right” and “‘er- 
roneous” triplets is 200: 1. It was shown that the prob- 
ability of spontaneous mistakes in translation is about 
10-4 [36]. This hi&t fidelity of the translation mecha- 
nism is not accounted for by the molecular forces, which 

bind the triplet to the complementary polynucleotide. 
Probably the ribosome participates actively in the inter- 
action of the anticodon with the codon and acts as an 
additional filter against erroneous binding. Possibly the 
squeezing of the noncomplementary bases out of the 
complex becomes very unfavorable in conditions of the 
ribosomal site, because of steric hindrance. 
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In any case it is important to know the origin of the 
free energy barrier, which protects translation against 
random error. 
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Among the purine derivatives, N-kiimethyladenosine I~dimethylamino)-purine-ribonucleosidel and N-6,9-&- 
methykdenine ~S~methylamino~9-methyl-purine) show an exceptionally high self-association tendency_ The self- 
association of these two substances was studied by equilibrium ultracentrifugation at several concentrations and tem- 
peratures. Thus, the thamodynamic quantities A# and ASO as well as the nonideality parameters could be evalu- 
ated. In both cases, the eqnilibrium constar& at 25°C were found to be higher than the values reported in the litera- 
ture. This may be due to the fact that in our work the influences of nonideality were taken into account. 

1 _ introduction 

Various purine nucleosides and nucleobases were 
studied by Ts’o et al. [l] as well as Poerschke and 
eggers 121. Among these, N-6-dimethyladenosine 
[6-(dimethylamino)-purine-ribonucleoside] and N-6, 

9-dimethyladenine [6<methylamino)-g-methyl- 
fiurinel exhibit the highest tendency to form linear 
self-aggregates by “vertical stacking”_ The thermody- 
namics of their association was investigated by vapor 
pressure osmometry, and the results were not cor- 
iected for nonideality, although very high concentra- 
tions (up to 1 M) had to be used. 

As these substances are of high interest, e.g., as 
model systems in non-enzymic base recognition stud- 
ies [3], it was desired to obtain more exact param- 
eters describing their thermodynamic behaviour. Hence, 
fhe series of ultracentrifugation experiments described 
below was performed, following the technique of Van 
Holde and Rossetti 141, which is based on theoretical 
calculations done by Adams and Williams [S, 61 and 
takes into account deviations from thermodynamic 
ideal&y. 

* This work was supported by the Swiss National Foundation 
&ant No. 3522.71. Schw5zerisches Nationaifonds zur 
FGderung der w&ms&aftlichen Forschung). 

’ * To wbom mnespaadence skrtdd be addressed. 

2. Experimental 

Nd-dimethyladenosine (MerckSchuchardt) and 
N-6,9-dimethyladenine (Cycle Chemical Co.) were 
found to be chromatographically pure by thin layer 
chromatography in two solvent systems (n-butanol/ 
acetic acid/water and rz-butanol/methanol/ammonia/ 
water). Elemental analysis confirmed these results 
(theoretical values in brackets): 48.88 (48_8O)%C, 
5.73 (5.!30)%H for N-6dimethyladenosine, 5 I.55 
(51_52)%C, 5.47 (5.56)%H for N-6,9-dimethyladenine. 
Thus, both substances were used without further pur- 
ification. All solutions were prepared in bidistilled 
water on a weight per volume basis. The concentra- 
tion was controlled each time by diluting an appro- 
priate aliquot and determining the concentration 
spectrophotometrically. (N&dimethyladenosine: 
~27.5’18 800 M-l cm-1 [7] ; N-6,9-dimethyladenine: 
e2675 = 17 400 M-l cm-l according to the manufac- 
turer’s specifications.) 

Partial specific volumes were determined with a dig- 
ital density measuring device DMA 02 C (Anton Paar 
KG, Graz, Austria). Repeated experiments gave values 

of 0.688 ml/g for Nd-dimethyladenosine and 0.73 I 
ml/g for N-6,9-dimethyladetie. 

Equilibfium sedimentation was carried out in a 
Beckman Model E analytical ultracentrifuge equipped 
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Fig. 1. Apparent weight average molecular weight [i,(c)] Fig. 2. Apparent weight average molecular weight [fifrv_Jc))l 
of N-fSdimethyladenosine as a function of the total lo& con- of N6.9dimethyhdenine as a function of the total hcal mn- 
centration (c). Experimental points: 9 (15°C). + (2O”C), centration (c). Experimental points: QI (6*c), 100%. 
0 (tS”C),:x <30-C), I (3PC). J.-east sqww.5 fit curves at the . (15°C). + (20°C). q (25°C). X (32°C). Least squares fit 
folIowing temperatures (from top to bottom): 15,20.25. curves at the following temperatures (from top to bottom): 
30, and 35°C. 6,10,15,20,25, and 32°C. 

with Schlieren optics. To achieve better photographs 
at high concentrations, the 12 mm Epon Double 
Sector cell was assembIed with a 1” negative radial 
wedge window. 

An An-D aluminium rotor was used for more ex- 
act temperature control by means of the RTIC unit. 
NormaLly, solution columns of 2 mm length and rotor 
speeds between 30 000 and 60 000 rpm were used, 
and sedimentation equilibrium was approached with- 
in about 6 hours. 

different runs with various starting concentrations. 
In the case of N-6,9-dirnethyladenine, the curves 

show a pronounced tendency to fall at higher concen- 
trations, which indicates a strongly nonideal behavi- 
our. Because of the lower solubility of Nddimethyl- 
adenosine, an analogous curvature is more difficult 
to observe, although the following analysis of the data 
proves the influences of nonideality here, too. 

The areas of photographic plates were calibrated 
in terms of initial concentrations by synthetic boun- 
dary experiments in a double sector cell at various 
concentrations_ 

In order to explain our data, we use the model of 
noncooperative, infiite linear association proposed 
by Ts’o [ 11, Poerscbke and Eggers [2] and Van Holde 
and Rossetti [4], in which all association steps occur 
with the same equilibrium constant K 

A n_L +A&An (n = 2,3, . . . ). 

3. Results 

The apparent molecular weights are shown as a 
function of the total(local) concentrations in fig. 1 
for N-6-dimethyladenosine and in fig_ 2 for N-6,9- 
dimethyladenine. The values were calculated at sever- 
al radial positions for each run with a WANG 700 
desk-top computer by numerical integration of the 
wire image displacements recorded on the photo- 
graphic plates. It may be noticed that all points at a 
certain temperature lie on a single curve (within exper- 
imental accuracy), although they are cbllected from 

in addition, we make three assumptions, following 
the proposal of Van Holde [4] : 

(a) The partial specific volume, and 
(b) the specific refractive index increment of the 

solute is not changed by aggregation. The latter as.- 
sumption is confirmed by the fact that the synthetic 
boundary experiments did not yield any detectable 
concentration dependence in the normalized Schlieren 
signaL 

(c) The activity coefficient of the ith species, ri, 
can be expressed as a function of the total eoncen- 
tration in terms of monomeric units by the equation 



In ri = IB,&flC, (1) 

where Ml is the moIecular weight of the monomer 
and 8, is a constant. This expreSsion is cunsistent 
with the theory of the viriaf coefficient in rodlike 
molecules. 

As Adams and Williams [S] show, one gets the 
equation for the apparent weight average moiecular 
weight Mw,<c) 

“t’r /&Jc> = ~~~~~~(~~ f B t&f, c. (2) 

Herein, M,(c) is the true weight average moIecular 
weight, which can be expressed as a function of the 
toti (local) concentration c* 

Here, ci is the molar concentration and Mi the mo- 
lecular weight of the ith species. This relationship (3) 
can be derived from the mass conservation Iaw 

z3ic, = c, 
i 

(41 

and the mass action equations for every step: 

G$@&& = (e#;-_ IQ (Y&j_ 1 Ty) =-K (5) 

where fi- is the activity and ri the activity coeffificient 
of the ith species. It may be noticed that the term 
rj/rj_l 71 becomes unity according to eq. (1). 

In the case of N&limethyladenosine, each set of 
data points at a single temperature can be fitted by 
the functioni dependency [Mv&) versus c] result- 
ing from <Z) and (J), aecordiztg to the method of 
least squares, using a ffewtett-Packard 98 10 A de&r- 
top computer, The least squares lines obtained ae 
shown in fig. 1 I and the resulting values of the ec@& 
brium constant K and Bl&fl are summarized in table 

Table t 
ha% !iqutlra fit results far Nd-dimethyhdenasine 

Mafiod T R Standard Averse of 
of fit eq wg) ~~~~~ error rhe & 

GlIKalld 1s 49.6 0.093 37.7 877.3 
BtMt 20 39.8 0.170 24.1 882.1 

VMC?d 2.5 34.5 0.136 . 22.5 915.9 
33 28.7 0.178 25s 835.9 
3s 23.5 0.088 20.7 790.3 

Ib$ R W&xi, f5 5a.4 0.133 37.8 877.3 
S $f fixed t 20 38.9 0.133 24.4 882.E 
faverage) 25 34.4 0.133 22.5 915.9 

30 27.6 0.133 26.2 835.9 

35 24.4 0.133 22.3 790.3 

l(a), Standard errors of estimate of%,(c) on c were 
evaluated according to the definition 

in which ck and &ig are the measured data belonging 
to the kth data pair, N is the number of data pairs at 
one temperature, and jtf_(q) means the apparent 
molecirlar weight value at the concentration ck, cal- 
culated from eq. (2). The SnrVc values (in molecular 
weight units) are Ested in table l(a). 

The nonideality parameter BrMI does not seem 
to show any decreasing or increasing temperature de- 
pendence. In order to check whether the differences 
in BLMl are real or just due to experimental scatter- 
ing, we tried a somewhat modified fit, in which only 
K was varied, whereas B,&ft was taken as a fixed num- 
ber (qwkl to the average of the values resulting from 
the first approach)- 

A”s one can see from the SM c values in table I(b), 
an almost equally goad fit could be achieved by this 
procedure, and the differences in the equilibrium can- 
&nts obtained by bath methods are always less than 
4% 

The N-6,9~me~~~ad~n~e data cannot be fitted 
by the model mentioned above, based an eq. (2), but 
show a remarkable downward deviation from the 
theoretical cumes at higher concentrations, thus indi- 
cating eveustrouger nonideality. Following a proposal 
of Adams and Wiiiiams ES] ~ eq. ( 1) can be extended 
to a quadratic term in c: 
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Table 2 
Least squares tit results for N-6,9dimethyhdenine 

hlethodoffit 

(a) KBtM, 
and BzM, 
varied 

(b)Kvaxied. 
BIM, and 
Ezhf, fixed 

s-0 

6 
10 
15 
20 
25 
32 

6 
LO 
15 
20 
25 
32 

K 
(hl-'1 

BlMl 
(M") 

&MI Standard 
W2) 

AWrage 
error oftheMk 

160.7 0.080 0.052 27.3 1150.4 
119.6 0.068 0.057 19.1 996.7 
82.5 0.036 0.075 31.1 8935 

68.0 0.060 0.063 24.7 875.0 
56.4 0.057 0.064 34.2 78Q2 
38.0 0.063 0.059 29.2 716-4. 

149.6 0.061 0.062 33.8 1150.4 
L17.4 0.061 0.062 19.6 996.7 
88.4 0.061 0.062 36.6 8935 
67.5 0.061 0.062 25.0 875.0 
56.8 0.061 0.062 34.4 780.2 
37.9 0.061 0.062 29.3 716.4 

ln -yi = iB, M, c + iB#f, c2 _ (7) 

l%is leads to the modified equation 

whereas the relationships (3), (4), and (5) remain un- 
changed. Eqs. (8) and (3) can be combined to give an 
extended expression forM,(c). The N-6,9dimethyl- 
adenine data can be fitted to this relationship by a 
least-squares treatment (curves shown in fig. 2), and 
the resulting parameters and standard errors are listed 
in table 2(a). 

Again, no systematic temperature dependence in 
B,M, and &Ml could be detected. The results of a 
second fit with flxed (average) SIMl and B$tfl values 
[cf. table 2(b)] show randomly distributed deviations 
in K, which are somewhat greater (up to 7.5%) than 
in the case of N&dimethyladenosine. The changes in 
.!&, however, which represent the quality of the fit, 
are small. 

In order to obtain further thermodynamic informa- 
tion, and also as zn additional test for the two models, 
In K can be plotted against 1/T, and in both caszs, 
linear van? Hoff plots are obtained (fig. 3). Thermo- 
dynamic parameters @ and bso for the aggregation 
process (related to a single step) may be evaluated 
from the slopes and intercepts of the regression lines. 
Results are given in table 3. 

It may be noticed that the resulting enthalpies and 
entropies are only slightly changed, if the various 

BLMl and Bfll values are replaced by their (temper- 
ature independent) averages. Especially in the case of 
N-6,9dimethyladenine, the K values obtained with 
fuced coefficients seem to scatter much less with re- 
spect to the regression line in the van? Hoff plot. 

4. Discussion 

The comparison made in table 3 shows that our 
data for KsC are consistently higher than those of 
other authors, although the differences are not very 
large. It may be seen from eq. (2) [or (S), respectively] 
for positive B, (and B2) that lcfwJc) <M,(c). The 

Fig. 3. Van-t Hoff plots. In K versus l/T. Nklimethyladeno- 
sine: (~)Kraluesframfit witbErMs vkkd:(~)Kvalues 
from fit with B,bfl fmed. N6,9dimethyladenine: (+) K values 
from fit with BllcI 1 and &Ml varied; (0) K values from tit 
with BlM, andBzMlfiied. 
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Table 3 
Ihetmodymmic parameters 

Substance Method of fit AJ? aso Kzs-c 

(kcarlmokj (e-u.) (h11-‘)3 

Nd-dimethyl- K and BIfifI1 -6.4 -14.5 33.8 
adenosine varied 

K varied. -6.3 -14.3 33.9 
B#, fixed 

cf.Ts’o [ll - - 22.2 

N-6,9.di- K. B,M, , and -9.0 -22.4 53.5 
methyladenine B,M r varied 

Kvaried. -8.7 -21.4 54.0 
BlMl and 
Bzfif, fixed 

cf. Poerschke -8.7 -21-6 45.6 
and Eggen [2] 

a) Value calculated from thermodynamic data. 

same relation holds for the number average molecular 
weights used in vapor pressure osmometry: M,(c) 
.5&,(c). Thus, if nonideality is neglected, too small 
values for M,(c) are employed and consequently too 
low K values are found by both methods, although 
the weight average molecular weight is more sensitive 
to nonideality of the solution [6] as well as to hetero- 
geneity of the solute. 

As shown above, the virial coefficients do not ex- 
hibit a measurable temperature dependence. On the 
more common g/ml scale, we find as an average value 
for N-6dimethyladenosine: BIML = 0.45 ml/g, and 
for N-69dimethyladenine: B,M, = 0.37 ml/g. 

This is of l e same order of magnitude as the value 
of 1.2 ml/g found for pnrine by Van Holde and Ros- 
setti [4], but is too small to be entirely explained in 
terms of excluded volume. 

The maximum values of the apparent molecular 
weight obtained for both substances are much higher 
than the corresponding dimer values. (In the case of 
N-6,9-dirnethyladenine,M&c) = 1600 corresponds 
to an average chain length of 10.) Thus, a simple 
monomer-dimer association model can be ruled out 
directly. As there is no obvious physical reason for 
an abrupt termination of the association process 
somewhere beyond the decamer state, a model with 

infinite association seems to be the most adequate to 

describe the data. 

Certainly, the simplest assumption of equal equilib- 
rium constants for each step is not the only possible 
one, although it describes the measured data very well. 
On the other hand, there is neither experimental evi- 
dence (e.g., all-or-none behaviour) nor an obvious phy- 
sical reason for strong cooperativity (or anticoopera- 
tivity), whereas a possible weak chainlength depen- 
dence of the association constant may hardly be de- 
tected within the experimental accuracy of the meth- 
od. In the latter case, the thermodynamic quantities 
listed in table 3 may serve as average values. 

Like many other purine derivatives, N_6dimethyl- 
adenosine and NQ,9&methyladenine show negative 
association enthalpies and entropies, in contrast to 
other “hydrophobic*’ compounds(like certain deter- 
gents). 

As pointed out by Ts’o [8:, this different behavi- 
our of the purines cannot be explained by the con- 
cept of hydrophobic interactions developed by Kauz- 
mann [9]. Instead, the effect of the reduced surface 
tension described by Sinanoslu [lo] seems to be a 
major contribution to the thermodynamic quantities 
of the two compounds studied in this work. 
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The conformational properties of a simulated polymer chain with secondary and tertiary structures are calculated. 
The calculation is carried out by a ~Ionte-Carlo procedure for a chain on the cubic lattice consisting of 64 links with 
Zimm-Bragg parameters s = 0.8-l-3, a = l/64 and an energy of attraction between Links E = O-1.0_ 

Different conformations1 transitions are investigated: helix-coil. coil-globule. coil-crystal, globule-crystal. It is 
shown that in all cases formation (or destruction) of a crystal-like structure occurs as a jump-like transition. 

The results obtained for a model chain are discussed in relation with conformational transitions ir. globular proteins. 

1. Introduction 

The characxristic property of polymeric systems 
is the presence of several levels of molecular ordering_ 

In particular, globular proteins possess both a secon- 
dary structure, characterizing a short-range order in a 
polymer chain, and a tertiary one, determining the spa- 
tial arrangement of individuaI chain segments, given 
the short-range order. With a change in external condi- 
tions proteins may undergo conformation transitions 
accompanied by a change in the secondary and tertiary 
structures (denaturation). 

Up to the present, however, theoretical considera- 
tion has been given only to the transitions in which 
either the change of the secondary structure alone is 
taken into account with the possible change of the ter- 
tiary structure neglected (the helix-coil transition thee 
ries [ 1,2] ), or else the tertiary structure changes, with 
the secondary structure invariable (the theory of glob- 
ule-coil transition [3-51). 

In the present paper we consider a mode1 polymer 
chain in which the change in characteristic parameters 
corresponding to the change in the external conditions 
can lead to the transitions which involve the secondary 

and the tertiary structure simultaneously. 

2. The model description of a macromolecule 

Consider a polymer chain whose links may be in 
either of the two states: that of the helix and that of 
the coil. The contribution of the secondary structure 
to the statistical weight of each state of the macro- 
molecule can be taken into account through the Zirnm- 
Bragg parameters s and u. The statistical weights = 

exp [-(Fb - Fc)l (Fh and F, are the free energies of 
a link in the helicaI and coiled states respectively) is 
ascribed to each helix-state link, and the statistical 
weight D = exp(-Fti) takes into account the free energy 
of initiation of a helical region.(the v&es of the free 
energy and energy are expressed in terms of kT). A 
decrease in s indicates that the stabilization energy of 
the secondary structure decreases, which leads to de- 
struction of the structure, while a decrease in u denotes 
an increase in co-operativeness of secondary-structure 
formation. 

The contribution of the tertiary structure to statis- 
tical weights of different states is associated with the 
interactions of the links which are widely separated m 
the chain sequence yet close to one another in space. 
Here an essential part is played both by the repulsive 
forces at small distances (the fmite volume of links) 
and the gain in energy on direct contact. 

For calculating the partition function and the physical 
properties of a polymer chain the computer simulating 
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method was used. Chain links were positioned in cubic 
lattice points. The helical state of a link corresponded 
to one step forward on the lattice (the link addition at 
a valence angle of 180”). the coiled one, each of the 
four side steps (the link addition at a valence angle of 
9OO). Thus, the partially helical chain was represented 
as a sequence of rigid (helical) and flexible (coiled) 
regions. The step aside was given a statistical weight 
value of I/4 (here the total weighht of the coiled state 
is unity as is usually assumed in the theories of helix- 
coil transition), the step forward was given the statis- 
tical weights, the first step forward after a step aside, 
the weight us. 

The spatial interactions in the macromolecule were 
simulated by forbidding two links to occupy one lat- 
tice point (self-avoiding walks) and taking into account 
the interaction of the links occupying neighbouring 
lattice points. Such a pair of links was assigned an at- 
traction energy (-e), i.e., a statistical weight exp 6. 
An increase in E must give rise to formation of intra- 
molecular contacts in the macromolecule, i.e., to the 
setting-in of a certain tertiary structure. Therefore we 
shall treat E as the stabilization energy of the tertiary 
structure. 

It should be noted that the contributions of the 
secondary and tertiary structures to the partition func- 
tion of the system under consideration are described 
in terms of the theories of the helix-coil and globute- 
coil transitions. Therefore at certain values of the pa- 
rameters our model is reduced to the ones considered 
earlier_ Thus, at E = 0 and ‘Ylowedness” of self-ititer- 
sections, when only the interaction along the chain 
(parameters s and u) is taken into account, we obtain 
a linear c-operative chain undergoing the helix-coil 
transition, and numerical computation must give the 
same results thar follow from the analytical theory of 
the helix-coil transition. On the other hand, at o = 1 
we obtain a chain with random breaks who% rigidity 
is determined by the value of s. The coil-globule transi- 
tion associated with the growth of volume interactions 
in this system was considered earlier [6] _ 

3. Method of computation 

To obtain the mean characteristics of the chain for 
the particular value:-. of the parameters of the secondary 
(s, 0) and tertiary (E) structures it is necessary to per- 

form an averaging over the ensemble of all self-avoiding 
conformations of the chain. This ensemble is common 
for all values of s, u and E; however, the statistical weights 

ascribed to various conformations are dependent on 
s, u and E. The major contribution to the partition 
function in each set of s, u and E is made by a small 
part of conformations. Therefore appropriately select- 
ing conformations with maximum weight by the Monte- 
Carlo method we can obtain average characteristics 
by investigating but a relatively small number (loj - 
105) of different states of the chain. Here sampling 
can be performed in various ways: 

(a) For each set of s, u, E a separate sampling can 
be performed [7]. For other sets of parameters this 
procedure does not give reliable results. 

(b) Sampling can be performed for fixed values of 
s and u without assigning any determined value to E. 
For this sampling to be sufficiently representative over 
a particular range of fz variation it is necessary to in- 
clude in it conformations with a significantly different 
number of contacts. Such a sampling was performed 
in [6] using the technique of enriching the ensemble 
with conformations having a great number of contacts 

Pl - 
(c) Sampling can be performed for a fixed value of 

u without giving the values of the parameters s and E. 
Such a sampling should include conformations not 
only with a varying number of contacts but also with 
a different degree of helicity. Here the enrichment 
technique has proved to be insufficient, and so we have 
developed a subensemble summation method described 
below. In this method a number of independent sam- 
plings are performed yielding conformations with 
various degrees of helicity, and a sampling ensemble is 
composed from them in a specified way. The ensemble 
thus obtained permits the chain characteristics to be 
calculated over a sufficiently large range of variation 
of stabilization parameters of the secondary and ter- 
tiary structures. We believe this method to be the most 
adequate for solving the problem of interrelation be- 
tween the secondary and tertiary structures in confor- 

mation transitions_ 
In order that summation of subensembles should 

give meaningful results we classified ffie states of the 
chain by the degree of helicity 0, the number of con- 
tacts m and the number of helical segments n. The 
partition function of the system 2 is written then as 
fo~ows: 
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N-2 N/2 

Z(s. a. E) = c c “(Nh. ~r)s~~cr= 
N,,‘O n=O 

))Irnax 

X mgO Pa,(Wexp WeI , (1) 

where N is the number of links in the molecule, Nh = 
NO is the number of links in the helical state, 

(Nh - l)! (N-Nh - l)! 

Q(Nh’n) = (Nh -n)! (n - l)! (N-Nh -n- I)! n! (2) 

is a combinatory factor taking into account the entropy 
of mixing of the helical and coiled regions along the 
chain; peSn (m) is the portion of conformations with 
the given vaIues of B and n and with m number of con- 
tacts which was approximately calculated by the Monte- 
Carlo method using the subensemble summation tech- 
nique. 

A number of subensembles consisting of conforma- 
tions with different values of 0, n and m were generated. 
The conformations belonging to a particular suben- 
semble were generated via a Markovian process with 
the stochastic matrix of transition probabilities fV: 

(3) 

The conditional probablities FVc_e, FVc_-h, FV,_,, Wh_h 
determine the probabilities of annexing a new link in 
the helical (h) or the coiled (c) state depending on the 
state of the preceding link. The subensemble generated 
with the use of the W matrix (for N 9 I) has the same 
distribution of chains in 8 and II characteristic of a sta- 
tistical ensemble at parameter values s = S, u = B related 
[2] with the elements of the stochastic matrix: 

Fv_ = 1 - W&h = I/( 1 i-r - q), 

(4) 
W h_h=l-Wh_;= (1-w1u+~-~). 

where 

The mean values of the degree of helicity and the num- 
ber of helical segments &, and (ii) correspondiig to the 

values of Sand iF are determined from the formulae 

<I) = (r - 41/a, 

(ii) = NC2 - 42)/wl f r - 4). 
(5) 

In constructing conformations in a subensemble the 
elimination of the conformations with self-intersections 
and the enrichment with conformations having a great 
number of contacts was attained by methods which 
have been used earlier [S, 91_ At each step of the Mar- 
kovian chain ffie analysis of the next possible steps 
leading to conformations without self-intersections was 
carried out. Since the number of these steps was dif- 
ferent for different conformations, the generated non- 
interesting chains proved to be nonequiprobabIe_ There- 
fore each generated conformation is assigned a factor 
pi inversely proportional to the probability of this 
particular conformation generating in this method, and, 
consequentIy, the generated chains have the statistical 
weight corresponding to independent construction. 

We also used the enrichment technique. After a 
definite number of steps (16,32,48) the number of 
contacts between the links was calculated, and if it ex- 
ceeded the preset values of rnt6, m32, me&, the con- 
formations were multiplied to T copies. As a result of 
the procedure the number of generated conformations 
with a great number of contacts increased sharply, and 
each conformation obtained by multiplication was to 
be assigned an additional statistical weight penr = l/p, 
where r is the number of reproductions_ Upon generating 
individual subensembles their joining together was carried 
out. To do this, conformations with definite values of 
8 and n were picked out of all subensembles. The values 
of pe ,(m) were calculated from , 

Here G,,, is the total number of generated conforma- 
tions with definite 8 and n. and Ge,&rz) the number 
of those among them having m contacts. 

Two independent realizations were carried out for a 
chain consisting of 64 links at o = l/64. The data char- 
acterizing the subensembles in these realizations are given 
in table 1. As analysis has shown, the 0 and n distribu- 
tion functions in generated subensembles overlapped 
so that the generated chains filled tile B-n phase plane 
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over the whole range of 8 and II g 10. The total en- 
semble obtained is sufficiently representative within 
the parameter variation range 0 < E < 1,023 f s < 1.3. 

(The limitation on II is inessential, because we consider 
short chains with N = 64 and TV = l/64 when the ap 
pearance of a greater number of helical regions is scarce- 

ly probable;) For this region we calculated the values 
of free energy and other thermodjrnamic quantities, 
mean values of (0). 0x1. On), and geometric characteris- 
tics of the chain: the mean square of the end-to-end 
distance, #I’>, and the mean square radius of wration, 
(R21. The 0 anri m distribution functions were plotted. 
The evaluation of the accuracy of results obtained was 
carried out by comparison of the results of two inde- 
pendent realizations. The quantitative discrepancy be- 
tween them forms a small percentage at E = 0 and some- 
what increases with increased e. All l &e physical effects 
discussed below are retained in both reaIizations. 

4. The limiting states of the system 

We shall begin with analysis of the conformations 
associated with the limiting values of the parameters 
s and E under consideration in the present work. These 
conformations are shown in fig. 1 and their averaged 
characteristics in table 2. 

As is seen from table 2, at E = 0, that is, in the ab- 
sence of interactions stabilizing the tertiary structure, 
it is uncoiled co..;brrnations with a small number of 
intermoIecular contacts that prove to be the most prob- 
able ones. These conformations and the transitions be- 
tween them are close to those described by conventional 
theory of heIix-coil transitions_ A certain difference 
is due to taking into account the effect of the excluded 
volume in the system involved (self-intersections are 
forbidden) so that the characteristics obtained at E = 
0 relate to a macromolecule in a good solvent. For com- 
parison table 2 gives the values of conformation charac- 
teristics for a chain unperturbed by volume interactions_ 

cc CH 

Fig. 1. The limiting conformations of ihe system. 

At a small value of the secondary-structure stabika- 
tion parameters 7 O-8 the system under study has a 
low degree of helicity and constitutes a flexible swelled 
coil.,The coefficient of swelling, a2 = th2)/(hi), i.e., 
the ratio between the mean square end-to-end dimensions 
of the chain and the mean square dimensions of the un- 
perturbed chain (index “0”) at the same degree of he- 
licity, is equal to 1.5 (for details see appendix). Some 
deviation from gaussian statistics is also attested by the 
relation Uz2 l/R21 being equal to 6.5, while fog the 
gaussian coil it should be equal to 6. As seed from table 
2, a part of this deviation manifests itself also in the 
absence of volume effects ((h~)/W~) = 6.25) md is 
due to the preserxe of rigid helical regions whose lxgth 
is comparable to that of the whole chain [IO] _ The 
other part of the deviation is associated with the in- 
fluence of volume effects. For a model cnain with 3 = 
0, free from helical regions, with self-intersections for- 
bidden and e = 0, calculation gives <?z2 >/<R2) = 6.3 [ 1 l] _ 

At another limiting value of s = 1.3 the system is 
characterized by a high degree of helicity and repre- 
sents a set of several rigid helical regions with flexible 
joints. In this case the mean square end-to-end dimen- 
sions are greater by an order of magnitude than in the 
case of macromolecuIes with s = 0.8, and the large 
value of the relation (t12}/(R2) is an indication of a 
sharp deviation from gaussian statistics_ The values of 
this relation for the swelled and unperturbe.d chains 
being close to each other indicates that such a devia- 
tion is mainly due to a high rigidity of the short chain. 
From now on both the above conformations associated 
with the assumed limiting values of the secondary- 
structure stabilization parameters at E = 0 will be re- 
ferred to as the coil conformation (Cc) and the helix 
conformation (H). 
Now consider conformations of the system at a high 

stabilization energy of the tertiary structure. As is seen 

from table 2, the common property of these conforma- 
tions is a high degree of compactness, i.e., small dimen- 
sions of the system and a great haumber of mtramolecular 
contacts_ Thus the great value of E determines the for- 
mation of compact globular conformations. The average 
number of intramolecuhx contacts proves to be practi- 
cally the same at both the limiting v&es of the secon- 
dafy-structure parameters, whereas the secondary stmc- 

ture in gIobules is strongly dependent on s. At s = 0.8 
the degree of nelicity is practically zero, i.e., the system 
does not possess a secondary structure, althOugh at the 
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Table 2 
Conformational characteristics of limiting states 

l =o 

s=O.& s= 1.3 

E= ,=I 

s=O.S s= 1.3 

<es 
or) 

<ml 

ti= ,b) 

CR21 

uz* )/&l 

S/NC) 

Structure 
Structure designation 

0.23 0.84 0.02 - 0.025 0.78 - 0.86 

3 2.5 0.8 - 1.0 4.2 - 4.9 

11 1.8 56 - 59 54 - 57 

260 (175) 2000 (1630) 

41 (28) 225 (190) 5.3 - s-4 18 -22 

6.5 (6.25) 8.9 (8.6) 

1.3 0.4 1.0 0.2 

expanded. of low helicity expanded, of high helicity globular, of low helicity globular, of high helicity 

C H cc GH 

a1 For e = 1 values obtained in two realizations are given. For E = 0 both realizations yield the mme values. 
b, Bracketed are the values of (ha), #!z). calculated from the formulae for finite chains IlO] and relating to an unperturbed chain 

at a given (8). 
‘) S stands for the entropy of chain. 

same s an expanded conformation Chad a helicity 
degree of 0.23. We shall refer to such a structureless 
globule whose links feature coil conformations as CC. 
The geometrical parameters of the CC conformation 
also indicate that it is nearly spherical in shape. Thus, 
the magnitude of (R2) = 5.3-5.4 is near to the minimum 
value 4 which corresponds to a close packing of 64 
links in a spheric volume. 

At the upper limiting value of the stabilization pa- 
rameter of the secondary structure, s = 1.3, the globule 
designated as CH is of a structure with a high degree 
of helicity, the same as found in an expanded (e = 0) 
conformation H. However, in this case, too, we observe 
a rearrangement of the secondary structure in transi- 
tion from the expanded to the globular structure: the 
number of helical regions (~1 increases. 

The globule GH has an asymmetric structure with 
(R2) greater than that of the globule Cc. It is a com- 

pact three-dimensional small crystal of four, five rigid 
rods stuck together (average lengths of the rods are 
10 to 13 monomers). For an ideal structure of this 

kind (4 rigid rods of 14 monomers each, see fig. 1) the 
number bf contacts between the rigid regions would 
be61 andW2)= 17. 

The results obtained permit some conclusions to be 
drawn as to the properties of the system under study_ 

They show that there is a strong correlation between 
the secondary and tertiary structures in macromolecules. 
Formation of a compact conform?tion at E = 1 may be 
accompanied by a marked rearrangement of the sec- 
ondary structure. At the same time, the initial secon- 
dary structure determines the structure of the globule, 
with the same degree of compactness established in the 
structureless (CC) and crystal-like (GH) globules, i.e.. 
with equal (rn). 

For more detailed analysis of the behaviour of the 
system consider the transitions between the limiting 
states with varying stabilization parameters s and c of 
the secondary and tertiary structures. We shall consider 
the transitions due to variation of either parameter, the 
value of the other parameter fixed. 

5. Conformation4 trxzsitions due to increase of E 
(s = const) 

We shall begin with analysis of the averaged charac- 
teristics of the system_ Fig. 2 shows the number of 
contacts (rn) and the mean square radius of gyration 
<R2) as functions of e at the two limiting values of s, 
i.e., the curves of transitions from expanded structures 
C and H with a small number of contacts to compact 
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mm) 
<R*> 

Fig. 2. Plots of the average number of contacts tm) and the 
mean squxe radius of gyration (R*) against the stabiIization 

energy of the tertiary structure l a? different values of the sec- 

ondary-structure stabilization parameter s. Curve 1: s = 0.8; 
cume 2: s = 1.3. 

structures GC and GH with a great number of contacts, 
respeqtively. 

Fig_ 3 shows the degree of helicity characterizing the 
secondary structure of a molecule as a function of the 
tertia&structure stabilization energy. it can be seen 
that the formation of the tertiary structure caused by 
increase in E affects the secondary structure of the mac- 
romolecule, although the parameters s and (T of the sec- 
ondary structure remain constant_ As has been noted, 
the degree of helicity (6) diminishes with the transition 
C-CC. Formation of compact globules is accompanied 
by decrease in (0 1 also for all molecules with the initial 

M 

0.3 I-L 
s=a9 

Fig. 3. The mean degree of helicity (8) versus the tertiary-struc- 
ture stabilization energy E at different values of the secondary- 

structure stabilization parameters. 

degree of helicity G?l~ 0.5. On the contrary, for the 
molecules with an initial value of 0.5 S: (0 15.0.8 
(1.0 Q s < 1.2) the degree of helicity increases_ In this 
case the change in (8) with increasing E is nonmonotonic. 
At small interaction energies (up to 0.2) the degree of 
helicity somewhat diminishes with increasing e (it is 
.easier for a more flexible chain to increase the number 
of contacts), and only for great values of E the require- 

ment for the maximum ordering becomes of crucial 
importance, leading to an increase in the degree of he- 
licity. For the H-GH transition the degree of helicity 
is practically constant, and the rearrangement of the 
secondary structure amounts to a change in the number 
of helical regions in the chain, this change occuring 
within a narrow range of E variation (see fig. 4). 

More comprehensive data on the nature of transitions 
is given by the distribution functions for the degree of 
heiicity 0 and for the number of intramolecular con- 
tacts m. Figs. 5 and 6 present these functions obtained 
for the whole variation range of stabilization parameters 
of the secondary and tertiary structures. The upper line 
in each figure represents the C-GC transition; the lower 
one, the H-GH transition. 

As is seen from fig. 5, there is a radical difference 
between the C-CC and H-GH transitions. When E in- 
creases and a flexible molecule C folds: itself into a com- 

pact low-helicity conformation GC, a gradual shifting 
if the distribution function for the number of contacts 
Q(m) in the direction of a greater number of contacts 
is observed, and, consequently, the C-CC transition 
is a continuous one. 

For H molecules with a high degree of helicity an 
initial increase in the contact energy up to e = 0.4 also 
leads to a gradual shift of a(m) in the direction of 

SF 0. 0.2 0.4 0.6 0.8 1.0 

0.8 

0.9 

1.0 

1-i 
I I 

f-2 ,I;-LO--3.0 ’ ’ \4.2 3.&w , 4.4 4.2 
I.3 2.5 2.7 Z.8\ 1 V.0 6.0 

4.3 4.2 

Fig. 4. Average numbers of rigid s-en% in macromolecules 

(n). The isotines 00 are drawn at OS intervals. 



E -a2 &-n4 C ~26 E= OS 

Fig. 5. Dist&ution functions for the number of COSItXtS i’Z@7E). lndicuted are the v&ies of(m). 

greater values of m, The increase in e from 0 to 0.4 in- S2(m) changes drasticalty. At E = 0.6 alongside the first 

volves a gradual transition from the expanded structure maximum S’Z(m) correspon.ding to the conformation 
H with a small number of contacts h> = 1.8 to a more H’ and practically retaining the position which it had 
compact partially folded structure H’ with a moderate at E = 0.4, there appears a second maximum in tke re- 
number of contacts Cm> ;= 30. However, as E increases gion of high-compact structures CH with a great number 
further, the behaviour of the distribution function of contacts, Still further increase in energy results in 

Fk 6.l3%ribution fuuctions for the degree of helicity f~@). Indicated are the values of I@ 1. 
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complete disappearance of ?he first maximum and 
sharpening of the second one. 

Thus the formation of the GH structure as a result 
of the chain folding due to an increase in the tertiary- 
structure stabilization energy, occurs through a jump- 
like transition which for a small system is an analogue 
of the first kind phase transition in a Iarge system 
(N-+m). 

A comparison of the distribution functions S2(m) 
for the two compact structures GC and GH shows that 
although the average numbers of the contacts are prac- 
tically the same for both structures, the distribution 
function R(m) is narrower for the high-helicity GH 
structure than for the low-helicity CC structure. This 
points to a lower entropy of the GH conformation, 
which is due to its crystallike nature. The values of the 
entropy of the limiting states per monomeric link are 
given in table l_ They confirm the above conclusion. 

As has been noted, the C-CC and H-GH transi- 
tion; involve a change in average characteristics of the 
secondary structure. Thus, in transition H-GH the 
number of rigid helical regions, (n), increases_ As is 
seen from fig. 4 this rearrangement of the secondary 
structure goes along with the jumplike formation of the 
crystallike structure. The formation of a moderately 
compact structure H’ during the initial growth of 6 is 
not attended with variation of(n). 

Finally, as fig. 6 shows, formation of compact struc- 
tures CC and GH is also accompanied by a significant 
narrowing of the distribution function for the degree 
of helicity Q(8). While for the expanded structures C 
and H the distribution functions Sy0) are almost over- 
lapping, for the compact structures GC and GH there 
exist extremely narrow distribution Functions for 6 ac- 
cording to which an overwhelming majority of the mol- 
ecules of each given class in compact state are charac- 
terized by the same degree of helicity 8 x 0 iu the case 
of low-helicity molecules CC and 0 - 0.85 in the case 
of high-helicity molecules GH. 

The influence of the tertiary structure on the secon- 
dary stiucture manifests itself most pronouncedly in 
the cases when the molecuIes in the initial expanded 
state (at E = 0) have a moderate degree of helicity.The 
behaviour of the distribution functions Q&z) and 
q0) in formation of the compact structures in such 
moIecuIes can be traced in lines 2-6 in figs. 5 and 6. 
As is seen from fig_ 5, as the secondary-structure stabi- 
lization parameter increases. one observes a change in 

the character of transition to a compact structure with 
E increasing. At s = 0.9 - 0.95, when the initial (at E = 
0) degree of helicity (0) = 0.38 - 0.46, there occurs 
a continuous transition to compact structure, much 
like the transition C-CC. At s = 1 .O ((0 1~ 0.54 at 
TV = 0) there is a region of e where Q(m) has two over- 
lapping maxima. A further increase of s and (0 ) leads 
to separation of the maxima in the transition region 
and, consequently, for the molecules with the initial 
degree of helicity (0) 2 OS the transition to compact 
structure with E increasing is always jumplike. It should 
be noted that for such molecules in a compact con- 
formation the distribution functions for the number 
of contacts Q(m) are narrow and practically coincide 
with the distribution functions Q(m) for a high-helicity 
conformation GH. This circumstance is directly con- 
nected with the results shown in fig. 3 according to 
which for the molecules with the initial degree of heli- 
city (0 ) > OS, the degree of helicity in a compact struc- 
ture grows, approaching the value observed for the 
conformation GH. 

The course of rearrangement of the secondary struc- 
ture can be analyzed from the data in fig. 6. As is seen, 
in an intermediate region of s = 0.95 - 1 .O ((0, = 0.46 - 
0.54 at E = 0), the growth of e results first in broadening 
of the distribution function S2(f3) (at E = 0.4 - 0.6) 
and then (at E = 0.8 - 1.0) in its separation into two 
isolated peaks, corresponding to the high-heIicity GH 
and low-helicity GC structures. Thus it turns out that 
in a c-pact state the model molecules under consid- 
eration can have but one of the two conformations: a 
globular one, GC, practically free from the secondary 
structure, or a crys%IIike conformation, GH. At ex- 
treme values of s only one of these conformations 
exists; at intermediate values their co-existence is pos- 
sible. 

6. Conformational trarsitions due to variation of s 
(E = coti) 

NOW consider transitions at varying s and e = const, 
i.e., the transitions corresponding to different coIumns 
in fig. S and 6. The variations in average characteristics 
of the secondary &nd tertiary structures in such transi- 
tions are shown in figs. 7 and 8. 

At E = 0 the (81 versus s curve, that is, the untie of 
the transition C-H, corresponds to a usual coil-helix 
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Fig. 7. The avenge number of contacts tm) versus the secon- 
dary-structure stabilization parameters at different values of 
the tertiary-structure stabitization energy l . 

transition_ As noted above, however, in contrast to 
analytical theories which do not take into account 
volume interactions, the model under consideration 
retains even at E = 0 the volume interactions due to 
the chain selfiitersections being forbidden_ In other 
words, the analytical theories consider a molecule in 
the &soIvent, whereas our model at E = 0 represents 
a molecule in a good solvent. As is seen from fig_ 8 
the curve obtained for the C-H transition at E = 0 is 

-62 -(II 0 Iu Q2 

Fig. 8. The mean degree of helicity (0 ) versus the secondary- 
structure stabiliition parameters. The theoretical dependence 
[lOI forN=64 is shown by a dotted line. 

displaced from the theoretical curve by a magnitude 
of the order of 0.1 in Ins units. This displacement is 
due to the fact that the volume effects, i.e., the for- 
biddenness of self-intersections limits mainly the set 
of the-effect serves the mean number of contacts at 

e = 0 which decreases from (nr> = 11 for the C con- 
formation down to 6n) = 1.8 for the H conformation.) 
Eventually. the free energy of the coil increases and 
SO does the relative stability of the helical state, which 
leads to displacement of the transition curve. This ef- 
fect of the solvent quality on the midpoint of the 
transition should be taken into account in the quanti- 
tative treatment of experimental data on helix-coil 
transitions in polypeptides. 

The obtained data concerning the dependence of 
the size of a macromolecule on (0) in the presence of 
volume effects, are discussed in the appendix_ 

Now consider the transition (f3 1= (6 1 (s) at a non- 
zero stabilization energy of the tertiary structure. It 
follows from fig. 8 that as E increases the transition 
curve sharpens and shifts to the region of smaller s. 
The change in the steepness of the transition cwve, as 

seen from fig. 6, is associated with a radical change in 
the nature of transition_ [n the C-H transition one 
observes a gradual displacement of the distribution 
function for the degree of heiicity in the direction of 
greater 0 : the helix-coil transition in an expanded 
structure is not a phase transition_ In the course of the 
CC-GH transition the distribution functions are di- 
vided into two separate peaks corresponding, respec- 
tively. to the globular structure CC with a low degree 
of helicity and the globular structure GH with a high 
degree of helicity, and consequently the intramolecular 
crystallization in a compact structure follows the prin- 
ciple “all or none” (cf. ref. [4] )_ Thus the distinction 

between the transition curves shown in fig. 8 is due to 
the fact that the curve for E = 0 describes transitions 
in a one-dimensional system, whereas the curve for 
E = 1 describes transitions in a three-dimensional system. 

The displacement of the transition curve at E = 1 
with respect to the one at E = 0 cannot be explained 
as a pure energetic effect because the structures GC 
and GH possess approximately equal numbers of intra- 
molecular contacts. More essential is the fact that the 
set of conformations corresponding to the GC structure 
is limited as compared to the one for the C structure. 
As a result, the crystal-like structure GH arises even at 
s = 0.9 when the probability of the highhelicity state 
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0; the chain in the absence of long-range interactions 
is negligibly small. 

7. The diagram of states 

Using the data obtained we can plot the diagram of 
the states of the system involved over the whole range 
of variation of the secondary- and tertiary-structure 
stabilization parameters s and E. Such a diagram is 
shown in fig. 9. The comers of the diagram correspond, 
by definition, to the states C, GC, H, and GH schemat- 

&ally shown in fig. I. 
The expanded coiled and helical conformations C 

and H on the one hand, and the low-helicity expanded 
and compact conformations C and CC on the other 
hand, can gradually convert into each other with change 
in the energy of stabilization of the secondary or the 
tertiary structure, respectively. A compact high-helicity 
conformation GH occupies a peculiar position in the 
diagram of states. Firstly, this conformation proves to 
be the only stable conformation over a certain range 
of the s and e parameters. Secondly, the region of sta- 
bility of the GH conformation borders on transition 
regions Tr, and Tr2 (see fig. 9) in which the distribu- 
tion functions S2(f3) or/and S2(m) have two separated 
peaks, i.e., in which the co-existence of the CH con- 
formation with the compact low-helicity conformation 
GC or the partially folded high-helicity conformation 
H’ is observed. Thus, no matter in what manner the 
stabilization parameters of the structures s and e are 

7 

Fig. 9. Diagram of states. Ttr and Tra are the regions of co-ex- 
istence of the GC and GH stn~ctures, and the H’ and GH struc- 
tures. respectively. Cr is the region of critical pahmeterr. 

changing, the lbrmation (or destruction) of the high- 
helicity compact conformation GH occurs via a jump- 
like transition, and, consequently, the transition to 
the Gfi conformation is atways of a phase nature. 

Consider in more detail the regions (Trt and TrZ) 
of co-existence of the structures of different types. 
We shall begin with the Trt region of co-existence of 
the CC and GH structures. 

From the above data it follows that the tertiary 
structure of a macromolecule has a marked effect on 
its secondary structure_ At the same time at a high 
tertiary-structure stabilization energy the average num- 
ber of intramolecular contacts is practically independent 
of the secondary-structure stabilization parameters, 
i.e., of the initial secondary structure of the macromol- 
ecule in an expanded state. This indicates that in the 
range of high energies of stabilization of the tertiary 
structure a macromolecular conformation is principally 
determined by the requirement of the intramolecular 
packing. 

In our treatment of the lattice model for a short 
;hain the requirement for the close packing is fulfilled 
by compact structures of two types: symmetrical struc- 
tures with random distribution of the links over the 
lattive and extended crystal-like structures of several 
(no less than four) rigid rods. It is these conformations 
CC and GH that are formed in folding-up of the ini- 
tially low-helicity and high-helicity macromolecules. 

At the same time a short chain consisting of some 
rigid helical rods alternating with flexible coiled regions 
of comparabIe length cannor be effectively packed in 
the model involved_ This leads to variation of the sec- 
ondary structure with increasing e, that is, to forbiddett 
ness of the states with a medium degree of helicity and 
co-existence of the CC and GH structures in the Tr, 
region. 

As noted above, the intersection of the Trt region 
owing to an increase in the secondary-structure stabili- 
zation parameter s, i.e., in rigidity of the macromolecule, 
corresponds to the process of intramolecular crystalli- 
zation due to a change in the character of interactions 
along the chain. As would be expected, in a three-di- 
mensional globular structure such a transition occurs 
as a phase one. 

We now turn to consideration of the Tr2 region 
(fig. 9) where the co-existence of the H’ and GH struc- 
tures is obsetved. The phase nature of the transition to 
a crystal-like structure in rigid chains was first discovered 
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and comprehensively analyzed in [6J _ The H confor. 
mations with a high degree of helicity correspond 
generally to short rigid chains with infrequent breaks. 
It is the crystal-like GH strucfure consisting of several 
(no less than four) rigid segments stuck together that 
constitutes a stable compact conformation for such 
chains. As is seen from fig. 5 and the data of [61 the 
states corresponding to this structure have proved to 
be separated From the states of an expanded or par- 
tially folded chain, i.e., the transition to a crystal-like 
structure with increase in the energy of stabilization 
of the tertiary structure is of a jump-like phase nature. 

At the same time, as follows from comparison of 
our data with the data of [6] the distance between the 
two maxima of the R(m) function in the Tr, region 
is significantly difFerent for different models, i.e., can 
be strongly dependent From the properties of the mac- 
romolecule. Thus in [61 the first maximum is shifted 
in the direction of a smaller number of contacts (m a 
20) as compared with its position in our case (m = 30). 
i.e., in (61 the maxima are separated by a wider dis- 
tance, which involves a greater steepness of the transi- 
tion (m) = <m)(e) than that obsenred in our work (cf. 
fig. 2 with fig. I from [6]). 

Another situation exists in our system. The co-?per- 
ativeness of the linear structure brings about the fact 
that the individual side steps are not independent but 
integrated into flexible coiled regions. Thus, in the H 
conformation when the mean degree of helicity (0) = 
0.84 and the chains comprise 2-3 helical regions on 
the average (see table 2), each flexible region consists, 
on the average, of 3-4 links. So the rigid helical regions 
(rods) are bound by sufficiently flexible joints, which 
enables then to form contacts with one another easily 
enough_ Therefore. even a small rise in E involves an 
appreciable increase in (m\, and the first maximum of 
the distribution function Q(m) corresponding to the 
H’ conformation lies within the region of greater m 
than in the above case. 

owing to which the initial rise in E will not practically 
lead to any increase in (ml, and the first maximum of 
the distribution function will lie within the range of 
Small Z?t. 

The analysis shows that this is determined by the 
following differences in the models involved: ref. [6] 
deals with a non-cc-operative (u = 1) rigid chain with 
random breaks (a step aside) having, on the average, 
8 breaks at e = 0. In such a chain the folding of the 
neighbouring rods is only possible %t condition that 
two successive steps at the bending between them be 
side steps, i.e., on conditions of two breaks merged 
into one. It is evident that, the probability of each 
break being small, such an occurrence will be rare enough, 

At the same time, formation of the most advanta- 
geous (from the energy standpoint) crystal-like struc- 
ture requires a rearrangement of the secondary struc- 
ture cf the chain. Indeed, in the H and H’ conformations 
the chain comprises 2-3 helical segments (see table 2 
and fig. 4), while For Formation of a three-dimensional 
crystal at least 4 rigid regions are needed. The necessity 
of an additional break (fig_ 4) causes the displacement 
of the jump-like transition to a crystal-like structure 
in direction of greater values of E (see fig. 5). It should 
be noted that the contour (N) = 4 is practically identical 
with the border of the GH state in the phase diagram 
(fig. 9). It is evident that a relatively small change in 
the parameters of our system (the growth ofN&) 
involving the increase in (nl up to a value OF 4 at E = 0 
led to the adjustment of the initial seccndary strut- 
turn H to the requirements imposed by intramolecular 
packing in the GH conformation_ One can suggest that 

would start at a smaller value OF e, and the transition 
(ml = <rnYE) would have a steeper curve. 

in this case the formation of the GH conformation 

In conclusion of this section it should be noted that 
in the diagram of states. in the vicinity of the bimoda1 
Trl and Trz regions of the distribution functions Q(6) 
and n(m) there exists a region Cr, of the critical values 
of the parameters (E = 0.4-0.6: s = O-95- 1.0). whose 
distinguishing Feature for the systems with finite N is 
a greater width of the distribution functions [ 131. In 
our system it is most pronounced for the distribution 
function R(B) (fig. 6). broadening markedly in this region 
and giving an almost equiprobable distribution over the 
whole fange of 6. 

On the other hand, the crystal-like compact struc- 
ture is the most favourable structure of the chain from 
the viewpoint of energy. Also, the formation of this 
structure in [6] requires only a redistribution of the 
breaks along the chain without changing their number. 
In consequence, as is seen from @g. 6 in [6), the Forma- 
tion of a crystal-like srructure has proved to be possible 
beginning with E = 0.4, and at E = 0.5 practically all 
chains possess such a structure. 



1.54 TJf. Binhtein ec al.. Conformatiotd transirions in a mode1 polymer chin 

8. Conchtsion 

Now we shall discuss some consequences rf the above 
calculation as applied to real systems. 

Although the model under consideration is scff- 
ciently simple and describes the molecule of a homo- 
polymer whose links are located in a regular lattice, the 
crystal-like structure obtained can serve as a model of 
a unique structure of globular proteins_ An analysis has 
shown that in compact conformations the main require- 
ments upon the molecular ordering are those imposed 
by intramolecular packing. These space requirements 
can dictate to the polymer chain a secondary structure 
which is disadvantageous from the standpoint of linear 
short-range interactions_ In globular proteins the stable 
conformation is, of course, not associated with any close 
packing, but with the packing taking into account the 
tendency of hydrophobic groups to avoid contact with 
water and of polar groups to select a water environment. 
Based upon the space require,ments, it has been possible 
[ 14, 151 to predict &e secondary structure, in partic- 
ular the position of a-helical regions in globular proteins. 
And the interesting thing is that a-helixes are generated 
just in those places along the chain where their fonna- 
tion is advantageous from the viewpoint of linear short- 
range interactions as well [ I6]_ Thus, in globular pro- 
teins one observes a certain-co-ordination in the effect= 
of the short-range and long-range interactions which is 
apparently the result of the evolutionary setection of 
primary structures. This co-ordination seems to be 
“redundant” for the globular structures. and a special 
mechanism responsible for its origination is yet to be 
found (see [ 151). 

In our model the process of destruction of a crystal- 
like conformation due to the change in stabilization 
parameters of the secondary and tertiary structures 
may be treated as a simulated process of denaturation 
of the globular proteins. The different ways of leaving 
the GH state and, respectively, the different final sta- 
tes, correspond to the action of different agents in de- 
naturation. Thus (see [ 171) the increase in temperature 
seems primarily to weaken the hydrogen bonds and 
brings about the transition of the GH-GC type in the 
phase diagram (fig. 9); the organic solvents cause the 
transition of the GH-H type, urea and guanidine &lo- 
ride, the transition of the GH-C type, etc. As follows 
from the data obtained, denaturation always occurs 
through jump-like destruction of the native structure, 

though the resultant state may be capable of further 
substantial rearrangements under the action of the de- 
naturating agent. In our system a simiiar situation 
existed with decreasing energy of stabilization of the 
tertiary structure in a high-helicity chain. The jump- 
like transition GH-H’ was accompanied by the gradual 
H’-H transition_ As has been shown, the extent of this 
effect depends on the properties of polymeric chains, 
so that the quantitative estimate for the proteins calls 
for a special consideration_ At the same time_ according 
to our data the destruction of the secondary structure 
due to the decrease in its stabiiization parameters s 
(thermaI denaturation), is bound to occur by the “ail 
or none” principlt, i.e., via the transition between two 
states. This is in good agreement with the experimental 

data [17]. 
The results of our work can also be used for inter- 

preting the experimental data on formation of polymer- 
oligomer complexes [ 18, 191. In [ 181 the formation 
is described of 1: 1 complexes between matrix molecul& 
of polymetacrilic acid PMAA (M = 190000) and low- 
molecular polyethyleneglycol PEG (ni = 6000-l 5000). 
As a result of binding, the matrix assumed a compact 
conformation_ One of the interesting results obtained 
in [18] is the fact, that in deficiency of PEG an irregular 
distribution of oligomers over the matrix is observed: 
one part of PMAA molecules proves to be entirely 
filled with PEG (about 8- 10 molecules of PEG per one 
PMAA molecule), the other part is practically free of 
them, i.e., the process of sorption on the matrix is of 
a phase nature. 

The data obtained in the present work together with 
the data of [20] on simulation of conformational tran- 
sitions in macromolecules under the action of a binding 
agent make it possible to formulate the fol!nwing two 
conditions which are essential for the process of sorp- 
tion on a linear flexibIe matrix to be of a phase nature: 
(1) the bound region of the matrix must become more 
rigid with sorption, and (2) there must exist volume 
attraction between the filed regions, i.e., the sorption 
must result in formation of compact structures_ If these 
conditions are fulfilled the nature of sorption will be 
determined by requirements of intramolecular packing 
which, as shown above, lead to concentration of rigid 
regions in some macromolecules. It should be noted 
that in our model the energy e is equal for all the links 
of the chain. The increase in energy of interaction be- 
tween rigid ftiled regians will result in a more pro- 



nounced effect of separation of complexes into frac- 
tions with filled and vacant matrices. 
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The quality of the solvent influences the mean 
square end-to-end chain distance (h2) and its depen- 
dence on G38) (see fig. IO, curve E = 0). For a finite chain 
in B-solvent, in the absence &volume effects, the theo- 
ry of helix-coil transitions taking into account the 
Lerms of the order of l/JV~gives i!Ol 

Fig. IO. The mean square end-b-end chain distance tkz) versus 
degree otIselkity <B> at different values of the tertiary-strut- 
ture stabilimtion energy E. The theoretical dependence [ 101 
for iV = 64 is sbovm bv a dotted Iie_ 
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Fig. t 1. Plots of the mean squxe end-toend chain distance 
Gr*) (cunrcs 1 and 2) and the mean square radius of gyration 
(R2> (curve 3) against the degree of helicity rt?>. (1) Caicutated 
values of (iz*), and straight line given in cq. (9). (2) lheoretical 
plot, eq. (7), for the (h’) chain free of volume effects. (31 
C&Mated vafues of <R”) and straight line @*en in eq. (10). 

where b, is the length of a statistical segment in the 
coiled chain and bl is the projection of a link on the 
helical axis in the helical chain; in our case b, = b, = 
I. Expression (7) is valid in the range of not too large 
values of (91. For interpretation of experimental data 
on helix-coil transitions in polypeptides in good sol- 
vents an approximated relation is used which has been 
obtained by Hagenauer and Milter [ 121 snbstitu ting 
u”bi for bg in (7), where a2 is the coefficient of sweII- 
inz for a oure coiled chain 

The Gay of taking into account volume interactions 
in eq. (S) is based on the assumption that the sweiling 
of the chain consisting of the coiled and helical regions 
is only associated with the interactions inside the coiled 
regions, these interactions manifesting themselves through 
the increasing length of statistical segments in the coil. 

To test the validity of eq_ (8) the function G&I 
N( 1 - <B >) versus [G? >I( i - (8 >)] 312 is plotted in fig. 
11 from the data obtained for the case (5 = 0, The results 
of the computations are well described by the linear 
dependence 

(h2) 

N(1 -te>j 
(9) 

in agreement with eq. (8) at a value of 01~ = 2 f 0.2, 



256 T&f. Binhtein et al.. Confornwional nansittiwzs in a model pdymer chin 

although the slope of this cuwe is somewhat greater 
than follows from eq. (S), which in our case gives 
2/G = 16. The obtained value of cr2 = 2 agrees well 
with the value obtained in [ 111 for a chain with coiled 
conformations_ 

A similar result has been obtained for the mean 
square radius of gyration (R2). The curve calculated 
in this work <R21/&N( 1 - (8 }) versus [<O )/( 1 -CO>)] 312 

lies somewhat above the theoretical curve calculated 
from the formulae equivalent to eqs. (7) and (8) (in 
the approximation involved, 

holds), and can be represented with good accuracy in 
the form of 

6CR2) 
N(1 -(eQ=2* l4 

(8) PI2 
1 -to,/ * 
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Dielectric dispersion curves for the helix-11 form of poly-L-proline in aqueous solution Iuve been determined for 
various pH in the acid range of zwitterion formation. The results could be excellently described by means of a Cofe- 
CoEe dispersion function involving the three parameters ZW* <total dielectric incremenr), rr <effective ratational relax- 
&on time) and h ~chzracterizing the width of the dispersion region). The quantities rr and fr were found to be clearly 
independent of pH and added inert electrolyte. An an&y& of the data permits an evaluation of the dipole momeafs 
aud leads to the conclusion that the molecule cannot be considered to be a completely stretched rigid rod but must be 
more or Iess bent. Addition of formic acid slightly below pfi 4 cansed a distinct broadening of the experimental 
curves which could be quantiiatively interpreted by a second dielectric relaxation process due to orientntion ofzwit- 
terions by means of fast proton transfer. 

if the dipole moment of a molecule is changed by 
a chemical reaction, application of an electric field 
v&i displace the chemical equilibrium towards greater 
dielectric poIa&ation. This effect provides another 
means of dielectric relaxation in addition to the well- 
known rotational mechanism. It should actually con- 
tribute to dielectric dispersion behavior provided #se 
chemical rate process is about as fast or faster than 
the rotational movement [ 11. Such a situation can 
naturally be expected for fast reactions of macromol- 

ecules. As a matter of fact chemically induced dielec- 
tric relaxation could indeed be demonstrated with 
the extremely rapid helix-coil transitions of poly- 
amino acids [24j. 

As XV= pointed out in a previous article, an a&o- 
gous effect should occur in a system involving nvit- 
terioll formation due to the exchange of protons [S J . 

* This wosk was supported by gzint NC. 3.13f.69 from the 
Schtveizmisches Nation&x& zw Wrdezong der wisen- 
z&a&ii&en Forschung. 

A process of this kind at Iow pH may be written 

(1) 

i.e., the non-zwitterion state fa) tmnsfers a proton to 
the anion A- thus turning it to the zwitterion state 
(b) and producing the acid HA_ The phenomenon in 
question requires that at equilibrium appreciable con- 
centrations of aII the reaction partners exist. Thus it 
will be necessary to have a pH z pK, = pKA (the pK 
values refer to HZHf and HA, respectively). Under 
these circumstances both rate constants can be as- 
sumed to be of an order of magnitude of log i%FL 
set-t since the proton transfer is ordinarily diffusion 
controlled [ti]. The theory predicts for the complex 
dielectric increment 

Ad = A# 1 + iaT) + Ae$(l + iwr,). (2) 

where tfie first term is &used by rotational diffusion 
with a reciprocal relaxation time 



258 G. Schwa and P-J_ Bauer. Chemial effects on the dielectric properties of ptyproline 

l/r, = 2D,, (3) 

& = rotational diffusion coefficient) while the sec- 
oni one is due to the chemical process. The respec- 
tive relaxation time is found according to 

l/r, = 117, + l/T&’ 

where 

(4) 

IITch =Q*CA-+k%1cHA (3 

refers to the chemical relaxation time of (1). Further- 
more it follows 

(6) 

(7) 

where g is a factor taking into account the effects of 
the reaction and directing fields, NA is Avogadro’s 
number, Q is the permittivity of vacuum, CO = c1 f c2 
is the total weighing:inconcentration of the zwitterion 
forming substance, and x1 = cl/co and x2 = cdco de- 
note the mole fractions of the two individuaI states. 
It is assumed here that the dipole moments of both 
states (having the magnitude ~1 and u2 respectively) 
are parallel to each other. If they point in the same 
direction the upper sign in eqs. (6) and (7) holds 
while the lower one applies to the case of oppositely 
directed dipoles. We note that the total static dielec- 
tric increment 

(8) 

turns out to be independent of the chemical effect. 
The latter can only influence the dispersion properties 
of the system. 

Rod-like macromolecules are known to exhiiit 
rather slow rotational diffusion. If a zwitterion can be 
formed parallel to the long axis the circumstances 
would be especially weU suited to expect - under 
proper conditions - a chemically induced contribu- 
tion to dielectric relaxation which is observabIe exper- 
imentally. PoIy-L-proline in aqueous solution appeared 
to be such a system since this polymer is supposed to 
be of a fairly rigid helical structure (the so-called helix- 
II which is characterized by aU peptide bonds in the 

tram configuration) [7]. 

2. Technical details 

2_1_ Substances 

Three different samples of fairly monodisperse 
poly-L-proline have been used in the experiments. 
These were 

(i) purchased from Sigma Chem. Co., St. Louis, 
Miss.(P 2129 Type I lot 49 B-5350): molecular weight 

14000; 
(ii) donated by Dr. J. Engel, Max-Planck-Institut 

ftir Eiweiss- und Lederforschung, Munich: molecular 
weight 13 5(x]; 

(iii) synthesized by P. Bader of our laboratory dur- 

ing a visit at Dr_ Engel’s laboratory: molecular weight 
18500; 

They are to be denoted by PLP 14000,135OO and 
18500 respectively_ 

The molecular weight was determined on the basis 
of equilibrium sedimentation in the ultracentrifuge 
employing the Yphantis method. Solutions of 1,0.66, 
and 0.33% PL.P in 0.1 M NaCI showed a slight concen- 
tration dependence which was extrapolated ta infinite 
dilution_ The thus determined weight average resulted 
in practically the same values as the number average 
determined by dielectric end group titration (within 
the accuracy of measuring of ~5%). This clearly indi- 
cates a rather uniform distribution of molecular weight. 

The original material was purified by means of gel 
chromatography (Sephadex G 15, G 2.5, and G 50) 
and finally freeze dried. The preparation of the solu- 
tion was performed by weighing-in of the PIP as a 
freeze dried substance. An aqueous solution of 10 
mg/mI displayed a pH of 4.5 and an electric conduc- 
tivity of about 1.4 X LOB3 S m-1. Below 5°C and at 
low salt concentration the helix-11 form is weII solu- 
ble in water (up to about 70 mgjml). For storage the 
aqueous solution was frozen and kept at -30°C in or- 
der to avoid degradation by germ attack. 

Most measurements had to be conducted at the 
fairly high concentration of O-4 M (= 38.85 mgjml). 
Because of the small supply of polymer it had to be 
recovered frequently after the measurements by chro- 
matography. This, however, did not affect the quality 
of the material as was shown by dielectric tintrol ex- 
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periments. 

2.2. Appmfus 

The measuring cell was especially designed to util- 
ize the full measuring range of the impedance bridges 
(filling volume:.6 ml, capacity when empty: 1.32 pF). 
Both coaxial cylindrical electrodes were made of 0.5 
mm sheet platinum with an inner diameter of 19 mm 
(height: 34.5 mm) for the outer electrode and an 
outer diameter of 8 mm (height: 19.5 mm) for the 
inner electrode. AU insulating and sealing material 
was Teflon. 

The outer electrode was thermos’tated by means bf 
a Haake R 20 thermostat (which was cooled by a 
Lauda TK 30 K cryomat). This permitted a constancy 
of temperature within +O.Ol”C. The temperature (of 
the outer electrode) was registered by means cf a 
thermistor-resistance measuring bridge. 

Depending on the respective frequency range, dif- 
ferent impedance measuring equipments had to be 
employed, namely for 

(i) 200 Hz-50 kHz: a Wayne Kerr impedance 
bridge B 221 plus a Hewlett-Packard 200 CD wide 
range oscillator and a Rhode and Schwarz UE%M tun- 
able resonance amplifier; 

(ii) 100 kHz--5 MHz: a Wayne Kerr impedance 
bridge B 201 plus a Hewlett-Packard 65 1 B test os- 
cillator and a Rhode and Schwarz USVH selective 
microvoltmeter; 

(iii) 500 kHz-ca. 20 MHz: a Boonton (Eiewlett- 
Packard) RX-Meter 250 B. 

Above 50 kHz the measuring cell was connected to 
the bridges by means of a low inductivity plug which 
could be opened on one side by an electric screw con- 
tact for balancing the bridge. 

The true capacitance C and conductance G of the 
completely filled cell can in principle be related to 
the complex dielectric constant E* of the solution ac- 
cording to 

Y = G i- iwC = Go f iwe*CO, (9) 

where Go is the static conductance (at w + 0) and C,, 
the dead capacitance (this neglects the self-inductance 

of the cell which is justified since even at the highest 
frequency used the error can be estimated to be a few 
percent at the most). Due to E* = E’ - ie” the real di- 
electric constant E’ and dielectric loss E” would then 
be found as 

E’ = c/c*, E” -(G - G&i+,. ( 1 Oa,b) 

However, because of possible stray capacitances this 
was not directly applied in the evaluation of our ex- 
perimental data. The latter was based on a calibration 
of the cell by means of an aqueous KC1 solution of 
known conductivity and dielectric constant. This pro- 
cedure also showed that at lower frequencies (about 
lo- 100 kHz depending on conductivity) electrode 
polarization may affect the final results. Appropriate 
means to correct such effects [S] had fortunately not 
to be employed since the phenomena of interest oc- 
curred at higher frequencies where according to the 

calibration no appreciable polarization exists. The 
lower frequency values could be extrapolated unam- 
biguously my means of the Cole-Cole function meth- 
od discussed below. 

At higher frequencies (> 100 kHz) the lead induc- 
tance Z., between the bridge and the cell causes devia- 
tions of the true values of C and G from the measured 
ones (C,,, , G,). These have been corrected by means 
of the relations [91 

C=C’, *LOG;. G = Gm( i- w%&,,)v (I I+) 

In our case, calibration yielded L, = (4.0*_0.2) X 
lo-* H. With this value the application of (11) is per- 
mitted up to about 20 MHZ which was indeed the up- 
per bound of frequencies here. 

Good measuring accuracy essentially depends on a 
suffkiently small ratio of the ohmic and capacitive 
components. We found it necessary to have 

tan 6 = GjwC1s lo’, (12) 

where S is the loss angle. This clearly demonstrates 
that small frequencies as well as high conductivity lead 
to unfavorabie condition. Typical values (for the poly- 
mer plus acid/base system) were G = 6 mS and C = 
100 pF which apparently implies a tan 6 around 107/v. 
Thus a frequency Y 2 100 kHz would be required. Un- 
der these circumstances the poly-L-proline already dis- 
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2 
5 0.1 1 MHZ 

Fig. 1. Dielectric dispersion curves of 0.4 M PLP 15500 in 
aqueous solution at 2PC. The sotid curves represent a Cole- 
Cole function with AEO = 96, I+ = I/Zns, = SO kHz and h = 
0.35. The dashed curves are equivalent Debye functions 
(h = 0). 

plays appreciable dispersion so that the question of 
extrapolation towards the low-frequency limits of di- 
electric properties arises. This problem could be satis- 
factorily solved by means of the special evaluation 
method described below. 

The (real) dielectric constant E’ is comparatively 
easy to measure at higher frequencies (> 300 kHz). 
The experimental values can be reproduced with very 
little error (< 0.4%)). On the other hand, the dielectric 
loss e” of conductive solutions is usually much more 
difficult to obtain with reasonable accuracy. 

2.4. Evaluation ofexperimenraldata 

The polymer in solution without any additional 
electrolyte exhibits a fairly low conductivity. This 
made it possible to conduct measurements also at 
lower frequencies (2 10 kIiz)_ As is obvious from the 
results shown in fig. 1 the dielectric dispersion cannot 
be described by a simple Debye function. Using a desk 
computer the data can, however, be excellently fitted 
with the Cole-Cole function 

e* - E_ = AE* = Aey/[l +(iwrr)rd], (13) 

with e, the high-frequency limit of the dielectric con- 
stant. The three parameters Aev, r,, and ir are deter- 
mined by the magnitude, position and width of the 
di;;persion step, respectively. For this reason they can 
be evaluated rather accurately from the experimental 
curves (an error in one of them cannot bc balanced by 
adjusting the other ones). 

It must be emphasized that according to experimen- 
tal tests the addition of inert electrolyte (measurements 
up to 0.02 M were possible) as well as strong acid (to 
regulate the pH) had absolutely no effect on rr and II, 
i.e.. the distribution of relaxation times is not altered. 
Only Ae is affected provided a variation of pH occurs 
which changes the number of zwitterions. A chemical 
contribution to dielectric relaxation as discussed in 
the introduction should, however, at least result in an 
apparent broadening of *the dispersion range (if there 
is no clear splitting in two separate ranges). Thus the 
experimental curves must no longer be expected to be 
fitted with the original 7r and h if a suitable partner 
for proton transfer is added at appropriate pH. Such 
a phenomenon has indeed been observed by us. As far 
as the quantitative analysis is concerned the eqs. (2)- 
(8) are apparently not direcly applicable since they do 
not take into account the actual distribution of relaxa- 
tion times. 

We have reason to believe that the observed relaxa- 
tion spectrum is due to a certain - though compara- 
tively limited - distribution of lengths of the polymer 
molecules (see further below). We assume that the ro- 
tational part of AE* is still described by the same 7r 
and h as determined without the special admixture. 
This seems to be justified in view of the above men- 
tioned fact that a variety of added substances did not 
affect these parameters. Thus we put 

Ae* = A#[ 1 +(iwr,)‘+] f A$/( I + iwr*), (14) 

with the eqs. (4) as well as (6)<8) still applicable, 
though the rr as well as prf cc2 are taken as mean val- 
ues. Since r2 is essentially defermined by r& which is 
not affected by the particle lengths, no relaxation spec- 
trum has been taken into account regarrling the second 
term. 

Now we may determine rr, h, pr (at low pH where 
only protonated PLD exists, i.e., xI = 1) and p2 (at 
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high pH where only zwitterionic pH PJP is encoun- 
tered, i.e., X, = 1) under the condition that no pro- 
ton transferpartner is added. After its addition extra- 
polation of the dielectric increment towards w = 0 
can be performed using (14) with only order of magni- 
tude knowledge about r2 (since it has little effect on 
the dispersion at lower frequencies). The result of this 
extrapolation (i.e., A&‘) is used to determine x1 (and 
x2 = 1 -x1) by means of eq. (8). This method yields 
much more accurate values than a calculation based 
on a pH measurement which was found to be difficult 
to conduct without affecting the essentird properties 
of the system. 

Once all the above mentioned parameters are known 
the entire experimental dispersion curve can be fitted 
by means of eq. (14) with ~2 as the only adjdstable 
parameter. This procedure proved to be very success- 
ful in the evaluation of the chemically induced relaxa- 
tion effect at various weighing-in concentrations of 
the added acid-base material and a number of differ- 
ent pH values (with corresponding values of xt). At 
fust glance it may appear to be more appropriate to 
evaluate the effect in questian by subtracting the AE* 
without the admixture from the total Ad measured 
after its addition_ This. however, was practically not 
feasible since upon such operation some change of pH 
(which affects A&!) cannot be avoided. 

3, Results and discussion 

3-l. Dielectric constants of the pure polymer system 

First the real dielectric constant E’ of the polymer 
by itself in aqueous solution was measured as a func- 
tion of frequency (between 10 kHz and 20 MHz) for 
various pH and concentrations (co = 0.1,0.2,0.3, and 
0.4 M) at 25°C. At given pH the static dielectric in- 
crement A& proved to be strictly proportional to co 
within measuring accuracy. This can be seen in tig. 2A 
for the upper and lower limiting values of A$ at neu- 
trai R 5) and acidic (< 3) pH, respectively. Such pH 
dependence of A& is of course associated with the 
dissociation of the carboxylic end group and the for- 
mation of the zwitterion dipole. 

The high-frequency Emit of the dielectric constant, 
f is reached at about 20 MHz. As is shown in fig_ 26 
g&e is a littear decrease with increasing co which can 

B a2 0-L 06 M 
-c. 

Fig. 2. (A) Concenuation dependence of the total dielectric 
increment at neutral pH ~~4.5 (open points) and acidic pH 15 
3.0 (solid points) for PLP 18500 (circles) and PLP 13500 

(tingles). (B) Concentration dependence of the high-fre- 

q’JenCy limit of the dielectric constant for PLP 13500. 

be written 

E - ?v-k- =E (1% 

The quantity E, agrees quite well with the dielectric 
constant of pure water while we obtain p = 5.1 M-1 _ 
This effect can readily be interpreted by the exclusion 
of water because of the presence of the polymer. If 
the fraction of excluded water is denoted Q and we 
simply assume a superposition of the dielectric polari- 
zations of potyproline and water it follows that 

e = ae,i(I-Q)EW =EW-Q(EW-$)_ (16) 

With 6 and fifn being the partial specific volume and 
the residue molecular weight, respectively, we have ap- 
parently 

(17) 

so that 
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p =M& - Ep, 0. (18) 

Using the recently determined value of U = 0.74cm3/g 
(which is believed to be quite accurate because of the 
especially careful measurements) [IO] we obtain 

E= P 
8. 

This appears to be somewhat greater than could be ex- 
plained by purely atomic and electronic polarization. 
There seems to be some solvent effect which leads to 
an increased apparent dielectric constant of the poly- 
mer. Actu;ilfy we must expect the water structure in 
the vicinity of the polymer to be enhanced by hydro- 
phobic interaction_ Since this would be accompanied 
by an increase of volume which is included in the 
measured value of 6, the actual 6 to be inserted in eq. 

(18) shouId be less than the value used above. Indeed 
we obtain the more plausible result 

ep=3-4, 

if Z? = 0.70 cm3/g is employed (which also agrees bet- 
ter with the X-ray data of the polyproline structure 

[1 ll)- 
The pH dependence of A& provides an excellent 

means to determine the pK value of the carboxylic 
end group of the polymer. According to (8) we have 

AE’ = A+ + (A+ - A+x2, (1% 

with the subscripts n and z referring to the pure non- 
zwitterionic and zwitterionic states, respectively. Since 

log [x2/(1 -x2)1 = PH - PK, (20) 

we may evaluate the pK from the experimental data 
as demonstrated in fig. 3. The pH measurements have 
been carried out with a Polymetron pH meter which 
was calibrated with pH standards of pH 4.00 and 6-88 
(accuracy being -C 0.07 pH units). For the two samples 
PLP 13500 and PLP 18500 we consistently found 

pK = 3.30 f 0.07, 

while in the case of PJ_.P 14000 the rather low value 
of 3.55 was indicated_ Potentiometric titration by 
means of a Polymetron automatic pulse burette Type 

3 c 5 6 

Fig. 3. Dielectric titration ewe of a 0.1 M solution of PLP 
18500. 

i 

1 i 1 confirmed these results, though this method proved 
to be much less sensitive than the dielectric titration_ 

Assuming that all polymer molecules have one acidic 

group, the amount of acid required to turn the zwit- 

terion into the non-zwitterion state permits a deter- 

mination of the degree of polymerization_ There is 
very good agreement with the results of ultracentrifu- 
gation as far as the PLP 13500 and PLP 18500 are con- 
cerned_ In these cases we may therefore be certain 
that we realry deal with polyprolin chains carrying 
only one acidic group of a pK = 3.90. For the molecu- 
Iar weight of the PLP i4000 the much lower value of 
11500 was obtained by means of the end group titra- 
tion method. Obviously an appreciable fraction of the 
polymer molecules must have more than one acidic 
group in this case. This also explains the low pK of 
3.55 mentioned above. A comparatively small num- 
ber of defeats during synthesis leading to the incorp- 
oration of some acidic groups with a pK < 3 could 
indeed cause such effects whiie it would practically 
not affect most of the other properties of the macm- 
molecule. 

3.2. Rotational diffusion coefficients and dipole RW- 

merats 

An average rotational diffusion coefficient of the 

polymer can be immediately determined on the basis 
of the relation [S] 

D, = 1125 _ cw 
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It is known that B, decreases at higher concentrations 

due to macrornolecutar interactions [ 123 - With an ex- 

trapolated value 

Of= lim D,, (22) 
CO-HI 

we may write 

D, = D,oRN, c,,), (23) 

where N denotes the degree of polymerization. On 

the basis of our data for PL.P 13500 and PLP 18500 

in aqueous solution at 25°C we were able to fit the 
experimental points (up to co = 0.8 M) within less 

than 1% by the empirical function 

f(N, c,,) = 1 --LI NC +a N35c2 1 0 2 0’ 

where co is measured in mg/rnl and 

(241 

al = 8.46 X lo-’ ml/mg, (25) 

a2 = 1.26 X IO-” (n~I/mg)~. (26) 

The extrapolated Dt values can be assumed to be es- 

sentially determined by the length of the particle. If 
we approximate it by an extremeIy extended rota- 

tional ellipsoid we may set [ 131 

Df = (3kT/2aqoL3)(2 ‘A 2p - l), (27) 

where ‘lo (= 0.89 CP at 2S°C) stands for the viscosity 
of the solvent (water), L denotes the total length and 
p the ratio of the axes (here we have p = Lfd, d being 
the diameter)_ Clearly this is very sensitive to the ex- 

tent to which the polymer is stretched out. The maxi- 
mum vlue of L = Nlo (lo = 3.12 A being the length 
per residue according to X-ray analysis [ 11 J) is na:ur- 

ally to be expected for a completely rigid rod. Actu- 
ally we have found considerably smaller effective 
lengths by applying eq. (27) to our extrapolated 0:. 
The quantity 

4 = D~(eff@(rigid) (28) 

turned out as lQ(PLP 14000). 6.5 (PLP 13500), and 
4.5 (PLP 1 SSOO), respectively. Recalling the obvious 

deviations from a Debye relaxation behavior we must 

conclude that a distribution of effectiv.e lengths of 

the polyproline molecules exists with an average val- 
ue of 60% of the theoretical maximum (PLP 18500) 
or less. Since we know that &is effect can hardly be 
due to a distribution of molecular weight it obviously 

indicates a certain degree of flexibility of the helical 
structure. The particularly large 4 for PL.P 14000 may 

well be accounted for by breaks in the structure due 

to defects during synthesis as pointed out above. Mi- 

nor structural deficiencies because of insufficient qual- 

ity of synthesis cannot be excluded completely for 

the two other samples and may possibly have a slight 
effect on the measured 9 values. However, the ob- 

served flexibility is doubtless a’n intrinsic property 

even of the ideal helix-11 structure. The theory indeed 

predicts that at least for sufficiently long chains ap- 

preciable bending must occur. This is quantitatively 
expressed by the so-called characteristic ratio [ 141 

r = U2)/Nl; , (29) 

where U2) is the mean square of the individual end-to-end 

distances. This r would be equal to N at low molecu- 

lar weight (rigid rod) and approach an asymptotic v& 

ue at N + m (complete flexibility). Numerical cal- 
culations of r(N) for the polyproline helix-11 have led 

to quite different results [IS, 161 because of different 

assumptions on basic structural data. We obtain for 

PLP 18500 r = 67 (ifwe put (I’> = L’) which agrees 
fairly well with the theoretical curve of Schimmel and 

Flory [ 151 while it is in clear contrast to the results 
of Mattice and Mandelkern [ 16]_ 

Turning now to the question of dipole moments we 
note that even the isolated non-zwitterionic state of 
poly-L-proline should have a permanent dipole moment 
becuase of the charge distribution about the peptide 
bond. On the basis of the atomic coordinates of the 
helix-11 structure a dipole moment of 3.1 D per residue 
was calculated [ 17]_ It points from the carbon to the 

nitrogen atom at an angle of 73. I o from the helix axis. 
The axial component thus amounts to 0.9 D. 

Experimental values of the dipole moments in 
aqueous solutions can be evaluated from the measured 
A.$ using relation (S)_ Because of the approximately 

rod-like nature of the polymer we may assume g = 1. 
Then we obtain for 
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PLP 13500: p1 =409D, pt = 652 D, 
(30) 

PLP 18500: = 578 D, = 903 D. 

Dividing these values by N(= 140 and 190, respec- 
tively) yieIds apparent dipole moments per residue 
which are certainly much smaller than the real values 
because of the pronounced flexibility of the macro- 
molecules_ This may be approximately corrected by 
employing an effective number of residues, N’ = Lflul 
resulting in pt = 5.2 D per residue (-‘S%) and p2 = 
8.2 D per residue (r;5%), no matter which of the two 
polymer samples is used--At any rate, it is quite ob- 
vious that the dipole moment contributed by the poly- 
mer must be considerably greater than the 0.9 D pre- 
dicted in vacuum. This can only be due to interaction 
with the solvent_ 

As is to be pointed out below, jut and p2 have the 
same direction, so that p2 - pt is identical with the 
zwitterion dipole (C+N). The moment of this dipole 
is now readiIy evaluated as 243 D (PIP 13500) and 
325 D (PLP 18500). These values are evidently much 
smaller than the theoretical maximum (i.e. one ele- 
mentary charge times L) of 1126 D and 1645 D, re- 
spectively, indicating rather strong electrostatic screen- 
ing. 

3.3. Chemicah’y induced dielectric relurotlbn 

According to the theory, dielectric relaxation due 
to proton transfer can be expected here around a pH 
of 3.9 (= pK) if a suitable acid/base system (of similar 
pK) is added. We have chosen formic acid (pKA = 3.75). 
For the sake of good measuring accuracy, only experi- 
ments at a high concentration (0.4 M) of polyproline 
(PLP 13500 and PLP 18500) have been carried out. 
The necessary variations of pH and ci(= cA ;t cH*, 
i.e., weighing-in concentration of formic acid) turned 
out to be restricted by the fact that the conductivity 
of the system must not be too high in order to per- 
mit sufficiently accurate measurements. Under the 
circumstances we were able to work within the 
ranges of pH 3.2 - 3.85 and ci g 1O-2 M. 

As a matter of fact we did not observe a distinctly 
separated second dispersion step but only a sigmfi- 
cant broadening of the dispersion curves_ This implies 
that the two dipole moments or and p2 must have 
the same direction because otherwise a quite spectacu- 

OJ Q2 0.5 10 MHZ 

Fig. 4- Broadening of the dispersion curve for 0.4 M PLP 
18500 at pH 3.8 after addition of la-* hI formic acid. The 
dashed curves oxrespond to ur = 80 kHz and h = 0.35 as 
well as assuming vch = (2~m~$-~ = 0. Adjusting v,_h appropxi- 
ately yields the solid curve. 

lar effect would have to be observed. 
The broadening effect is demonstrated in fig_ 4_ It 

must be emphasized that it is absolutely beyond the 
inaccuracy of measuring and cannot be induced by 
electrolytes not able to exchange a proton with the 
zwitterion (as was stated already before, see the sec- 
tion on evaluation of experimental data). Since all 
the parameters to be inserted in (14) are known except 
r2 we may attempt to fit the experimental curves with 
V& = (2117*)-l as an adjustable parameter_ As can be 
seen in fig. 5 this is very well possible, although mostly 
only with E’ because of the greater uncertainty in the 
determination of en_ 

Owing to pH e pK = pKA we may put k12 * k2t 
so that the reciprocal chemical relaxation time 

must be expected to be proportional to ci. Our data 
actually comply with this relationship within the ac- 
curacy of evaluation as is shown by the example in 
fg_ 6. Taking into account the experiments with both 
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Fig. 5. Fitting of the dispersion curves For a 0.4 hl solution. of 
PL,P 18500 with co - IO” 
function (14) w&iii3 

M at pH 3.8 using the theoretical 
cfi:= 1.5 MHz. The unaffected aarve: 

are indicated by the dashed tines. 

I/. . . . . . . . ~ 

2 4 6 8.10-J M 

Fig. 6. Reciprocal chemical relaxation times as evatitcd from 
the broadening of dielectric dispersion versus weigh--in CIJIF 
centration of the Formic acid. 

sampIes of polyproline we obtain 

%2 = 1 x 109 M-l set-1, (225%). (32) 

which is in very good agreement with the order of 
magnitude of rate constants observed for similar pro- 
ton transfer processes [6]. 

Acknowledgement 

The authors would like to express their thanks for 

the excellent technical assistance of Mr. P. Bader (syn- 

thesis of PLP 18500) and hIr. A Lustig (ultracentrifu- 
gation work). They also acknowledge their gratitude 
to Dr. J. Engel for stimulating discussions, donation 
of the PLP 13500 and allowing the synthesis of PLP 
18500 in his laboratory. 

References 

[1] G. Schwarr. J. Phys. Chem. 71 (1967) 4C21. 
[2] G. Schwarz and J. Seelig. Riopolymers 6 (1968) 1263. 
[3] A. Wada, Chem. Phys. Letters 8 (1971) 211. 
[4] A. Wada. T. Tanaka and H. Kihara, Biopolymers 11 

(1972) 587. 
[S] G. Schwarz, J. Phys. Chem. 74 (1970) 654. 
[6] hf. Eigen. Discussions Faraday Sot 39 (1965) 7. 
[7] L. Mandelkern, in: Polyar-amino acids. ed. G.D. Fasman 

(hl. Dekker, New York, 1967) p. 675. 
[S] H.P. Schwan, in: Physical techniques in biological research, 

VoL VI/B (Academic Press, New York, 1963). 
191 H. Pauly, L. Packer and HS. Schwan. I. Biophys. Bio- 

them. Cytol. 7 (1960) 589. 
[LO] S. Knof and J. Engel. Israel J. Chem.. in press. 
[ll] P.M. Cowan and S. hlcGwin. Nature 176 (19.55) 501. 
[12j hf. Joly, KoUoid-2.126 (1951) 77. 
[13] R. Gans, Ann. Physik 86 IV. Folge (1928) 652. 
[ 141 P.J. Flory, Statistical mechanics of chain molecules (In- 

terscience. New York, 1968). 
(151 P.R. Schimmeland PJ. Flory. Proc. Nati. Acad. Sci. US. 

58 (1967) 52. 
[16] W.L. Mattice and L. hiandelkern, J. Am. Chem. Sot. 93 

(197i) 1769. 
[17] G. Krause, Ph.D. Thesis, Univ. hIunich (1970). 



BIOPHYSICAL CHENISTRY l(1974) 266-278-o NORTH-HOLLAND PUBLISHING COMPANY 

THE FLUORESCENCE ANISOTROPY DECAY DUE TO ENERGY TRANSFERS 
OCCURRING IN THE ETHIDIUM BROMIDE-DNA COMPLEX. 

DETERMINATION OF THE DEFORMATION ANGLE OF THE DNA HELIX 

D. GENEST, Ph. WAHL and J.C. AUCHET 
Cenrre de Biophysique Mol.&daire, 45045 Ori&ns ceder. France 

Received 9 hfay 1973 

It has been shown in a preceding work that the fbtorescence anisotropy decay of etbidium bromide-DNA eom- 
plex is accelerated by energy migration between dyes bound to the same DNA motecule. In the present work, this 
result is confirmed. A quantitative analysis has been performed in the following way. The spectroscopic term of the 

t-ansfer rate constant has been accurately reevaluated by quantum yield and spectral measurements. One assumes 
that the dye intercalates between two adjacent base pairs and that its distribution is random along the DNA molecule. 
One introduces the deformation angle S of the DNA helix induced by the ethidium bromide intercalation. For several 
values of 6. the energy migration contribution to the anisotropy decay Is computed by a Monte Carlo method. In 
multiplying these computed functions by the measured brownian anisotropy, one obtains the anisotropy decay curve. 
Comparison with the experimentai data leads to the conclusion that the etbidium bromide molecule unwinds the DNA 
helix by an angle 6 = -16”. This resuit is in agreement with the work of other authors. We think that the method used 
here may prcvide accurate information on the spatial distribution of an array of chromophores bound to a rigid stmc- 
ture. 

I _ Introduction 

Lerman [I ] has proposed an intercalation model for 

dye-DNA complexes, which supposes an unwinding 

of the double helix of DNA. Fuller and Waring [2], 

Crothers [3] and Bauer and Vinograd [4] have speci- 
tied this model. A dye molecule is inserted between 
two adjacent base pairs of DNA, which causes a sepa- 
ration of these two base pairs, and two adjacent chro 
mophores must, be separated by at least two base pairs. 
More recently, Paoletti and il.e Pecq [S] have put this 

model in doubt. They measured the static polarization 
of the ethidium bromide-DNA complex as a function 
of the P/D ratio (number of nucleotides per bound dye). 
These experiments have been interpreted in calculating 
the influence of energy migration on the fluorescence 
‘polarization by an interesting Monte Carlo method. 
Comparison of experiment with computation leads 
the authors to conclude that the DNA helix is wound 
with a winding angle of 13O. 

In a previous work [6,7] we hsve shown that there 

was an increase in fluorescence znisotropy decay of 
ethidium bromide bound to DNA when the P/D ratio 
decreased. We attributed this phenomenon to migra- 
tion of the energy between dye molecules bound to 
the same DNA molecule. We are able to interpret the 
data obtained with values of P/D equal to or greater 
than 20, by calclllation based on a Fbater-type ap- 
proximation, the energy migration occurs only be- 
tween the two neighbouring chromophores, and a 
continuous dye distribution along the DNA helix is 
assumed. A discrepancy was noted between the cal- 
culated curves and experiment whenP/D became 
smaller than 20. Evidently the approximation is not 
sufficient& these cases, and a more accurate model 
is needed. 

In the present work, we extend our measurements 
to a still smaller range of P/D values. Some preliminary 
results have already been given [‘I]_ 

We have also reevaluated accurately the spectro- 
scopic term of the transfer rate constant. 

in order to interpret the experimental data, we 
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adopt the model used by Paoletti and Le Pecq [S] 
which takes into account the torsional angle of the 
DNA helix induced by ethidium bromide intercalation. 
We too use a Monte Carlo method of calculation but 
our method of simulation is different. To compute the 
anisotropy decay, we must simulate the time course of 
the energy migration, whereas a time average detenni- 
nation only was performed in Paoletti and L.e Pecq’s 
calculations. 

2 TEreory 

2. I. Geome@ical model of ethidium bromide-DNA 

The intercalation model has been adopted [l ,2,5]. 
A dye molecule is inserted between two adjacent base 
pans, with the restriction that two successive sites can- 
not be occupied. This model is schematized in fig. 1. It 
is supposed that the phenanthridinium plane is perpen- 
dicular to the helix axis [8], and that the transition mo- 
ment of ethidium bromide lies in the phenanthridinium 
ring. This assumption is supported by a recent theoretical 
work of Ciacomoni and Le Bret [9]. If no chromophore 
is inserted between two base pairs, the distance between 
these pairs is 3.4 A, and they make an angle OL = 36O. 
When a dye molecule inserts, the distance becomes 
6.8 A and the angle becomes fl= Q! f 6 _ If S is smaller 
than Q, then 6 is negative and we will say that there is 
unwinding of the DNA helix. If /3 is greater than CX, then 
6 is positive and we will say that there is winding of the 
helix. 

These angles must be considered as average angles 
since we know that the ethidium bromide molecdes 
and probably also the base pairs perform a Iocal brown- 
ian motion [lo]. It is also assumed that all the chromo- 
phores have an identical position in the DNA helix_ 

2-2. I%e mre constant of enerp transfer 

When a chromophore A is excited by a photon, the 
eXcitSiOn energy may migrate to another chromophore 
B [1 l-141 - The rate of transfer has been given by 
FCkster [12,13] 

Fig. 1. hIode of the ethidium bromide-DNA comptex. ?he 
shaded discs represent etbidium bromide molecules. The clear 
discs ale the base pairs of DNA. The distance betlveen two 
adjacent discs is 3.4 A- 

where c = E log IO/lr’~V is a universal constant, N 
being Avogadro’s number; ut is the refractive index 
of the medium; J/T,, is a factor which depends only 
on the spectral properties of the dye: r. is the natural 
lifetime of the excited state and / is the overlap inte- 
gral defined by 

J= j&‘@)e(C)dY, (2) 
0 

where F(F) is the fluorescence intensity at wavenumber 
F. F(T) is such that GFm dT = 1. EO is the molar 
extinction coefticient- The factor K~/R~~ depends 
only on the relative position of the two chromophores 
A and B. RAu is the distance between the two dye 
molecules and K is an angular factor defined by 

K = COS 8 - 3 COdA COS 6,) (3) 

where 0 is the angle between the dipolar moments of 



trainition of A and B, and BA and 8, are respectively 
the angles made by these moments with the line join- 
ing A and B. With the modei defined above, eq. (3) 
becomes: K = cos 8, since cos 0, = cos 8, = 0. 

We can write expression (1) as foIlows 

V = k, c~s2tl/R6,,, (4) 

two factors may be separated and that the anisotropy 
decay may be written as [IS] 

r(f) = ‘B (0 ‘#, (6) 

where rB(t) is the browuian anisotropy decay and 
r=(f) the anisotropy decay due to transfers. 

with 

kT = (c/n’: 1 (J/@* (5) 

kT is a constant for a given chromophore in a given 
medium. 

In order to compare our data with the data found 
in the literature, we shall compute the critical dis- 
tance of transfer R,, which is defined as the distance 
where the frequency of transfers is equal to the fre- 
quency of deactivation by the other processes. This 
condition gives V = r-l, where T is the actual lifetime 
of fluorescence. In addition, one usually assumes 
K’ = *. Then the eqs. (1) and (5) immediately lead to 

2.4. The Monte Gzrlo method 

The Monte Carlo method is used to determine 
rT(t). One first generates a configuration of the 
ethidium bromide-DNA complex characterized by 
a given distribution of the dye molecules on the DNA 
helix. Then, the time course of the enerw migration 
is simulated for this configuration and the emission 
anisotropy calculated. The process is repeated a 
great number of times and the value of the average 
anisotropy computed. We now describe the calcula- 
tion in more detail (fig. 2)_ 

the relation 

R, = ($ kT,*‘6. 

One must point out that the factor a: which enters in 
the expressions (I) and (5) has been obtained under 
the following conditions: the chromophores are dis- 
persed in an homogeneous, isotrope and continuous 
medium. These conditions are not fulftied in the cases 
studied here. However, it seems reasonable to admit 
that the expression is still valuable, if rzt is taken as 
the average refractive index of the DNA molecule. 

2-3. Definition of the anisotrapv of fruorescence for 
excitation by polarized right 

2.4.1. Generation of a cor#&urarion 
The principle has been described by Paoletti and 

Le Pecq [S] . A DNA segment containing 200 sites 
is considered_ The probability that a site j is occupied, 
is 

Pj=(D/p~I(~-D/p~, 

if there is the restriction that two successive sites can- 
novbe occupied. Each site is tested by comparing its 
probability of occupation pi to a random number tt,- 
picked out of the interval [O, I]. If TQ >pi. we impose 
the condition that sitej is not occupied and we test 
the site j + 1 in the same way. If 5 f pi, we impose 
the condition that site j is occupied and that the 
site j f 1 is not occupied. Then we test the site j + 2. 

Let a fluorescent solution be excited by a horizontal 
light beam polarized vertically. If one observes the emit- 
ted light at right angles to the direction of excitation one 2-4.2. Simubtion of the mi@ati& for a given confi- 

can measure f,,(f) and 1,(t) which are the components guration 

of the fluorescence parallel and perpendicular to the .2.4.2.l_lnitiarion of the m&rat&+ It is assumed that 
direction of polarization of the exciting light. The aniso- at time zero, the chromophore occupying the most 
tropy is rhen defined by central site absorbs a photon. The location of this dye 

r(r) = 11,,(t) - U0]lV&) f 2 $(01. 
is taken as the origin of distances on the DNA chain. 
Its transition moment defines the origin of the angles 

In our model, two factors influence the time course which characterize the angular positions of chromo- 
of the fluorescence depolarization: (1) local brownian phores L. 
motion of the dye, and (2) energy transfer between dyes 
bound to the same DNA molecule_ We assume that these 2_4_2_2_ A step in the mi&ratbn_ Let us assume that at 

268 D. Genesr et d. Umvinding angk in ethidium-DNA 
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‘) I”;lf::: . Dstermlnatlon of the new posmn n 
al coergy 

fig. 2 (t&ett from ref. [71). Scheme of the cakuhtion of r+) by the Monte Carrlo method. Notation used: 
C = index of a configuration, 
s’ = index of a step for a given configuration. 

NC = maximum number of configurations. 
iVs = maximum number of steps for 3 configuration, 
k = index of a transfer in a step, 
n = index of the position of enerw. 
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time tK, the excitation is on the chromophore n after 
the Kth transfer_ We now impose that this excitation 
may only go to the chromophores n-2, n- 1, n + I or 
n + 2. This implies in particular that the excitation 
ener,gy may come back on the chromophore which 
has been the donor in the previous step. 

The corresponding rates of transfer &, &.-I, 
V n+l D and G+, may be calculated by formula (4) as 

function of the distances R,+i and the angles 8,+i 
between the chromophore n and the chromophore 
n + i (i = -2, -1, +I or +2). It is easy to see that for 
l-=+-l 

8 n+i=MCY+S’ R,+i=(M+ 1) X 3_4A; 

and, for i = 52 

e n+i = Afcc+ 26, Rn+,. = (M + 2) X 3.4 A; 

M being the number of base pairs separating the chro- 
mophore n from the chromophore n + i. The total rate 
of transfer is then 

*&I = Vn-2 + Vj_, + Vn+n+r f V,+z. 

The probability that the excitation remains a time 
St,, on the chromophore n is 

p&) = ezp(-VT&,). 

Following the standard procedure in Monte Carlo 
calculations [I 6, 171, St, is rfetermined by picking a 
random number & equaily distributed in the interval 
[0, I], and by putting p@t,) = En. The time of the 
(k + l)th transfer is then 

‘k+l = tk +-St,. 

For the fust step in particular, one has obviously 

tl =6t,,since Co =O. 

Location of the energy after the (k f I)th mi&ation 
step: The relative probabilities of migration to each 
possible site are 

The interval [O,l ] is then divided into four segments 
of respective len%hsP(n-2),P(n--I),P(n+l) and 
P@-2). A random number is picked out and accord- 
ingly as its value is in the Ist, 2nd, 3rd or 4th seg- 
ment, we stipulate that the energy has migrated to 
the chromophore n-2, n-l, n+l or W-2. 
Calculation of =os’@Jt): In this expression the index 

s designates a given simulation. During the time inter- 
val 6 t,, the energy remains on the chromophore n. 
Then one may put 

cos2q5,(t) = cos2q$, for tk Gtt<tk+t, 

where & is the angle between the transition moments 
of the chromophore n and the initially excited chromo- 
phore. We can also write 

R;(t) = R,2, fortkGt<tk+l, 

where R, is the distance between chromophore n and 
the initially excited one. In particular 

cos2@ .S @) = 1, 

R;(f) = 0, 
forO<t<Et. 

2.4.2.3. Compietion of the migratiott The chromo- 
phore on which the energy is located after the (k t L)th 
transfer is now taken as the starting chromophore for B 

new migration. The process described in section 2.4.2.2 
is repeated_ The migration is terminated when tk hap- 
pens to be equal to or greater than a fixed time T_ 

2.4.2.4. Determination of (cos29(t)),. The index c is 
characteristic of a configuration. In order to obtain a 
good statistical value of the distribution of the excita- 
tion energy, the processes described from sections 2.4.2.1 
to 2.423 are repeated _NS times. The following mean 
values are then callulated 

c 

Ns 
(R2(t)>, =+ .z RfCO- 

s s=l 

2.4.3. Determinafi-on of the axzisotropy decay due to 
trpnsfer 

To determine this quantity, it is necessary to re- 
peat all the calculations of section 2.42 for a set of 
configurations generated according to section 2.4.1. 
Then one may compute the average values 

NC 
(kOS2f$(E))~ =$ c <cos2#(t)~,, 

= c=L 

NC 
<&(t))) =; c tR2(t)>,. 

= c=1 
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where NC is a predetermined number of configurations. 
The contribution of energy migration to the decay 

of anisotropy is then given by 

‘T(f) = 3(3((co&(t))) - 1). 

3. Materials and methods 

DNA was obtained from calf thymus and was kindly 
supplied by Mme G. AubelSadron. It was used in an 
aqueous sohrtion of 0.15 M NaCL Ethidium bromide 
was a gift of Dr. Le Pecq. 

Decays of fluorescence have been determined by 
the single photon counting technique in the same man- 
ner as previously described [6,7, 181. Experimental 
curves i,,(t). iL(r). d(f), s(r) and g(f) are obtained, where 

s(t) = ‘,&C) + 2 ii(f), 

&) = i,(t) - i#), 

and g(t) is the distribution in time of the exciting light 
pulse, and is obtained by reflecting the exciting light 
towards the measuring PM. 

The experiments are analysed by numerical compu- 
tation of the following convolution products 

s’(t) =g@)@S(t), 
d’(0 =g(0@W), 

and comparison of these curves with the experimental 
curves s(f) and d(t)_ S(t) and B(t) are the true decay 
curves. D(f) is assumed to be of the form 

W) =S(+o), 

where et) is given by formula (6) 
In order to compare the experimental cmve d(r) 

with a series of computed curves d’(i), we used a me- 
thod descriied by Knight and Selinger [IP]. For an 
experimental decay defined by a set of discrete values __._. _ 
f(k), one introduces the weighed mean variance estimate 

Iffo(k) is a computed curve. the weighted estimate of the 

fit is given by 

The best computed curve is the curve which has the 
smallest value of the ratio p = SSQNSSQP. p is 
equal to the sum of squares of the weighted residuals 
divided by the number of channels 

p =; if: We--WI’ * 

k=l 

Knight and Selinger [ 191 have pointed out that the 
goodness of the calculated curve fit is characterized by 
a value of p close to one. This is only true, however, on 
the assumption that the experimental countf(k) obeys 
Poisson’s statistics, ‘with no systematic errors, and that 
no errors are introduced when including experimental 
data in the calculated curves_ 

Since the curves d(f) are obtained by a difference 
between two experimental curves, the error on their 
points is sensibly greater than the error corresponding 
to Poisson statistics_ On addition, if has recently been 
shown that the usual method of light reflection intro- 
duces a systematic error in the determination of g(r) 
[20,21]. For these reasons one expects that p is some- 
how greater than one, even for the best calculated 
curve which can be found. 

Asensiblejmprovement in the tit should be obtained 
by using the determination ofg(t), which has been 
described in a recent work [2 I] _ 

The fluorescence spectra were measured with a 
Jobin-Yvon spectrofluorometer modified in this Ia- 
boratory with an EM1 9558QB photomultiplier. tts 
quantum efficiency as a function of wavelength was 
taken to be that given by the manufacturer. Correc- 
tions were made for the monochromator dispersion 
and the quantum efficiency of the photomultiplier. 
Absorption spectra were measured with a Gary 14 
spectrophotometer. 

The different concentrations of DNA and of 
ethidium bromide were obtained by measuring opti- 
cal densities with the Gary 14. The DNA concentration 
being very high (> IO’M), practically ail the ethidium 
bromide is bound to DNA. 
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The natural lifetime of the excited state of 
ethidium bromide bound to DNA, ro, was obtained 
by several methods. 

First, we have directly computed TO using the for- 
mula of Stricker and Berg 1221 

OD 

-= 2.88X 10-9;z’ 
_I- f@dF o 

1 
’ 

fn 
2 

r” 
J Y-‘E@)dB, 
0 

,J T3@)dm - 4. Resnlts 

11~ is the refractive index of the medium where the ab- 
sorbed and emitted electromagnetic radiations propa- 
gate_ This is essentially water, and we took 1z2 = 1.33. 
I@) is the intensity of fluorescence at wavenumber p 
and E@) the molar extinction coefficient. 

Secondly, we have measured the fluorescence quan- 
tum yield Q according to the technique described by 
Parker and Rees [23], by comparison of the fluores- 
cence spectra of the ethidium bromide-DNA complex 
and some compounds whose quantum yield is known. 
The standards used were Rhodamine B dissolved in 
ethanol and quinine sulfate dissolved in 1 N H$O, . 
We took 055 as the quantum yield of quinine sulfate 
[24,25] and verified that Rhodamine B had a quantum 
yield of 0.69 as given by Parker and Rees 1231. The 
measurements were made at different excitation wave- 
lengths (490,5 10 and 520 nm for Rhodamine B, 325 
and 365 nm for quinine sulfate)_ 

The difference of the refractive index of water and 
ethanol was taken into account_ After determination 
of the fluorescence quantum yield of bound ethidium 
bromide, 70 is given by the relation 

where 7 is the mean lifetime of the decay of tluores- 
cence determined by the single photoelectron count- 
ing technique. 

The overlap integral J of formula (2) was computed 
from measurements of the absorption and emission 
spectra of ethidium bromide, and then &- was com- 
puted using formula (5). 

The Monte Carlo calculations were performed with 
an IBM 370/165 computer. The energy migration was 
simulated up to the time T = 80 nsec. The curves rT(Q 
were computed with a time increment of 0.1 nsec 
during the first 8 nsec, and then 1 nsec. The number 
of simulations for a given configuration wasIV, = 100 

for each computed curve. For two values of 6(6 = 
-20” and 6 = 4?), the number of configurations 
iV, was equal to or greater than 1000. For other values 
of 6,Ne was taken as 100. 

The computation time for N, = 100 and NC = 100 
varied from 1 to 10 min according to the value of 6 
and the value of P/D. 

The decays S(r) corresponding to the different 
samples were somewhat variable (table 1), which must 
be attributed to experimental imprecision. 

We have determined the brownian anisotropy m(f) 
by analysis of the sample no. O(P/D = 115). since in 
this case energy transfer is negligible [6]_ One finds 

F 
r&) = i ro [exp (--t/p) + 11, 

with ro = 0.32 and cc = 25 nsec. These results are in 
good agreement with those previously obtained in the 
laboratory [6, IOl_ 

The different methods which have been used for 
measuring r,, gave similar values. The results of these 

measurements are presented in table 2. With Rhoda- 
mine B as standard, we found a mean value of 74 
nsec, and with quinine sulfate, a mean value of 7 1 
nsec- The direct determination of ro has been obtain- 
ed using the spectra e@)/F and F@fE3 necessary for 
this calculation. These spectra are given in fig. 3. The 
Strickler and Berg formula gave 73.2 nsec as mean 
value of TO _ We used TO = 73 nsec in our calculations. 

We found that J was difficult to determine accu- 
rately with the spectrofluorimeter we used. The small 
dispersion of t&s apparatus in the 600 nm wavelength 
range entails an insufficient mechanical reproducibility 
of the spectra. In addition, the corrections introduced 
in order to calculate the absolute spectrum, may also 
be a cause of error. After a number of measurements 
and an independent determination made with au abso- 
lute spectrofluorimeter (Gary special product 50-903). 
we adopted the valueJ= (1.46 ~0_25)X10-L5cm3M-L_ 

According to Beardsley and Cantor [26l, the re- 
fractive index n 1 of polynucleotides is equal to 1.4. 
Introducing this value in formula (1) gives kT = 
(0.46 t 0.07)X 107 A6/nsec_ On the other hand, from 
the value of the index increment and the spe’cific vo- 
lume of the DNA, one would predict a somehow higher 
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Table 1 
Different samples of e&i&urn bromide-DNA complex used in the experimental study_ S(r) is the dewy of fluores~~cnce 

SampIe DNA 
concentration 
(Y) 

Concentration 
of bound 
ethidium bro- 
mide (bl) 

6 16.4 0.12 exp(-t/IO) f 0.88 exp(-r/23) I.18 X 1O-3 0.72 x 10-4 
5 14.9 0.07 exp(-f/IO) + 0.93 expf-tf23) 3.08 x 1O-3 2.07 IO-= X 
4 If.25 0.12 expf-r/10) f 0.88 exp(--r/23) 2.42 x 1O-3 2.15 x 10-4 
3 10.1 0.12 exp(-f/10) f 0.88 exp(-r/23) 2.51 x 10-a 2.49 x LO-a 
2 8.6 0.26 exp(-f/IO) + 0.74 exp(-r/22.5) 1.18 x 10-3 1.37 x 10-a 
1 7.35 0.12 exp(-f/IO) + 0.88 eXp(-f/23) 1.53 %“10-s 2.08 x lo+ 
0 115 0.16 exp(-r/IO) f 0.84 exp(-t/23.5) 1.555 x 10-s 1.005 x 10-S 

Table 2 
Determination of the fluorescence. quantum yield Q of e&i- 
dium bromide hound to DNA by comparison with standards. 
lhe quantum yields were taken equal to 0.69 for Rhodamine 
Band to 0.55 for quinine sulfate. 

+&nn) Q (Q) r&lsec) 

Rhodamine B 490 0.323 
510 0.275 
520 0.291 0.291 ?4 
520 0.275 

Quinine sulfate 325 0.332 

365 0.275 0.304 71 

value of the order of 1.6 1271. In this case kF = 
(027 2 0.04)X I07A61nsec. These two values of k, 
had to critical transfer distances of 20.2 A and 18.5 A 
respectively. 

We computed the anisotropy of transfer r&f) for 
different values of S and for the two values of kT cor- 
responding to the two vahres of rrt , with P/D = 7.35. 

The following values of S (in degrees) have been tried: 
f 14,0, -6,-12, -14, -16, -18, -20, -24, -26, 
-36 and 45. Some oE the curves obtained are given 
in fig. 4. In fig. 5, an experimental decay curve d(f) 
corresponding to P/D = 735 is compared with com- 

6% 600 5nl MO GO 

f%T- 3. SPK~ <a) FlFt/G3 and (b) ~(JF).!&T of ethidium bromide bound to DNA, used for the calculation of ro _ 
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Fig. 4_ Curves rT<t) for P/D = 7.35. comptited by the Monte Carlo method with k-l- = 0..53xL07 A6 show the comparison between 
(X)6 = + 20"; (A)6 =-I- 14O; (C) 6 = -45O; (.)6 = -20”; (-)6 = --L2”;(0)6 = 0”. 

Table 3 

Values of p giving the fit between an experimental d(t) curve (P/D = 7.35) and curves d(r) computed with different values of kT 

and for different values of 6. &T is given in A6 nsec-r _ 

-36” -26” -24” -20° -18” --16O -14” --12O -6O -0” c 14O 

053x10’ LO3 82 69 74 81 92 123 169 35s 505 248 
0.46x10’ 85 96 66 59 58 64 71 93 130 282 410 
0.40X10’ 

253 
82.5 89 61 59 54 60 66 83 111 252 372 291 

0.31x10’ 93 94 65 72 53 61 62 69 83 188 289 420 
0.27 x 10’ 110 109 77 87 59 67 66 68 72 
0.24~10’ 

158 250 52-i 
128 125 88 100 65 74 70 70 67 142 229 605 
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Fig. S. Comparison between an experimental funre d(t) (0) 

corresponding to P/D = 7.35 and curve d’(r) computed with 
different values of 6; (0)6 = Ci4O; (-)6 = -20’; (+)6 = 
-12”; (-.----)6 = O”;with kT= 0:40x 107b6~nsec. The 
upper curves show the comparkon between experimental 
s(r) (X) and computed s’(f) f-) curves. 

puted decays d’(r) determined as discussed in section 
3. Each d’(f) curve corresponds to a different value of 
6. 

Table 3 gives the fit between the experimental 
curve and the computed ones. It can be seen in this 
table, that the best fit is obtained with 6 = (-21 It: 5)” 
whenkT =O_46X107 (n, = 1.4);andwith 

cu 
t 
1 I 

10 20 30 40 t h-m) 

Fig_ 6_ Cuses rT(r) computed by the Monte Carlo method 
with kT = 0..53xL07A6~n~c for 6 = -ZOO, corresponding to 
different vtilues of P/D: (+) P/5 5 L6.8; (A) P/D = 14.9; 
(0) P/D = 11.25; (x) P/D = LO; (-) P/D = 8.6; (0) f/D = 7.35. 

S=(-16+4)“whenkT=0.27X107(nl =1.6).We 
also included in table 3 the results of the calculations 
performed with the vaIues oikT corresponding to the 
limits of inaccuracy on J. It can be seen that this in- 
accuracy does not change the& value giving the best fit. 

We have also computed the values of rT(f) for the 
other experimental values pf P/D with 6 = -20” and 

to SD Cl” i C”SI 

F@. 7. Cam~a of some experimental cmzves d(f) with cu$ves d’(l) computed wi& k~ = 0.53 X L07A6f~ec and 6 = -ZOO for 
different v&es of P/D_ like cmntinuour lines are computed curves. ExperirnerWl curves correspond to P/D = 14.9 (o), P/D = 
10 (o), artd P/D = 7.35 (A). The upper CUI-WZS show tic comparison between the experimental cmve r(r) (c). and the computed 
one s’(f) (-) for P/D = 14.9. 
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Fi- 8 s. . Curves ((R2>)32 versus time computed by the hfonte Carlo method with 6 = -20” for different values of P/D: (X) P/b = 7.35; 
<-) P/D = JO; (+)P/D = 20. kT was taken equaI to 0.53~10 ‘A6/nsec.0, the right scale we have plotted KR~))‘? 

kT = 0.53X IO7 @/nsec. These curves are given in fig. 
6. Some d’(f) curves are compared with the corres- 
ponding experimental ones (fig. 7) and one can see 
that a good fit is ob*+ned. 

In some of our lionte Carlo calculations, we have 
determined GR2>1, the mean square of the distance 
covered by the energy during its migration. We found 
empirically that ((R21)3’2 varies linearly with f in most 
of the variable range expiored. In order to evaIuate 
the average distance of the energy migration, we plot- 
ted an example of this variation in fig. 8. The distance 
of migration after a given time increases when P/D de- 
creases. 

One can see that after 80 nsec GR2)P2 is equal to 
2 l-2,34.3 and 45 A for P/o values respectively equal 
to 23,iO and 7.35_ The corresponding numbersofbase 
pairs are S-7,8.4 and 10.4. This means that the energy 
migration takes place only over a relatively short seg- 
ment of the DNA molecule. 

Discussion 

We begin this discussion by considering the various 

causes which might lead to some errors in the estimate 
of the unwinding angle 6. The notion of the unwinding 
angle 6 implies that all the sites occupied by an ethi- 
dium bromide molecule rotate with the same angle. 

The model adopted in this work contains the addi- 
tional assumption that the ethidium bromide molecules 
occupy identical positions in their sites. Thus the transi 
tion moments of two cbromophores make an angle be- 
tween them which only depends on the respective anf+ 
lar positions of their sites. This assumption could appen 
to be too restrictive since the nature and the sequence 
of the pyrimidine and purine bases bring about a 
variety of sites. However, 88% of the ethidium bro- 
mide molecules bound to DNA fluoresce with a de- 
cay time of 23 nsec. Therefore, the fluorescence. 
emission appears to be relatively homogeneous. Then 
the assumption that the majority of cbromophores 
occupy the same position in their sites seems to be a 
reasonable one. 

As we already showed in a previous work [IO], 
there is an angular brownian motion of the ethidium 
bromide molecules bound to DNA. From the value 
of the correlation tune of the motion (2s nsec), one 
may reasonably assume that the length of the DNA 
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taking part in the motion is about 100 A long. On the 
other hand, the DNA-ethidium bromide complex 
with P/D = 735 allows the most accurate deterrnina- 
tion of 6 _ In this case, the average distance between 
two nearest inserted chromophores is about 15 A. 
Therefore, the brownian rotations of these two chro- 
mophores are in phase, and no change in their rela- 
tive angular position occurs. 

The value of k, determined in the present work is 
different from values previously published by others 
ES] and ourselves 161. As we have already discussed, 
there are some difficulties in obtaining an accurate 
value of the overlap integral J. We think that these 
measurements couId be improved in future works. 
However, we have seen that the inaccuracy of J does 
not entail a perceptible change in the determination 
of 6. On the other hand, the calculations are very 
sensitive to the values of tzt . With nt = 1.4: S = 
(-2 1 C 5)“. whereas with nl = 1.6, its value is 
(-16 + 4)=h1 = 1.6 is probably closer to the true 
value of the DNA refractive index than pzt = 1.4. 

A winding of + 14O, as proposed by Paoletti and 
Le Pecq [S 1, gave computed anisotropy decays in- 

consistent with our experimental decays. The decay 
curve d’(r) computed with S = c 14O is first higher, 
then lower than the experimental one d(r). This 
could explain Paoletti and Le Pecq’s results. 

These authors measured the time-average anisotropy 
using a continuous source of excitation, which corres- 
ponds to the decay curve integrals. Though experi- 
mental decays and decays computed with 6 = + 14” 
are different, the integrated values can be similar. 

On the other hand, our results are in fair agree- 
ment with the model first proposed by Lerman [1,8], 
which supposes a local unwinding of the double helix 
of DNA when a dye is inserted. It is generally assumed 
[28] that the unwinding angle is comprised between 
-12” as proposed by Fuller and Waring 121, and -45” 
as proposed by Lerman [I] _ These two values are de- 
duced from studying molecular models. 

It has been shown that intercalation of ethidium 
bromide leads to strong changes in sedimentation 
velocity 129,301 and buoyant density 130) in cesium 
chloride of closed circular DNA molecules. This obser- 
vation has been attributeti to the unwinding of DNA 
duplex which entails an unwinding of the superhelix 
turns natural& occurring in these molecules. From 
these experiments, the superhelix density u may be 

calculated when 6 is known. In using the S value of 
Fuller and Waring (S = - 12”), Bauer and Vinograd 
[30] found a fair agreement between the values of a 
calculated by means of the ethidium bromide method 
and determined by the early alkaline titration method 
of Viiograd et al. [31]_ 

However, we may point out that 6 = (-15 2 3)” will 
give a better agreement between these two methods. 
That last value is practically identical to the value ob- 
tained in the present work when the value 1.6 is taken 
for DNA refractive index. 

We think that our experimental method provides 
a good evaluation of the unwinding angle of the ethi- 
dium bromide-DNA complex. 

More generally, this method should be useful for 
determining the spatial distribution of any arbitrary 
array of identical chromophores. 
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A theory is presented for the decrease of sedimentation coefficient at high centrifugal fields rccentiy reported for 
samples of DNA by Rubenstein ;ind Leighton md others. The theory uses the model of a chain of beads and springs to 
represent the molecule. Kixkwood’s approximation is use6 for the sedimentation coefficient. The decrease in sedimen- 
tation coefficient with &Id comes about as a result of the uneven frictional forces in the chain, which on the average arc 
less on segments near the center of the chain than on those near the ends. As a result the ends of the chain tend to drag 
behind the center. and the average intersegment distances are increased; consequently the hydrodynamic shieiding of one 
segment by mother is reduced. and the average friction is increased_ The effect is thus characteristic of sin& molecules; 
intermolecular interaction is not involved. The sedimentation coefficient, S, varies as a power series in a paramctery that 
measures the distortion produced by the uneven friction: 

S=S”(l -Dzy= fD4y4 - . ..). 

where f? is the limiting value of S at zero centrifugal field and 02 and 04 are constants; y is proportional to the ccntri- 
fuge speed sqused times the molecular weight squared divided by 9. It has been observed that the effects of centrifuge 
speed on S are negligible below certain critical values of the speed and molecular weight, but increase dramatically im- 
mediately above these values; this follows naturally from the high powers of the speed and molecular weight that appear 
in the above equation_ 

I. Introduction 

With macromolecuics it is usuaUy assumed that the sedimentation coefficient is independent of the strength 

of the centrifugal field. This is usually a safe assumption, since the sediienting forces are not usually great enough 
to appreciably orient or distort the macramolecules, or to affect their distribution relative to one another. How- 
ever, as larger and larger molecules have come under investigation in the last few years, the assumption of velocity 

independence has become questionable. in the previous three papers [l-3] of this series we have discussed a con- 
centrationdependent anomaly which appears as an increase in sedimentation coefficient at high centrifugal fields. 
Now we turn to a decrease in sedimentation coefficient of large chain molecules at hi& fields; this effect was first 
observed, as far as we are aware, by Rubenstein and Leighton with large DNA molecules [4]. The decrease was 
Seen at very low concentrations, less than one part per million by weight, and was therefore apparently distinct 
from the concentration-dependent anomaly. 

This effect is important to the practice of macromolecular science, Gnce it appears to set the upper limit on the 

molecular weights of DNA molecules that can be measured by present sedimentation techniques_ Moreover it pre- 
sents the theory OF the hydrodynamic properties of chain molecules with a new challenge_ 

The probable explanation of the effect, as sugested in 1969 by Rubenstein in a private communication to the 

author, is an increase in W&on resulting from distortion of the chain molecules by uneven forces. The unevenness 
in the forces appears to be caused mainly by inequaWy in the Friction, the average friction at the ends of the chain 
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being greater than the average friction at the middle because of the greater hydrodynamic shielding around the 

middle. As a result, the ends tend to drag behind the middle, and the chain becomes distorted. If the distortion 
is great enough, the amount of hydrodynamic shielding of the various parts of the chain by one another is les- 

sened, and the sedimentation coefficient can be expected to decrease. 
The rest of this paper is devoted to working out these ideas in detail. 

2. Sedimentation and distortion 

2.1. ‘Ilre mode1 and the Kirkwood formula for the sedimentation coefficient 

The model we use is the familiar beads-and-springs model [5-71. Th ere are N + 1 beads, numbered from 0 to 

N, connected through universal joints by IV springs_ When there are no external forces, the root-mean-square 

length of each spring is b, a constant. Since the springs are connected by universal joints, random-fBght statistics 

apply to the chain, i.e., the mean square distance, (I-$, between the ith andjth beads is 

Each bead interacts with the surrounding fluid (the solvent) with a friction coefficient p’, and there is a sedi- 
menting force, g, a constant, driving each bead toward the negative z-direction of a Cartesian frame of reference_ 

Let Ui be the velocity of the ith bead, vi the velociw that the solvent at the position of bead i would have if that 
bead were not there, and Fi the sum of the spring forces and the sedimenting forces acting on bead i; then 

F’=p’(Ui-Ui) * 

(In this section bold-face type indicates vectors in three-dimensional space-) We assume that the solvent is general- 

ly at rest, except for currents created by the forces acting on the chain molecule. These currents are given by the 
Oseen-Burgers [S] formula, which is, in the notation of EGr.kwood and Riseman [9] 

N 
ui= CjTt_,.-Fj 1 (3) 

0 

where the prime on the summation sign indicates that J * + i, and where the tensor TG is given by 

(4) 

Here r] is the viscosity of the solvent, rij the vector between i andi, and the operator in parentheses is a dyadic 

which transfers the location of its operand (the force Fi) from j to i as weU as performing the operations indicated 
by 1 (the unit operator) and by the dyad rvrii- 

The force, Fi. on theith bead is the sum of the sedimenting force,g, and the forces in the two springs connected 
to i; these latter forces we call Gj_ 1 and GSj+l _ If we combine (2) and (3) we then have 

The average velocity, ~1, of the whole molecule is the average over all beads of the time average of the velocity of 
each bead, hi)_ (The symbol ( 1 denotes a time average, or, which is equivalent, an average over all configurations.) 
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(6) 

To obtain a useful approximation, due to Kirkwood [lo], one neglects the Iast summation. (Kirkwood’s origi- 
nal derivation [IO] was much less specific; for this reason we have rederived the formula_) As partial justification, 
we note thatl;;i_l = - fj_ r,i, these quantities being the forcesat the opposite ends of the same spring, while I$ 
usually varies SIowIy Withj, so that there is surely much near cancekition of terms in the summation. In ccntrast, 
in the second summation, involvingg, the terms are all of the same sign. Further, since the total external force is 
(N + i)g and the sum of the internal forces must vanish on the average, we have 

In Kirkwood’s approximation, then, the sedimentation velocity is 

u=g/p’+ [1/@v+ I)] & &Ti+_ 
0 0 

(8) 

If the sedimenting force has a component only in the z-direction, u must have also a non-vanishing z-component 
only, and 

(Tij->=(l/SIrTJ)<I/frj +Zi/rz> e (9) 

In a centrifuge, the magnitude of the sedimenting force on each bead, g, is 

g=M(l -G@2x/(N+ l)N,) (10) 

where M is the motecular weight of the chain molecule, U is its partial specific volume, p is the density of the sol- 
vent, $2 is the angular velocity of the centrifuge rotor of radius x, and Na is Avogadro’s number. The detiutition of 
the sedimentation coefficient, S, expressed in Svedberg units, is 

lo-‘3s = tf/&x _ (11) 

These formulas may now be combined with (8) to give an expression for the sedimentation coefficient in mole- 
cular terms. One simplification remains, however. The value of N, the number of springs in the model, is rather 
arbitrary, there being no straight-forward way of relating this to some property of the real molecule. In (8) only 
the first term depends directly on N throughg; the summation turns out to be Largely independent of N. AIso the 
first term is usually small in comparison to the summation. For these reasons we will negfect the first term. (VVe 
are in effect adopting what is usually called the “non-draining” approximation.) The result is Kirkwood’s formula 
in the form 

Kirkwoad’s formula, though admittedly approximate, has the great advantage of being well adapted for calcu- 
ration, requiring only the evaluation of a sum or an integral over molecular conformations. Its accuracy has been 
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discussed by Zwandg [ 1 I] , using Tchen’s [ 121 exact calculation of the friction tensor of an inftitely thin circu- 
lar ring. The discrepancy is nine percent between the exact result and Kirk~ood’s formula for this ring. On the 
other hand, for an infinitely thin long rod, the agreement between the two formulas is perfect. For a chain mole- 
cule at low centrifugal fields the value of S is given in Kirkwood’s approximation by eq. (53) below; the numerical 
constant in this equation is 9 R 1 4 3 2 = 0.0798. Some time ago [4] the same constant was evaluated for ffie same 
modet but without the neglect of the internal force terms of eq. (6) above, although with the use of pre-averaged 
Tii factors, instead of averaging after multiplying (Le., GjS -Gi_l instead of (XV. &,i_r)) as would be perfectIy 
correct. The result was I’($)/31&~r(t) l’(3) = 0.0784, ody t&o percent different from that above. 

Thus Kirkwood’s approximation appears to give results only a few percent away from more exact calculations. 
Pcobabfy the comparison between two calculations on sin&r models, both by Kirkwood’s approximation, is more 
satisfactory than either caIcuIation would be alone. For example, Bloomfield and Zimm [ 131 made a calculation 
of the ratio of the sedimentation coefficients of circular and linear chain molecules using Kirkwood’s approxima- 
tion; this ratio came out to be 1.16 for a DNA-like structure, in good agreement with experimental measurements. 
which range from 1.1 to 1.2. 

For these reasons we feel hopeful that the present calculation, if not exact, should at Ieast be within a few per- 
cent of a calculation that took full account of the internal forces. 

2-2. The diffuion equatz~on 

it is now necessary to derive the amount of molecular distortion resulting from the sedimenting forces so that 
the correct distances can be inserted in Kirkwood’s formula, eq_ (12). Even though the sedimenting forces on each 
baad are equal and of value g, the frictional forces are not equal because of the differing values of the soivent cur- 
rents, uI, at each bead. Since the total frictional force at each bead must equal Fi according to eq. (2), obviously 
the intemaI (spring) forces are not all equal. As a result, the springs are unequally distorted by an amount that 
depends on the sedimenting force, g. 

For this calculation we use the method already developed years ago [S. 7,141 for viscoelastic and other prob- 
lems in chain dynamics_ The methods, fundamental equations, and most of the symbols used are the same as those 
discussed at length in a previous paper [7] ; except for the following few remarks we must refer the reader thither. 

From ihl;F point on we use bald-face type to &xi&ate (N + I j-dimentionsl matrices and column vectors. not 
the ordhtary three-vecrors of the preceding paragraphs 

Each element of one of these (N f I)-dimensional vectors is a certain quantity (such as the z-coordinate) per- 
taining to a particular bead; the vector thus represents the se& of such quantities of the whole chain. The disttibu- 
tion of the chain among its conformations is described by the probability density function, $,, which obeys a dif- 
fusion equation similar to eq. (17) of ref. [a]. This equation is to be obtained from the expressions for the force 
vectors; these are the same as eq. (6) of ref. [7] except for the z-component, which has the additional term repre- 
senting the sedimenting force, -ge, where e is a (N f I)-dimensional vector all of whose elements are unity. (For 
format, compare eq. (99) of ref. [7] ,) The diffusion equation is greatly simplified by transformation to the nor- 
ma? coordinates, E, q, and c, according to the linear transformation Q, defmed in ref. [7] _ 

We begin work with the diffusion equation in normal coordinates. Since we are interested in the steady-state 
rate of sedimentation, we can set a+/& = 0. Analogous to eq. (38) of ref. [7], the diEfusion equation now appears 
in the form 

(13) 

Here u is the ratio of the spring force constant to the resistance coefficient; D = 3k’T/b2p’, where k’ is Boltzmann’s 
constant, T is the absolute temperature, yd b is the root-mean-square Iength of a spring in the molecule at rest; 
D, the bead diffusion coefficient, is k’T/p . The index k is an integer running from 0 to N and denoting which 
normal coordinate is under consideration, and vk and & are the kth diagonal elements of the hydrodynamic mo- 
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biiity matrix, H, and of the product matrix H-A, respectively (where A is the matrix tktt converts a bead-position 
vector into a spring-force vector). ek is the kth element of the transform of the unit vector, e, that is, 

(14) 

where Qjk are the elements of the transformation matrix, Q, (Compare eq. (106) in ref. [7] .) 
The physical meanings of the various terms in eq. (13) are simpIe. The first term is the divergence of the cur- 

rents of bead flow produced by “&e sedimenting forces; me third term is the divergence of the corresponding cur- 
rents produced by diffusion, and the second and fourth terms tbgether represent the divergence.of the currents 
resulting from the spring forces. In steady state, the sum of these divergences must be zero. 

The sc~lution of eq. (13) is easily found to be a product of exponential functions, one for each normal coordi- 
nate. For the coordinates gk and qk these functions are 

while for Sk they are 

where & is eqllai t0 xk/vk. ‘we ROW Wish to express these irl terms Of the originat coordinates of the beads, “i, ui, 
zi- According to the tr~sfo~at~on equations (eq. (34) of ref. f7] ) a quadratic form in the normal coordinates 
becomes a quadratic form in the original coordinates. Since the functions in the exponentials of eqs. (I 5) and (16) 
are quadratic forms of the normal coordinates, they transform into quadratic forms of the original coordinates_ 
We wish now to reduce this to the distribution function of the components of the distance between two beads, 
say r‘ and j_ Write 

Xj”Xf+Xjj) Yj=Yi'Yii, Zj=tifZii, (17) 

and integrate over alI coordinates except those of bead j_ The integration of the distribution function consists of 
successive integrations of the following type: 

ca 

s exp(-- axf +b+xp)dxe = eexp b2&4a, fW 
-03 

where.a and b are constants and b may or may not be zero, The only thing that remains from the original erp~- 
nentiak of quadratic forms is then the following function of xii,pii, Z~ which is the function that was sought: 

@(Xi+ JJii, Zij) = K exp [-Q(x$ +Y$ f 2;) f &Zfj] , (191 

where ii: 0s and P are constants to be determined later. 

23. The sedimc~latio~. coefficierzt in. terms of average distances 

Returning now to eq- (12) for the sedimentation coefficient, we see that the averages in the right-hand member 
of the equation are to be taken with the distribution function (19); that is, 
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<llrij+ Z~/~> 

= sSp( I /rij l z$t$) exp(-a 4 + ~Zi~) d*iidyilat,j~$~ exp(-~$ f &ii) dri,dyijdzfi - 

The constmts a and fl are easily related to the averages (1;) and (Zij) by the equations 

(Xi:_) = JXi exp(- oXi) d.Yjj/ JtZXp(- aXi:_) dwij = l/2@ , 

(zii)=J z,-exp(-~z~++zij)dz~/~exp(-~z~t~zii)dzii= @2a. 

(20) 

(21) 

(22) 

The quantity or, and correspondingly (x$;, measures the size of the chain at rest and is not affected by the pre- 
sence of the centrifugal field; on the other hand, fl, and correspondingly <zii), measures the distortion of the chain 
caused by the field. 

Equations (20), (21) and (22) give the quantity of interest, <l/rii +z@$, as a function of the averages (~$1 
and (rii). To express this functional form most conveniently, we define a new variable, ujj, which is proportional 
to the square of the amount of distortion, (zij), of the chain from its resting form: 

Vij = fl’/2Or= <Zij12/(X~l . (23) 

If we transform eq. (20) to polar coordinates, we can now perform the integrations over the angles to obtain a 
form that is conveniently written as 

< l/r;i + Z$/r:) =$(2/RtXi:_))“2 V(Uij) 3 

where the function V(u) is defined by 

(24) 

exp(- w”/%J) 
cash w sinh w 

sinh w - 7 i- - dw. 
W2 

(25) 

(Here w has re;llaced Ilrii-) Expansion of the integrand in (25) and integration term by term leads to a power se- 
ries in u, 

N 

V(lJ)=~,C,v”= I- ;+g._., 

0 

where the coefficients C, are given by 

(-l)“-Q22Q(e + I)! 
o Q (n - Q)!(2Q + 3)!(2Q •r- l)! (27) 

and are tabulated in table 1. 

2-4. Evaluation of the averages 

The first term obtained by substituting eq. (26) into eq. (24) is a familiar form wfrich is easy to sum aver all 
pairs, ij_ We replace i and j by continuous variables J and t defmed by 

s=--1 f2i/N, t=-l+2j/N. (28) 
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Table 1 
The fimt four power-series coeffkknts 

285 

n c, In DTn 

1 -l/IO 0.7698 -2.887 X 1O-2 
2 3/2&O 1.361 2.051 x 10-3 
3 -i/1008 2.667 -1.550 x LO-4 
4 l/12672 S-460 1.105 x 10-s 

and approximate the summation over i and j in eq. (2) by integration over s and t. A further conversion into vari- 
ables p and 4 is usefu1, where 

P=&+r), 4=)(s-t). (29) 

We then proceed to sum the first term in (24), obtaining (xi) from eq. (1) ( an d noting that Ccf:) is not affected 

by the centrifugal field); 

(30) 

The next term of eq. (24) with (26) involves <.Q_ From eq. (34) of ref. 171 we have 

(z$= &CQ,k - QikVEk>- (31) 

The matrix elements Q,k and Qik can be represented in terms of the eigenvectors of the matrix H-A, as explained 
in previous papers [7, IS]. We can express these eigenvectors by continuous functions of s and t, CY,&) and ak(f), 

(32) 

The functions CY~ are represented [ 151 conveniently as Fourier series, in particular, those of even k, the only ones 

that we will have need of, are given by 

a&).= kao i- c ,%& cos(ITnzsf2) , (331 

where ‘a0 and ka,,, are coefficients which depend on both the indices k and m_ Most of our work will involve the 
second eigenfunction, oz2; in this eigenfimction only the fist two terms give numerically significant contributions, 
so that we may write 

oQ(s) = 2a, + G2 cos(?rs) i- ___ ) (34) 

and correspondingly for a&). 
The averages of the z-axis normal coordinates, (Sk), which appear hi eq. (3 l), can be evaluated by averaging 

with the distribution function, (16): 
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The vector elements + were defied by eq. (14). We can now complete the evahration of these, using (32) and 
(33): 

ek = (uv)“2 k=u . (36) 

From the prescriptions given before [ 151 we can now estimate the ek, and from them show that only (C2) con- 
tributes enough to eq. (31) to be worth evahrating carefully at present. The magnitudes of the other (Sk) are aJl 
less than fifteen precent of (52 1, and their contributions to this calculation are further diminished by the rapid 
oscillations of the eigenfunctions, Qk, of k greater than two. For k equal to two, then, we have from the previous 
work [lS], 

2a0 = (3.052/- 12.87) 2uz . (37) 

We combine this with the normalization condition 

1 

.r 
Q;(s) ds = 1 = 2(2u0)2 f (2a2)2 f . . . (38) 

-1 

to generate two simultaneous equations for the coefficients 2~o and 2a2. The results for the coefficients are 
2 a0 = - 0.2235 and ‘n2 = 0.9428. For the evaluation of <S-,1 we need in addition the quantity v2fi2. In refs. 

[71 and l’s]2 it was shown that this ratio was equal to the element p2, which is found from ref. [ 1 S] to be 
3.5648n /IV . Putting all this together into eq. (35), we can evaluate the quantity of interest, (cz): 

<[,> = 0.02956 N5’2gb2/lr2k’T _ 

From eqs. (31), (32) and (34) we get 

(39) 

<Z#> = (2/Np ?a2 <E$ (cos RS - cos 7rt) = 2(2/N) u2 4, <<2 1 sin [$ n(s - f)] sin &r(s * f) J . (40) 

We are now ready to sum the second term of eq. (24) with eq. (26) substituted into it. Proceeding as before, we 
have 

ZjZi (z~)~/(x$)~‘~ = ( 16/NL~)(3/62)3’2(2a2)2(~~)211 , 

where I1 is an integral, 

(41) 

(42) 

This integral may be evaluated by reduction to tabulated Fresnel integrak or by numerical integration as it stands. 
Its value is listed in table 1. 

We can proceed in a similar way with the succeeding terms of eq. (26) substituted into eq. (24). The result is a 
power series in a parameter,y, as follows * 

* In an earlier account of this work. circulated privately. a sin&r rariable u was used, where u = y’/S. 



B-H_ Zimm. Anumdies &a sedimenta&m. IV 

with C, defmed in eq. (27) and the integrals in are 

I, = 
22”-‘(n!j2 L 1-q [Sin(rq) siI@rpp 

ss C-Y @ @ qm+ 1x2 

= 1 [sin(?rw2)]~ 

f [ 

f_w2+ =mv2) 

0 w2" 7r 
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(43) 

W-1 
z 4k(k!)2 [sin(mv*)] =+I 

(2k f I)! 1 - 

dw 

k=O 
(47) 

(The last transformation was accomphshed by a change of variable, 4 = w*.) The first four of these integrttls, eva- 
luated by numerical integration, are listed in tabIe 1, along with the coefficienrsD~_ 

The comzergence of the series (44) turns out to be rather slow when y is Iarge; for example, the four terms 
given converge. to within one percent only when y is less than 2.6. For another alternative when y is large we can 
go back to eqs. (24) and (25). From eqs. (1) and (Lao) for Or$ and <zii> respectively, and with (23) and (291, we 
C2Xl write Vii as , 

vii = 24(2a,)2<&> 2 sin’nq sin2zrp/b2iV2q = y2sin2,q sin%rp~24 . (48) 

ff we s~bs~~te this in eq. (25), and with (28), (29), etc., we obtain eq. (43) again, but with Y(u) now expressed 
as a triple integrak 

where 

Numerical integration of eq. (49) becomes useful as a means of evaluating Y@) wherry is large. 

Substitution of eq. (43) in eq. (12) will yield the s&mentation coefficient. First, however, we need to re!ate 
the parameters N and b to experimental quantities. 

The mean square radius of the molecule at rest, R;4, which can be measured by light scattering, is defmed (ifN 
is large) by 
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Alternatively N and b can be related to the sedimentation coefficient at zero centrifugal field, S”, as will be ap- 
parent in a moment. 

If we put eq. (43) into eq. (I 2) the result is 

S=soY(j), (52) 

where So, using eq. (5 I), is given by 

So = 4M( 1 - Up) i 0L3/9 n3'2R,,iVaq . (53) 

(Equation (53) is also the formula that Kirkwood obtained [Y, IO] for 9.) The variable y may be expressed in 
terms of either R, or So [see eqs. (45) and (39) ] : 

y = 0.4729 RO M( 1 -@)n2&RT, (54) 

=3.825X IOt”fW2(1 - ~p)2s22~/NaRTt#, Wa) 

= 8.374 X 1O-24 M2( 1 - ~o)2(rpm)2x/ZW? . (.QW 

2? is here expressed in Svedberg units ( lo-t3 cgs); S2 is in radians per second *. In the last equation the values of 
the physical constants have been introduced and the angular velocity expressed in revolutions per minute (rpm). 

3. Conclusions 

The function YCy) thus turns out to equal the ratio, S/so, expressing the decline of sedimentation coefficient 
with centrifuge speed and other variables. This ratio is a function only of ahe dimensionless parameter,y. The 
parametery has a simple physical meaning; from eqs. (l), (40) and (45) we can show that 

(56) 

where (zo,N/2) is the average z-component of the distance between one end (index 0) and the mid-segment (index 
N/2) of the chain, and oC&2 1 ‘i2 is the root mean square of the x-component of the same distance (which is 
equal to the root mean square of tbe correspondingr-component in the molecule at rest). The x-component does 
not change with the centrifugal field, wbiIe (zu,N,2 ) vanishes at zero fieId and is proportional to the field. Thus 
y is a measure of the distortion of the molecule caused by the centrifugal field. 

Figure 1 isa plot ofS/S” = Ye) againsty1’2;sincey*~2 _ is proportional to SZ, this is effectively a plot of S 
versus centrifuge speed_ The points show the predicted effect of speed on typical samples of DNA. Since rotors 
capable of 60 000 ‘pm have onIy recentIy come into general use, it is not surprising that this effect of speed on 
viral DNA escaped notice for many years. For unbroken bacterial DNA, however, the effect could obviously be 
serious. 

The points shown in fig_ 1 for T2 DNA can be compared with measured values, in particular, those of Schu- 
maker [2]. The observed values were S6uaoo = 55. I f 1.3 S and $0 m = 61.8 c 0.9 S,.givingS6t,,,ot,/S3t,ut,t, = 

l If L+’ is expressed as fl 
waies at 20°C. 

m,W, then the (t -up) in eq_ (53) and one of the two factors (1 -Up) in eqr (55) must correspond to 
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Fig. f, change of sedimentation coefficient with centxifuge speed aaording to eq. (52). The abscka. y’@, is proportional to the 
centrifuge speed. The points shown were calculated by eqs. (SZ), (44), and (SSb) for T7 DNA,M= 25 X lo6 and S& = 32; 
T2DNA,M=L20X 106andS$,W- - 61.8, and E. e&i DNA, M = 2.7 X IO9 and &,W = 150 (estimated), assuming the condi- 
tions given in tabte 1 of ref. [21 [T = 293”. x = 5.2 cm, 1 - ;j, = O-436 (for 10% sucrose). 1 -i;p = 0.457 (for 0.2 M N&l), 
n(HaO) = 0.01 i _ 

0.891 t 0.024. We calculate from the numbers in the caption of fig. I thatySoooo= 0.620 andy~~ooo = 2,48, 
leading to the points shown in the figure, and giving a ratio by eq. (44) of 0.884, in startlingly good agreement with 
the experiments. This agreement must be somewhat accidental, however, since the calculation is very sensitive to 
the values chosen for the molecular weight and for 1 - ;rP in the sucrose gradient; neither of these quantities is 
known with much accuracy. 

ft is noteworthy that So depends on y3 and thus varies with high powers of the molecular weight, M, and of 
the centrifuge speed, SL; this circumstance explains the observation that the effects on S of centrifuge speed are 
negligible below certain criticaI values of izf and Q, and then rise rapidly at higher values. This situation is well 
illustrated also in fig. 1. 

The large amount of molecular distortion that accompanies a moderate change in the sedimentation coefticient 
is also noteworthy. The average form of the distortion, as given by eq. (40), is a displacement of the two ends of 

Fig. 2. Diagram of the distortion induced in a &&I molecute by uneven friction according to eq- (40). A typical condition of 
ffie undistorted molecule is shown by the solid CCXVZ; the same confiitioa with distortion is shown by the dashed curve. 33e 
direction of s&imentation is downmird. 
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the chain “upward” (opposite to the direction of sedimentation) with respect to the middle of the chain, the dis- 
placement interpolating in a sinusoidal fashion between the middle and the ends. From eq. (44) we can caIculate 
the amount of distortion, as measured by y, for a given value ofS/S” = Y&); for example, when S/So is 0.90,~ 

is 2.15. Figure 2 is a diagram of this distortion_ 
It shou!d probably be emphasized at this point that the molecuIar distortion that we deal with here is not 

caused by differences between the sedimenting forces on different parts of the molecule as the result of the de- 
pendence of the centrifugal acceleration on the centrifuge radius. That source of distortion was considered by 
Singer [ 161, who found it to be smaller than the effect discussed here by the ratio, R,-,/x, approximately. 

One remaining question comes to mind: If the sedimentation anomaly discussed here is a result of the diffe- 
rential in average forces between the middle and the ends of the chain, would it occur if the chain had no ends, 
that is, if it were a circle? Clearly, a calculation along the lines used here, in which average forces only are used, 
could never predict speed dependence of the sedimentation coefficient for a symmetrical circle. Perhaps an effect 
would appear from the consideration of momentary fluctuations in conformation, but one would expect it to be 
much smaller than that discussed here. 
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Appendix 

In the text we have not considered the coordinate of the center of mass. The referee of this paper has pointed 
out that there are some usefui remarks that can be made concerning it_ 

Considering only the z-coordinates, we find from eq. (13) two possible solutions (noting that X, = 0), 

(A-1) 

(A-3 

where A is the normalization constant, and etit, the internal distribution function, is the product over all k f 0 
of the exponential functions of eqs. (15) and (16). The coordinate co measures, in a rather complicated way, the 
position of the center of mass. Equation (A-l) is then the solution corresponding to sedimentation equilibrium, 
and eq. (A-2) is the solution corresponding to a sedimentation veIocity experiment, where a uniform concentra- 
tion of solute sediments at a constant rate_ It is the latter with which we deal in this paper_ 

Let us examine the part of the exponent in eqs. (A-l) and (A-2) that is linear in the ~-coordinates. From eq. 
(16) we see that this involves 

(A13) 
k=O 

in the equilibrium case [eq. (A-l)], and 
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N 

c ark 
k=1 

(A41 

in the velocity case, [eq. (A--2)]. If we use eq. (14) for ek and eq. (43a) of ref. [7], we can transform (A-3) into 

W-5) 
k=O i=O 

where e is the unit vector. Thus the exponent of the equilibrium 
nate of the center of mass, ( IQI!)E&,z;-, as it should. 

solution, (A-l), depends linearly on the coordi- 

On the other baud, for the velocity case, the same transformation converts (A-4) into 

Here e is the unit vector, but PO is the force vector corresponding to translation at uniform velocity; according to 
P.L. Auer and C.S. Gardner (private communication cited in ref. [7] ) its ith element is (approximately) 

a,i = 2 m> 
iv”2r($) l?(3) f 1 - (1 - 2#/Iv-)2] tr4 - 

(A-7) 

Thus the exponent in this steady-state soiution does not depend simply on the coordinate of the center of mass, 
but involves a more complicated function expressing the fact of moIecular distortion. 

These results might be useful as the basis of an alternative method of calcuIating the distortion of the molecule, 
using the right-hand side of (A-6) as the starting point, instead of the normal coordinate form on the left-hand 
side, as was done in this paper. We have not yet looked into the feasibility or possible advantages of such an ap- 
proach. 

References 

B. Goldstein and BSI. Zimm, Biopdymers 12 (1973) 857. 
V.N. Schumaker and B.H- Zimm, Biopolymers 12 (1973) 869. 
VN. Schumaker sad B_H. Zii, Biopotymers 12 (1973) 877. 
I. Rubenstein and S.B. Le&hton, Biophyr SOIL Abstr. 209a (1971). 
P-E. Rouse, Jr.. LChem. Pbys. 21(1953) 1272. 
F. Bueche, J. Cheat. Phyr 22 (1954) 603. 
B.H. Zimm. J. Chem. whys 24 (Z956) 269. 
J.&l. Burgers, Sewnd Report on Wxosity and Plasticity of the Amsterdam Academy of Sciences (Nordcmimn, New York, 
1938). 
LG. Kirkwood and J- Riseman. J. Cixem. Phys. 16 1Z948) 565. 
J-G. Kirkwood. 3. Polymer Sci. 12 (1954) 1. 
R. Zwanzig, J. Chem. Phys 45 (1966) 1858. 
CM. Tcixen, I. Appt Phys. 25 (f9.54) 463. 
V. BtoomEe!d and ILEE. Zimm, J. Cbem. Fhyr 44 (1966) 315. 
BH. Zimm and R-W- Kilb. J. PoIysner Sci. 37 (lW9) 19. 
BJG Zimm. GM. Roe and L-F. Epstein, J. Chem- Pbys 2C Ci956) 279. 
SJ. Sir, J_ Polymer Sd. 2 (1947) 290. 



BIOPHYSICAL CHEMISTRY l(1974) 292-299.0 NORTH-HOLLAND PUBLISHING COMPANY 

THE INFLUENCE OF ROTOR SPEED ON THE SEDIMXNTATION BEHAVIOR LN 
SUCROSE GRADIENTS OF HIGH MOLECULAR WEIGHT DNA’S 

Irwin RUBENSTEIN * and Sara B. LEIGHTON 

DPpmtmenr of Molecular Biophysics and BbchenaisrrY. Yale University. New Haven, Connecrinrr 06520. US4 

Received 8 August 1973 

Anomalous sedimentation behavior has been observed for high molecular weigfit duplex DNA’s in sucrose gradients 
The sedimentation rate of DNA’s having molecular weights of 10’ or h ~~~~~*~~~~~~~~~~~~( 
change in the sucrose sedimentation coerricient due to this effect, .!& 
The anomalous behavior is not influenced by DNA concentration at sufficiently low concentrations. Because of the 
smallness of the coefficient this effect has not been previously detected for DNA’s the size of T2 or snaller at rotor 
speeds below 40 000 RPM. For example. the relative sedimentation coefficient of T2 DNA at 65 000 RPM is only 9% 
less than at 10000 RPM. However, the sedimentation profile of heterogeneous high molecular weight [(IO0 - 3.50) X 
LO6 J E. culi DNA is severeiy altered even at moderate rotor speeds (37 000 RPM)_ Therefore, it seems advisable to use 
low rotor speeds when sediment@ high mokcuk weight DNA’s_ 

1. rntroductioll 

Sucrose gradient sedimentation is a useful tool for 

the characterization of DNA by means of its sedimen- 

tation veIocity. In the course of some studies with E. 

coli DNA we discovered that its sedimentation behav- 
ior was affected by the strength of the sedimenta- 
tion Held. This effect becomes significant for DNA’s 

whose molecular weights are greater than 1 Og. To sys- 
tematically study this phenomena we carried out a 
series of experiments with T2, T.5 and T7 DNA’s and 
studied the effect of rotor speed on their seciimenta- 
tion behavior. In this paper we will report the rest&s 
of these studies together with some of the data we 
have gathered on the sedimentation behavior of hi& 
molecular weight E. mli DNA. 

2. Materials and methods 

2. I. Bacreriophage 

The growth and purification of the bacteriophage 

l Present address: Department of Genetics and Cell Biology, 
University of Minnesota, St_ Paul, Minnesota 55101. 

T2H, TSstt and T7M has been previously described 

CL 21. 

2.2. DNA 

The bacteriophage DNA’s were isolated by phenol 
extraction as previously described [ 1,2] _ The bacterial 
DNA was isolated from E. cofi using a technique deve- 
loped by J&h [S] which is a modification of the prcr 

cedure of Hoffman and Rubenstein 161. The E coli 
DNA is quantitatively isolated by this procedure and 
is heterogeneous in molecular weight [(lo0 - 350) X 
161. 

3.3. Sucrose gradienr sedimentation 

B co& T2H. and TSst+ DNA’s were sedimented in 
linear sucrose gradients and their relative sedimenta- 
tion coefficients calculated using T7M DNA as a sed- 
imentation standard according to procedures previ- 
ously described [ 1,2] _ All sedimentation runs in the 
!W65 rotor employed polyakmter tubes because ni- 
trocelluIose tubes often failed at rotor speeds greater 
than 50 000 RPM. To form a gradient in the po!yalI- 
omer tubes, which do not have the wetting properties 
of nitrocellulose, it was necessary to support the tubes 
at about a 45O angle to the horizon, and let the sucrose 
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Fig. 1. Change of sedimentation caefticient of T&t+- DNA with soncentration at various rotor speeds. The 3zP labeled l&t+ DNA 
was sedimented in 5-20% sucrose gradients in 0. I hI Nail. 0.05 M PO4 pH 6.7 at 10’ in a SW39 rotor. 32P labeled T7 DNA (0.1 
&ml) was included as a reference. (S,,,, = 32.6 S.) All points are the average of two determinations except those at 40 000 RPM 
for which only one determination was’;;;;aae. 

solution run down a thin glass rod pIaced in the tube. 
After the gradient had been formed the rod was re- 
moved_ 

2.4. Growth of radioactively labeled E. coli and bac- 
ienbphage 

The incorporation of 32P or 3H label into bacterial 
and bacteriophage DNA’s and the counting of radio- 
active samples was carried out according to procedures 
previously described [ 1, 2,6] . The dpm/pg DNA were 

determined from the known specific activity of the 
growth medium. 

3. Results 

3.1. Effect of rotor speed on sedimentation veloci@ at 
high concentrations of DNA 

It has long been known [3] that at high concentra- 
tions the sedimentation behavior of high molecular 

weight DNA in sucrose gradients is strongly influenced 
by rotor speed- Fig. 1 shows the data we have obtained 
showing this effect for TSst+ DNA. The effect is com- 
plex in that at low rotor speeds the S,, increases with 
decreasing DNA concentration, while at high rotor 

speeds the S,, decreases with decreasing DNA con- 

Table 1 
Sedimentation behavior of T2 DNA I) 

DNA concentration Time (min) S sue 
bglmu 

5.5 120 59s 
5.5 150 58.9 

::: 

150 56.9 
120 S6.E 

0.5 1.50 56.3 
0.3 120 56.8 

l\7 DNA IO. 1 &ml) wias used as an internal standard 
(sas, = 32.6 .S). C onditions of sedimentation: SW39 rotor; 
nitrocellulose tubes; S-205& sucrose gradient in 0. I hI NaCI. 
0.05 M PO4. pH 6.7,4.8 ml; 0.2 ml sampIe load; 37000 
RPM. lOa_ 

centration. At high rotor speeds (37 000 RPM) a simi- 

lar effect is seen with T2 DNA; S,c decreases as the 

DNA concentration is decreased (table I), However, 
at DNA concentrations below about 0.5 &ml in the 
sample load the sedimentation behavior of TS or T2 
DNA for the rotor speeds indicated appears to be con- 

stant_ For the remainder of the work described in this 

paper we have used low concentrations of DNA and 
have checked that these are not affecting the sedirnen- 

tation behavior. 
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Table 2 
Sedimentation behavior of T2 DNA at high rotor speeds 1) 

RPM Tie (hours) s SIC (I It Concentration Q&II) 

A. Nitroceflulose tubes 14 cl00 14 57.6 - 2 0.10 
57.3 - 2 0.50 

25 000 4.4 56.6 - 2 0.01 
56.8 2 0.10 
57.8 - 2 050 

30000 2.0 56.0 - : 0.01 
56.6 - 0.50 

4s fxlO IA 54.4 - 2 0.01 
54.1 - 3 0.10 

54.7 - 3 050 

50000 1.4 54.7 0.7 6 0.01 
54.3 0.6 7 0.10 

54.0 0.8 7 0.50 

1). PolyalIomer tubes 37 000 2.0 58.9 Cl.1 3 
2.85 58.0 0.7 4 

50 000 1.08 57.3 0.5 3 
1.58 57.7 05 6 

60 000 0.75 56.4 0.3 3 
1.17 53.9 0.3 3 

65 Cl00 0.67 53.8 1.1 7 
1.0 54.3 0.3 5 

‘1 AR runs employed 32 P Meled T7 DNA as an internal sedimentation standard; n refers to the number of runs; D is the standard 
deviation of the experimental values. The nuts in polyaUomer tubes at the various rotor speeds each used a series of 32P labeled 
T2 DNA concentrations, 0.05,O.l and 0.2 pg/ml and were carried out in a SW65 rotor at lo’, in S-2090 sucrose gradients in 
0.1 hl NaU. 0.05 M i’O4. pH 6.7,O.OOl M ED-PA. 

3.2. The effect of high rotor speeds in the sedimenra- 
tion b&m&r of DNA at very low concentrations 

3.2. I. Bactenbphoge DNA ‘s 

The sedimentation behavior of T2 DNA at high 
rotor speeds is shown in tables 2 and 3. The s&men- 
tation runs were carried out in either nitrocellulose or 

polyallomer tubes with varying rotor speeds, lengths 
of time of centrifugation and DNA concentrations. 

The rotor speed had no effect on the gaussian shape 
of the T2 DNA peak, but as the rotor speed was in- 
creased the S_ of the T2 DNA reIative to T7 DNA 
progressively decreased. 

At DNA concentrations below about 0.5 &ml 
the sedimentation co&kient Seems to be independent 
of DNA concentrations and lengths of centrifugation 

at a given RPM. The longer times of centrifugation 
subjects the sedimenting DNA to higher hydrostatic 

pressures. This apparently has little or no effect on 
the s&irnentation rate. The curious Tmding that the 
nature of the centrifugation tube influences the sedi- 
mentation coefficient of T2 DNA is completely un- 
expected and unexplained. A similar rcsuIt was found 

for TSst+ DNA in that the Ssuc in nitrocellulose is 
49.2s [l]. 

Table 3 summarizes the sedimentation data for T2 
and T5 DNA. These values of .S_ are plotted in fig. 2 
versus the fourth power of the rotor speed. 

This plot of our experimental values was suggested 
by the form of the equation developed by Zimm [4] 
in which 
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Table 3 
Sedimentation behavior of T2 and T5 DNA’s at high rotor speeds I) 

W&l T2 DNA nitrocellulose T2 DNA polyal!omer TS DNA polyallomer 

s SUC 0 n s WC 0 n SSUC 0 n 

LO 000 58.2 0.3 3 
12 000 57.7 0.3 3 
13 000 57.4 0.3 5 
14 000 57.1 0.6 11 59.4 - 0.3 - 5 51.1 0.3 8 
1.5 000 57.5 0.5 3 
16 000 57.4 O-4 3 
25 000 57.1 O_S 15 
30 000 56.8 0.2 5 
37 000 56.6 05 16 58.4 0.7 7 50.4 0.3 8 
45 000 54.4 0.5 8 
50 000 54.3 O-6 20 57.6 0.5 9 50.2 0.4 12 
5.5 000 57.3 0.3 6 49.6 0.5 6 
60 000 55.1 1.4 6 49.6 0.3 6 
65 000 54.0 0.8 11 49.6 0.5 14 

” The sedimentation conditions were as described in table 2. For the series of runs at each rotor speed a range of DNA concen- 

trations was used. The high (0.5 &ml) and the low (0.05 &ml) concentrations for each of the DNA‘s (I’2 and TS) has the 
fame relative sedimentation coefficients and are therefore grouped together in this table. 

60 

56 ROCELLIJLOSE POLYAUOMER 

51 J$ ST+ PC4_YAL!_OMER 

50 

50 IS 60 6Srd 

5 
CRPd x ,3 

I5 

Fig_ 2. The Ssuc of T2 and TSrt+ DNA’s as a function of the 
four& power of the rotor sped. The data used in tkis figure 

and the sediment&on conditions used are given jn gble 3. 
The standard deviations of the experimental values are in& 
cated. 

s20, w = G!o,w 1 - 2.024 X 1O-48 

(1) 

x (1 -G#&)2(1 -vp20,w)2x2nf4(ECPM)4 + ___ 

~2&-J,w(~0.w)2 1 
, 

where M is the molecular weight of the DNA, U its 
partial specific volume, psLIc is the density of the su- 
crose gradient at the radius x in cm, p20 w is the den- 

sity and 7120,~ is the viscosity of water it 20”, RPM is 
the angular velocity in revolutions per minute of the 
centrifuge rotor, a$o w is expressed in svedberg units 
(10mr3 set) and T is’the absolute temperature. 

In most centcifugation runs which are carried out 

at IO” the larger DNA molecules are sedimented to 
about the mid-point of the rotor tube_ For the SW65 
rotor the mean value of x for such runs wouId occur 
at 5.32 cm where the sucrose concentration would be 
about 8.8% and its pat = 1. -05 gm/cm’. If we assume 
that U for DNA in sucrose is 0.56 cm 3/gm and that 
so suc20,w = 0.0833 MJ5 (ref. [2] ) and consider only 
the first term in Zimm’s equation (1) the equation be- 
comes 

f%Y suc2o.w = %2o.w - $zYO.w = 

= 2 x 10-48 1%i365(RPM)~ _ (2) 



L Rubenstein and SB. Leighton, Anomalous sedhnentatkm of DNA 296 

i, 

I-- j ia-- r 

: 

: 

: 

,!? i 
: ; : 

7 : 

: 

: 

_:_ fi-hi 1 : 

nJ 

_I 

I- - ______J 
ID 2%eEaQus 

lR+- 

32006 

-. 
b 40 se 

Fig. 3. The effect of rotor speed and DNA size OR the scdimzntation behavior of E. coli DNA. The jH labeled E. coli DNA (0.2 

&ml) was sedimented in 5-2956 sucrose gradients in 0.15 hl N;tcI, 0.015 hi N&it at 10” in a SW50 rotor. 32P labeled T2 DNA 

(0.4 pg/ml) and T7 DNA (1 w/ml) are included as sedimentation references. (A) 14000 RPM for 16 hours, (B) 37000 EU’hf for 

25 hours The DNA mixture placed in a shear gradient (see text) before sedimentation: (C) 14000 RPM for 16 hours. @) 37000 
RPM for 2.5 hours. 

We can compare the constant 2 X iOe4’ to the values 
of the constant generated from the data shown in fig. 
2 for sedimentation of T2 and TS DNA’s in polyallo- 
mer tubes. 

The observed LLS_.20,w for T2 DNA is 5.2 S. If we 
Iet the molecular weight of T2 DNA be equal to 120 X 
lo6 [2,7] then the calculated constant is about equal 
to 1 X 10-48. The obsetved A,!&_20 w for TSst+ DNA 
is equal to 1.3 S. If we let the molectku weight of 
Tkt+ DNA be equal to 80 X IO6 [2,7] then the cal- 
culated constant is once more approximately equal to 
1 X 10B4*_ These constants are in fair agreement with 

the constant calculated from Zimm’s theory. We there- 
fore propose the following empirical equation 

AS sllc20.w = 1 X 1O-48 M3= (FWM)4 . (3) 

Because eq. (3) ignores the higher terms of Zirnm’s 

equation (1) (which can be signikant) it is of limited 
usefulness in theore ticaliy predicting the actual AS. 
But it does allow a ready calculation to be made as to 
whether or not a given rotor speed is significantly al- 
tering the sedimentation coefficient of a high mole- 
cular weight DNA. 

We have also used the more complete form of 
Zimm’s theory (ref. [4] ; eqs. (44,52,55b)) which in- 
cludes the higher power terms to predict the expected 
decrease in the sedimentation coefficient for a rotor 
speed of 65 000 RPIM. For T2 DNA, using the follow- 
ing values: M = 120 X 106, S!&_,, w = 59.3, and the 
above values of U, T, and x, we obkrin a calculated 
ratio of ti5 “/s” = 0.87. The experimental ratio is 
0.91. 

It is interesting to note that the sedimentation data 
for the nitrocelluiose tubes was gathered in SW39, 
SW50 or SW50. I rotors. These have an average radius 
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about 1 cm greater than does the SW65 rotor. From 
Zimm’s equation we would expect a steeper slope for 
the decrease of the sedimentation coefficient of T2 
DNA in the former rotors and this is what was found. 
If we again usethe complete form of Zimm’s theory 
to predict the expected decrease in the sedimentation 
coefficient from these data for a rotor speed of 50 000 

RPM* so,, 20 w= 57.4 and mean x = 6.3 cm, we obtain 
a ratio of S50~~/S” = 0.90. The observed ratio is 0.94. 

This agreement of the experimental values with the 
theory is in part accidental. The result< are very sensi- 
tive to the values chosen for the molecular weight and 
(1 -i3p) of the DNA’s, neither of which are known 
with great decision. Moreover, by treating x, q and p 
of the gradient as constants we have ignored the fact 
that they do VW; during sedimentation. However, fig. 
2 does cIearIy indicate that the Sslc of T2 and TS 
DNA’s is affected by the rotor speed and that the de- 

Fig. 4_ The effect of rotor speed on the sedimentation behav- 
ior of E. cd DNA. The 32P labeled E_ coli DNA (0.016 
pg/ml) was sedimented in S-20% su&ose gradients in 0.1 Bi 
NaCI. 0.05 hl PO4. pH 6.7.0.001 hl EDNA at 10” in a SWO.1 
rotor. 3H IribeIed T7 DNA (0.3 .ug/ml) is included as a sedi- 
mentation reference. <A) 14000 RPM for 14 hours, (B) 25000 
RPM for 4.38 hours. (C) 37000 RPM for 2.0 hours. 

pendence is a function of the rotor’s RPM, mean ra- 

dius and the DNA’s molecular weight. 
Finally, these values of Sslc for T2 and TS DNA 

were determined using T7 DNA as a reference. How 
much would one expect the sedimentation behavior 
of T7 DNA to be affected by rotor speed of 65 Cl00 

RPM? Using eq. (3) we calculate that AS,, = 0.02 
and therefore the effkct of rotor speed can be ignored. 

32.2. E. coli DNA 
The effect of rotor speed in the sedimentation be- 

havior of high molecular weight E. coli DNA is drastic. 
Fig. 3 shows the same preparation of E. coii DNA 

sedimented at rotor speeds at 14 000 and 37 000 RPM; 
T2 and T7 DNA’s are included a references. Using 
eq. (3) we calculate that T2 DNA has its S,, reduced 
about 0.6s at 37 000 RPM. However, the E_ coli DNA 

thas sediments to fraction 5 in the 14 000 RPM (fig. 
3A) would have a molecular weight of about 3 X lo8 
and its S,, should be reduced about 16.S at 37 000 
RPM (at 14 000 RPM, m,c = 0.3s for 3 X lo8 amu 
DNA) or about 10 gradient fractions. Therefore, we 
see in fig. 1B what appears to be a “piling up” of E. 
coli DNA and a drastic alteration of the sedimentation 
pattern seen in fig. 3A. The amount of E. coli DNA 
loaded on the gradient in the two runs and the amount 
recovered from the gradients are similar. 
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Fig. 5. The effect of low DNA concentrations on the sedimentation behavior of E. coli DNA at hi& rotor speeds The 32P labeled 
E. eoli DNA was sedimcnted in S-20% sucrose gradients in 0.1 M NaCl, 0.05 XI PO,. pH 6.7.0.001 hf EDTA at LO’ in SW50.1 IO- 
tor at 37000 RPhl for 2 hours. (A) OS pg/mI E. coli DNA. 0.1 pg total, (B) 0.005 w&nl&. coli DNA, 0.001 pg total. 

The sedimentation profiles shown in figs. 3C and 
3D indicate that the property of the E. cull DNA that 
gives it its odd sedimentation behavior is sensitive to a 
shear gradient_ When the IF. mli DNA preparation is 
subjected to a mild shear gradient (800 RPM in the ap 
paratus described in ref. [ IJ ) which should break high 
molecular weight DNA and produce fragments about 
ffie size of T2 DNA we see that the E. coli DNA does 
sediment with the T2 DNA at rotor speeds of either 
14 000 or 37 000 RPM. Even here there is some indi- 
cation that the larger DNA fragments of E. coli DNA 

seen in the gradients sedimented at 14 000 RPM are 
being retarded compared to gradients sedimented at 
37 000 RPM. 

Fig 4 shows a series of E. cufi DNA sedimentation 
runs at rotor speeds of 14 OOO,25 000 and 37 000 
RPM using T7 DNA as a sedimentation reference. 
These figures show the progressive alteration in the 
sixiimentation behavior of the heterogeneous molecu- 
Iar weight distribution of the E. coli DNA. As the ro- 
tor speed is increased an artificially sharper and slower 
sedimenting peak is produced. 

Evidence that this effect is independent of DNA 
concentration is presented in fig. 5. Samples of the 
same E. coli DNA preparation are sedimented at two 
different concentrations, 0.5 pg./ml and 0.05 .&ml at 
37 Ooo RPM. This DNA showed a much broader dis- 
tribution of molecular weights such as is seen in figs. 
3 and 4 at lower EWM’s. Here in fig 5 we see that the 

artificial sharpening of the DNA peak is independent 
of DNA concentration_ 

4. Discussion 

The main conclusion of this work is that the sedi- 
mentation behavior of high molecular weight DNA at 
low concentrations is sensitive to rotor speed. This 
effect is noticeable with T2 DNA (120 X lo6 amu) 
and is just noticeable with TSst+ DNA (80 X 106 arnu) 
at rotor speeds higher than are normally used. The ef- 
fect severely distorts the sedimentation behavior of 
high molecular weight E. cofi DNA I( 100-300) X 
106] even at relatively low rotor speeds (37 000 
RPM). This strong dependence of the sedimentation 
behavior on rotor speed and molecular weight is pre- 
dicted by the theory of Zimm [4] which hypothesizes 
a reduction in S proportional to approximately the 
4th power of the RPM and the 3.65 power of the mo- 
lecular weight [at least in the simplified formulations 
shown in eq. (3)] _ This anbmalous behavior in the sed- 
imentation of high molecular weight DNA’s has been 
confrred by. other investigators [8- lOI_ 

The sedimentation velocity of a macromolecule is 
a function of its molecular weight. partial specific 
volume and frictional coefficient. Since there is no 
reason to believe that the high sedimentation rates 
produced by high rotor speeds should alter the mole- 
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cular weight or the partial specific volume of the DNA 
then they must be affecting its frictional coefficient. 
This supposition is strongly supported by the theore- 
tical derivations in the accompanying paper by Zimm 

141. 
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In the pH range of 6 to 8, the proton transfer reactions of BSA were measured using the temperature jump relax- 
ation technique. The rate data were compared to the results using imidazole itself to establish that the observed reac- 
tions were those of the imidazole groups in the BSA. Upon the addition of eakium and gadolinium to the BSA solu- 
tions, no metal ion compIexation was observed for either cation at the imidazole sites. 

1. Introduction 

The determination of the binding sites for metal 
ions in proteins is an extremely important and difficuh 
problem. Although the binding of the first row transi- 
tion metal ions can be studied using spectroscopic and 
magnetic techniques, this is of much greater difficulty 
when the binding cation is an alkaline earth ion such 
as calcium. In recent years several groups have attempted 
to determine the calcium binding sites through the 
isomorphous replacement by lanthanide (III) ions, 
which have magnetic and spectroscopic properties 
which can provide a handle for monitoring the cation 
binding [l--S]. In effect, the lanthanides SuccessfuIly 
compete for these binding sites and hence act as “super 
calcium ions”. However, in the case of bovine serum 
albumin (BSA), a protein of little selectivity, there is 
a question of whether or not these cations bind at the 
same sites [6-lo] _ 

Birnbaum et al. [6] used difference absorption spec- 
tra in the vIsibIe region to study the binding of Nd(II1) 
to BSA. At pH = 5.6 they found that the Nd binding 
occurs through the carboxyl groups. At pH 7 or greater, 
other spectral changes occurred which the authors 
suspected arose from Nd binding to the imidazole 
groups in the BSA. This study was extended to investi- 
gate the Nd(II1) binding to histidine and substituted 
histidines using proton magnetic resonance spectro- 

scopy and analyzing the isotropic shifts caused by Nd 

binding [7] _ At pH’s below 5.0, a 1: 1 monodentate 
histidine-Nd(II1) complex was observed, with coor- 
dination through the carboxyl group. At a pH greater 
than 6 a bidentate histidine-Nd(III) complex was 
observed and attributed to Nd(II1) coordination to 
the carboxyl group and the imidazole nitrogen. These 
results are similar to those reported for calcium 
binding to human serum albumin [8], where all of the 
bound Ca(I1) was at the carboxyl site at or below p’rl 
S.-S_ Significant bidentate binding with the carboxyl 

group in conjunction with imidazole and amino groups 
in serum albumin was found starting at a pH above 6. 
At pH 7,0.22 mole of Ca was bound In this bidentate 
fashion per mole of albumin. However, as the pH ex- 
ceeded 8, this figure rose rapidly reaching 1.4 at pH 
8 and 10.5 mcle at pH 10.5. Thus, these equilibrium 
measurements tend to support the notion that 
Nd(III) and Ca(I1) bind at the same sites under simi- 
lar conditions in serum albumins and similar molecules. 
However, in an alternate study of the binding of 
Gd(II1) with BSA, Reuben reports that the biding 
sites for Gd(lII) seem to be different than for Ca@) 
[9]. In that NMR paper, Reuben used Scatchard 
plots to determine the existence of four Gd(IIE) 
binding sites, with an apparent Gd(II1) binding disso- 

ciation constant of 1.3 X lOAM at 300k and pH = 
6.3. Further evidence for Gd(IIi) binding to BSA came 
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from a second study utilizing the electron spin reso- 
nance technique, in which Reuben concluded that 
the environment of Gd(Ii1) is more symmetric when 
bound to the protein, compared to the aquo ion [IO] - 

We have carried out our initial investigations in 
this field to determine if kinetic techniques can be 
utilized to determine binding sites in proteins, especial- 
ly when competing cations are present in the solution, 
argd thereby helping to eliminate the literature dis- 
crepancies. By carrying out the investigation within 
the pH range of approximately 6 to 8, and by using 
the temperature jump technique in conjunction with 
an additional pH indicator, we hoped to focus atten- 
tion on cation binding to the imidazole groups. This 
is possible because cation binding at the ionized 
carboxyl groups would not be observable iris a proton 
indicator_ We observed chemical relaxation pheno- 
mena in our temperature jump investigations on BSA 
with or without the presence of an additional complex- 
ing cation_ Furthermore, as a check to determine that 
the reactions corresponded to those of the imidazole 
groups, similar measurements were carried out on imi- 
dazole, which were then compared to earlier results 

IllI. 

2. Experimental 

2. I. Reagents and solurions 

The BSA, purchased in the crystallized form from 
Mile-s Laboratory (Kankakee, Illinois). was used with- 
out further preparation. Stock solutions were made 
up by weight (&lW assumed to be 65 000) [ 121, mixed 
with other reagents and then stored in the refrigerator. 
No BSA sqlutions were used which had been around 
for longer than one week. The stock solutions of the 
metal ions were made up from Ca(N03)2 (Baker, 
Analyzed) and from lanthanide oxides (Lindsay Rare 
Earths) dissolved by the addition of perchloric acid. 
The pH indicators used were chiorophenol red at the 
lower pH?s and metacresol purple at the higher ones. 
The pK of chlorophenol red had been determined to 
be 6.08 [ 131. U&g common spectroscopic techniques 
the pK of metacresol purple was deter+ued to be 
8.15 at 0.2 ionic strength and 2S°C_ Over the small 
temperature intervals investigated, these values were 

used without further corrections. The imidazoIe used 

in the comparison studies was obtained from 
Aldrich (99% pure) and was also used without further 
purification. All solutions had an ionic strength of 
0.2 with NaC104 as the inert electrolyte, which was 
made by neutralizing weighed portions of NaZCO, 
with HClO,, heating to expel CO,, and then by dilu- 
tion to volume of the stock solution_ 

2.2. Itzstnfmerrtation and experimental procedure 

The kinetic measurements were carried out using 
a temperature jump spectrophotometcr from 
Messanlagen Studiengesellschaft mbh (Cattingen, 
Germany). The cell compartment was regulated at 
constant temperature using a L.auda Ultra Kryomat, 
equipped with a R20 digital thermoregulator, which 
was reproducible in temperature to O.O?“. After dis- 
charging a 0.05 ,uF capacitor charged to 40 KW 
through the solution, causing a LO0 temperature rise, 
the changes in optical density were monitored using 
a Tektronix 545A Oscilliscope in conjunction with a 
Polaroid CR-9 camera. Bath the theory and techniques 
of the temperature jump technique have been well 
characterized elsewhere [ 14) _ 

Before making the T-jump measurements, the solu- 
tions were thermostated at the given temperature 
within the cell. Measurements were carried out at 575 

nm with chloropheno! red and 563 nm with the meta- 
cresol purple. At least 15 minutes were allowed to 
elapse between successive jumps so as to insure that 
the solution returned to the same initial temperature, 
with a minimum of two measurements carried out on 
each test solution. After the completion of the relax- 
ation measurements, the pH of each test solution was 
measured with a Coming 112 digital pH meter 
equipped with a combination micro electrode. All 
numerical analyses were carried out on a Wang 720 
programmable calculator. 

The optical density as a function of time is read 
from the oscilloscope picture. The relaxation data is 
plotted in the form of In [Q+Xr)/(X,-Xr)] versus 
time, where X is the voltage which is proportional to 
the optical density and X0 is the initial voltage, Xf is 
that after equilibrium is reestablished and X, is the 
voltage at a given time. Since the relaxation equation, 
x = x,, exp[-t/71, is always a first order equation, X0 
need not correspond to the true initial condition at 
the temperature rise, but may be any convenient 
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starting point. The slope of the straight line obtained 
is equal to l/r where T is the characteristic relaxation 
time of the test solution. When l/r is graphed using 
the concentration dependence characteristic of a given 
mechanism, the mechanism is said to be possible if 
the predicted curve, usually a straight line, goes through 
most of the experimental data- The errors usually as- 
sociated with l/r are of the order of 10 to IS%, ex- 
cluding concentration errors, and often some of the 
data points lie more than the relaxation time error 
away from the least squarescurve. Ifthe assumed 
mechanism is not valid, no correlation can be seen be- 
tween the experimentally determined relaxation data 
and the appropriate concentration dependence. 

3. Results 

The initial relaxation times measured using BSA 
indicated that the relaxation times increased in an 

Table1 
R~lwationdataat7~CforBSA 

irregular manner with BSA concentration and with 
increasing pH, with no simpIe correlation observed 
with either quantity. This provides evidence that the 
reaction must involve more than one BSA reaction 
step coupled to the indicator relaxations. This obser- 
vation is similar to those made in the imidazole study 
[ 111. The relaxation data for the BSA and hnidazole 
systems are summarized in tables 1 and 2. The func- 
tional dependence of 6 and 8 will be described later 
after possible mechanisms are described. 

The general mechanism operating in these systems 
involves at least the following four steps: 

ImHf+OH- . 
km ~ 

kaz 
Im+HzO, 

(1) 

(2) 

lo6 Imtotal PH 
ESA data 

LO6 [H+] 

CM) 

106[Im] 

(ho 

lo6 [In-!a) 10-S-l 10-9s-‘8-’ 
0 

OfI (SeC1) (M-’ set-‘) tKL) 

0.317 6.03 1.24 0.0237 1.66 C 
3.17 6.10 1.07 0.272 18.1 C 
3.17 6.19 0.867 0.328 20.2 c 
3.17 6.95 0.148 1.28 35.2 C 
3.17 7.58 0.0347 2.35 6.95 M 
4.04 7.08 0.112 1.91 0.6LlM 
4.04 7.34 0.0611 2.51 1.06 hC 
4.04 7.52 0.0400 2.89 1.54 M 
4.04 7.67 0.0286 3.14 2.03 hl 
6.23 5.32 6.403 0.0959 2.38 C 
6.23 7.32 0.0648 3.80 1.02 hl 
6.34 6.35 0.593 0.914 24.2 C 
16.0 5.80 .2.09 0.732 5.90 c 
16.0 6.35 0.589 2.33 12.1 c 
16.0 6.91 0.164 6.07 17.3 c 
16.0 7.51 0.0411 11.4 3.01 M 
16.0 7.87 0.0181 13.6 5.77 M 
16.0 7.87 0.0179 13.6 5.82 M 
20.6 5.93 1.58 1.23 7.17 c 
20.6 6.38 0.553 3.16 125 c 
20.6 7.38 0.0559 13.2 2.31 M 
20.6 7.65 0.0299 15.9 3.93 hl 
20.6 7.29 0.0217 16.9 5.04 XI 
20.6 7.9s 0.0148 18.0 6.63 M 
25.4 6.06 1.16 2.01 '7.2 C 

7.2 r0.1 5.3 0.81 
17.3 + 0.3 14.5 0.94 
12.6 * 2.3 12-7 I-15 
9.5 + 1.0 33.6 6.76 
20.6 i 2.3 152. 28.8 
9-4 c 0.9 42.7 8.95 
14.3 r 1.6 86.9 16.4 
12.5 f O-7 88.2 25.0 
10.3 * 0.1 79.5 35.0 
19.2 + 0.4 2.9 0.16 
14.6 + 0.4 86.0 15.6 
28.1 f 3.8 38.6 1.69 
19.9 + 0.3 8.2 0.48 
20.9 * 2.8 22-4 1.70 
27.9 c 1.6 47.0 6.09 
17.4 i2.1 118 24.3 
18.3 * 0.8 153 55.3 
21.8 r 2.8 183 55.9 
22.0 f: 35 11.1 0.64 
27.0 f 0.6 27.9 1.81 
17.7 f 2.9 104 17.9 
21.2 * 0.9 157 33.5 
18.7 r 2.1 150 46.0 
18.8 + 1.9 162 67.4 
26.8 c 0.3 18.2 0.86 

a) C = chloraphenol red; M = metacrex.01 purple. 



4.40 653 0.397 0.889 
4.40 8.19 0110858 4.06 
6.70 8.11 0.0103 6.07 

lL0 6.19 0.870 1.14 
ff.0 6.89 0.174 4.02 
16.7 7.28 0.0691 9.90 
16.7 7.69 0.0274 13.1 
16.7 8.02 om3!k ld.8 
220 5.86 L-85 1.13 
220 7-f t 0.102 10.9 
44.0 6.39 0549 6.79 
88.1 6.35 0.595 12.7 

14.0 c 
10.6 C 
8.37 M 
20.3 c 
8.49 C 
3.81 
8.43 M 
14.4 M 
12.9 C 
0.665&f 
I25 C 
12.1 c 

8.7 2 0.6 15.3 
55.8 + 2.0 262 
26.9 ir 1.0 244 
159 f O-4 LS.0 
23.9 * 1.5 34.3 
36.9 f 4.8 102 
28.3 f 0.8 15-l 
379 r 3.3 2fM 
16.3 = 2.8 1.6 
25.6 5 LA 105 
24.0 2 0.6 18.f 
30.5 * 2.8 15.0 

a) C = c~oropbeaol red; M = metmcrescd purple- 

lLiIIl* H+ +-In- ) (3) 

H%xi-z==%$3. c41 

Here ImH? represents the proton~ted adjourn ion 
and JJn, the imidazole species. Similar deftitions are 
employed for the indicators. represented by HIn and 
In-, respectively- A very rapid relaxation, which 
could not be characterized, was present and was attri- 
buted to reactions (3) and (4). When BSA was added 
to solutions containing the indicators and inert electro- 
lytes an additional slower relaxation was observed. 
Char First attempt to Et tlte experimental data assumed 
t&at reaction (1) was rate determining and the other 
three reactions were treated as rapid equilibrium 
reactions. This me&au&m was chosen because in the 
lmidazole system reactions (2) through (4) were more 

rapid t5an (I) [III. When the experimenta data were 
plotted according to the relaxation equations that were 
derived, there was no correlation between the experi- 
mental data and the c~cu~ated concentm~on depen- 
&mce relationship, thereby eliminating this mechanism 
from further consideration. 

The next attempt assumed that the observed relti- 
ation was chamcteristic of a combination of reactions 
(1) and (Z), with the others being.in rapid equilibrium. 
when this assumption is made, and suitable algebraic 
m~p~ations are carried out, the following equations 
r&&t: 

d/@ =k21 +k32@, (5) 

where 

@ =Kjm f- WI f UmfIr, 0% 

tp=Cl f ~Iml~~~~~ ~~~~r~~)~~ f 0) 

r=lt-Im-l/~~~s-frrc‘])+K~l[~J~, (8) 

and &,., represents the acid dissociation constants of 
BSA or imidazole and K& is the acid dissociation con- 
stant of the indicator which was present in a given 
solution. Vi&en 7- r6-i is plotted as a function of #, 
a straight line can be drawn through most of the BSA 
data as is shown in fig. 1 _ The vertical bars represent 
only the observed expe~ment~ range of the calculated 
relaxation times. Since errors of unknown magnitude 
are also present in 8 and 9. the actual experimental 
error is greater than that obtained only from the relax- 
ation me~uremen~, and thus it is not surprising that 
some points deviate from the least squares line by 
more than the expe~ment~ relaxation error. The Iine 
drawn in the figure only corresponds to that for the 
BSA system in the absence of Ca(H) or GdfIlI). A 
weighted least squares program, width a I/y2 weighting 
factor was used to obtain &his least squares line. At 7- 
the slope which equh k32 wife calculated to be 
(3.5 * 1.4) X IO3 see-l ) and the intercept which is 
kzl equals f4.0 +- 3.4) X 109 M-fsec- f . Similar results 
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0 25 50 75 100 125 

IO-~ +, M-’ 

Fig. 1. Relaxation data at 7-C. Key: (0) Imidazole; (0) BSA; 
(A) BSA + Ca(II); (A) BSA f Gd(Ift). The Line corresponds to 
the least squares calculation for the BSA data alone. 

were obtained for imidazole with all of the rate data 
summarized in table 3, in which the least squares er- 
rors are the ones tabulated. Similar r~c~lts were ob- 
tained at ISo and 25OC and these are also tabulated in 
table 3. At 2S”, k12 was calculated from I$,, and 
k,,, and kz3 from the hydrolysis equilibrium constant 

of reaction (2) coupled wiith k32. These were not 
carried out at the other temperatures because KE, 
has not been reported at these other temperatures. 

At 2!?, there is agreement of our BSA results com- 
pared to the literature results with imidazoIe_ At 
7OC the rate constants obtained for imidazole and for 
BSA in our study were within experimental error of 
each other. This provides strong evidence that the 
F3SA reactions under investigation in this pH range are 
indeed those of the imidazole groups. In addition, for 
similar concentrations the relaxation magnitudes were 
greater for BSA than for imidazole, consistent with 
the existence of many imidazole groups in the protein. 

The proposed mechanism, which assumes the proton 
dissociation and recombination step is more rapid for 
the indicator systems thar? for the BSA or imidazole 
systems, must be further examined to test the assump 
tion. At 13O for imidazole [ 1 l] and chlorpphenol red 
1131, respectively, 10-‘okzt equals 1.5 and 
2.3 M-%x-* and IOs3klz equals I-5 and 19 see-I. 
Considering only reaction (3) to be present would 
result in a relaxation equation given by: 

7-l =kzl fk12([H’] f [ln-1). (9) 

For the range of indicator concentrations of 10-5 to 
1W6M, T-I would be in the range of (50 to 250) 

X IO3 set-l, which is about an order of magnitude 
greater than the observed relaxation .times for each 
experimentaI solution. Hence, the assumption that 
reaction (3) can be treated as a rapid equilibrium reac- 
tion coupled to (1) and (2) is consistent with calculated 
and experimental results. 

The results reported above do not answer the ini- 

Table 3 
Kinetic summary 

'ea 
10 -'ok21 
(M-‘SC”) 

1c.r3k,, =KrJrlt 
(XC-‘) 

10-z* 10-“kz3 = 
(=c ) k&LnJ&v 

BSA 7 0.40 + 0.34 3.5 e 1.4 
15 1.2 f 0.5 2.1 t 0.7 
25 1.8 5 1.0 1.8 a) 2.5 t 1.0 2_5 a) 

Imidazole 7 0.85 r 0.44 3.0 t 1.1 
13 W is * 0.5 1.5 
2s b) 2.3 r O-4 2.3 

a) k12 and k23 are not caIculated at 7’ and 19 because they are detennin ed directly from K[m whizh is unknown at there 
temperatures. 

b) Reference [Ill_ 
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tiaI questions posed, that is, do Ca(II) and lantha- 
nide(III) ions bind at the imidazole sites in BSA, and 
if so, does the Ca(I1) get replaced in competing reac- 
tions_ If we let Mm+ represent the complexing metal 
ion, a new reaction must be considered along with 
reactions (1) through (4). It would be expected that 
there would be more electrostatic binding at the 
neutral imidazole than at the protonated group. There- 
fore, the simplest complexation reaction would be: 

Mm++Im q kf L ImMm+ _ 
kd 

(10) 

IihIs reaction can couple to the others in three ways: 
it can have a relaxation time much more rapid than, 
much slower than, or of the same order as the rate- 
determining reactions in the absence of added cations. 
For each case, different complex relaxation time ex- 
pressions, are obtained utilizing the kinetic data which 
are tabulated in table 4. 

With Ca(I1) present, a binding constant of 2 has 
been reported for the imidazole groups in BSA [8] - 
Since this binding constant, Kf, is equal to kf/kd, 

both the forward and back reactions must have simi- 

lar rate constants. For most Ca(I1) complexation 
reaction, kf is of the order of IO8 M-~s~c-~ 1161. 
Unless the mechanism of Ca(I1) binding is significant- 
ly different in BSA than in all simple molecules 

studied, kf and hence kd would be expected to be of 
the order of IO*- Assuming only eq. (10) to be present, 
this will result in an equilibrium process which is 
more rapid than observed without the Ca(II), with 
T-I a factor of lo4 greater than observed in its ab- 
sence. The relaxation time expression that is valid in 
this case is 

where 

fi= 1 fKf[Mm’]/l fK‘[Im] _ (13 

By dividing both sides ofeq. (11) by the coefficient 
of ks2, the experimental data can be plotted as a 
linear function. The calcium data does fit this experi- 
mental expression. However, the diffusion-controlted 

rate constant k,, becomes 8 X lOto ~M-~sec-~, 
which is too large to be realistic as well as being more 

Table 4 
Relaxation data at 7°C for solutions contig Ca(II) or CdWl) b, 

1061mt,~ lo6 [hl+] pH lo6 [H+] IO6 [Im] 106 [In-$ 10-%-’ lo--Jr---LB-L d 

(M) (h0 a¶) GO (hf) 
--I 

(WC 1 Of) 

Calcium containing solutions 

20.6 10.800 IA3 0.0495 13.8 2.57 ht 20.2 * 1.8 125 20.2 
20.6 20,500 7.80 0.0212 17.0 5.14 M 20.5 5 0.3 166 47.3 
24.0 11.9uo 7.46 0.0466 16.4 270 XI 18.5 f 1.0 116 21.5 
24.0 10.900 7.65 0.0298 18s 3.94 hf 16.7 -c 0.9 123 33.5 

Gadolinium containing solutions 

1.88 10.1 6.58 0.353 O-416 29.1 c 19.3 + 1.9 41.2 2.84 
3.17 LO.1 6.10 1.05 0.275 18.3 C 13.2 f 0.9 11.2 0.95 
3.17 4.02 6.37 0.565 0.476 24.7 C 11.5 5 1.2 16.7 1.77 
3.17 50.0 6.81 0.207 1.03 33.2 C 8.8 f 0.7 26.0 4.a4 
6.34 10.1 656 0.365 1.36 28.8 C 16.5 f 2.4 31.8 2.74 

12.0 88-O 7.67 0.0283 9.36 4.LO hl 17.6 * 2.0 134 35.3 
20.0 88.0 7.63 0.0309 15.3 3.83 hl 17.3 r 1.2 127 32.4 
20.0 176 7.80 0.0209 16.6 5.19 hl 19.6 f 0.6 159 47.8 
40.0 88.0 8.14 o-a0973 365 8.64 M 24.1 +- 0.7 217 103 

a) C = chlorophenol red: M = metracresol purple. 
b) The concentrations presented here are those calculated with the assumption of no meti ion compIexation at the imidazOIe 

sites. 
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than an order of magnitude greater than in the ab- 
sence of calcium_ Therefore, we conclude that this 
mechanism cannot be correct. 

The assumption was then made that calcium does 
not bind to the imidazole groups at a pH less than 8. 
For this case, the mechanism for the observed reaction 
must be the same as given by the previous equations. 
The calcium data are plotted in fig. 1, assuming no 
interactions with the imidazole groups. It is evident 
that the data based on this assumption are within ex- 
perimental error of solutions without calcium. There- 
fore, we have concluded that calcium does not bind 
to the imidazole groups in BSA between pH 6 and 8. 

For those experiments where Gd(III) was used as 
the binding cation, the mechanism is somewhat differ- 
ent. The values of k, obtained by jump tech-hiques 
with different ligands have been of the order of 

107, M-rsec-l [ 161. The expected value for K, for 
the imidazole groups alone should be lower than 7700, 
reported for total Cd(III) binding to BSA [9]. In that 
same paper Reuben reported that the complex d&o- 
ciation constant (l/Kr) was at least 120 times smaller 
for Ca(I1) than for Gd(III) at pH = 6.3. Based on this, 
a reasonable lower limit for Kf at the imidazole sites 
should be about 120 times that reported for Ca, or 
approximately 240. For K, between 240 and 7700, 
reaction (10) must either be the slow step or be simi- 
lar in rate to reactions (1) and (2). With the assump- 
tion that the observed relaxation is characteristic of 
reaction (10) coupled to the more rapid equilibrium 
of (1) +hrough (4) a new relax&ion time expression 
should apply, given by 

T-I = kf [Im] + 

Although the data can be plotted to yield the straight 
tine given by eq. (12), this mechanism must be rejected 
on other grounds. With BSA and indicator, the ob- 
served relaxation times were in the range of about 
5000 to 30 000 see-r _ For those solutions containing 
Gd(III), the same relaxation time range was observed 
for the test solutions, indicating that if a lanthanide- 
imidazole interaction exists, reaction (LO) must be of 
the Same time scale as the slow steps in the sequence 
without Gd. 

Thus, we have derived the relaxation equations 

for the assumption that reactions (i), (2) and (LO) 
have approximately the same time constants_ The 
exact solution for this problem involves the use of a 
five by live matrix to solve the resulting secular equa- 
tions. For simplicity the assumption is made that the 
equilibrium involving OH- with Iml? is the most 
rapid reaction of the three. With this simplification, 
the observed relaxation time equations become: 

+kfI[MT +(1-a) Wml + WQ3, 
where 

(13) 

OL= (K,[Im~]/r[~]2-[OH-])-I(KwIK~). (14) 

The complexity of the resulting relaxation time ex- 
pression does not permit a simple graphical presenta- 
tion of the data. Hence, the results for k21 and ks2 
in the absence of Gd(II1) were used along with the 
equilibrium concentration data, assuming that Kf was 
7700. For the nine test solutions, kf was calculated to 
be in the range of 0.78 to 16.5 X lo* M-Lsec-l, 
with no systematic variation in kf obtained with 
Gd(III), BSA or pH. The scatter in the calculated kr 
values alone makes this mechanism suspect. However, 
even the smallest calculated kf is larger than has been 
observed for any Cd complexation reaction below 
12.5OC. The Qghest values are at or greater than the 
diffusion-controlled rate expected for a reaction with 
the highly solvated lanthanide ion and a large molecule 
such as BSA. One must conclude from the experimen- 
tal data that in the pH range of 6.1 to 7.8, Gd(III) 
dzes not complex with the imidazole groups in BSA at 
7 C_ Thus, this data was recalculated assuming no 
Gd(I11) binding and is tabulated in table 4 and shown 
in fig. 1. 

One of the Gd data points corresponds to a pH of 
8.14, and this point does not fall on the experimental 
line by much more than any conceivable experimental 
error. This may indicate that above pH 8, Gd(II1) 
complexation involving some of the imidazole groups 
may occut. Alternately, at higher pH a conformation 
change may exist either in BSA or upon metal ion com- 
plexation with BSA. The data for the BSA solution at 
pH 7.95 in the absence of Gd(III), also deviates from 
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the experimental line in the same manner as the high 
pI-IGd point. Since this type of deviation is not present 
in the imidazole high pH range solutions (greater than 
8), it appears that an additional process is starting to 
develop at high pH in BSA systems consistent wi*Lh the 
spectroscopic observations of Bimbaum and Dame11 
161. 

Since this investigation eliminates the possibility of 
significant cation binding to the imldazole groups in 
BSA between pH 6 and 8, the queStion must be asked 
if the temperature jump technique would indeed be 
sensitive to this complexation reaction when the 
binding constants are as small as 2 and 240 for calcium 
and gadolinium biding, respectively. Using a proton 
indicator, as in this study, and using.a similar tempera- 
ture jump instrument, the complexation r&action be- 
ttieen Gd(II1) and anthranilic acid in D20 was success- 
fully investigated even though the complexation con- 
stant was 242 [I 71. Based on this result, we would 
have been able to detect complex formation between 
the imidazole groups and Gd(III), had this process 
occurred. Preliminary measurements on systems con- 
taining calcium and BSA at a pH greater than 8.4 have 
revealed that the slow relaxation observed under sim- 
ilar conditions in the absence of calcium totally dis- 
appears [1X]. This is the prediction of eq. (I 1) for 
metal ion binding in tihich both kr and kd are Iarge, 
indicating that calcium biding does occur to BSA at 
high pH, and that binding of this nature can be de- 
tected using the temperature jump technique. Thus, 
the results reported in this study require that neither 
Ca(II) nor Gd(II1) bind to the imidazole groups in the 
pH range of 6 to 8. 

Our experiments were derived to ignore biding at 
carboxyl groups, and hence we can say nothing about 
biding differences at these sites. However, binding is 
expected at the carboxyl groups for both cations 
[6,12], and in future work these studies will be ex- 
tended to the lower pH region. Our data suggests that 
Reuben’s conclusion that the binding sites at pH 6.3 
must be different for the two cations may not be v&d. 
An alternate interpretation ori@naIIy made in his 
paper, is that the binding differences result solely from 
the much smaller binding constant for divalent calcium 
than tervalent gadoIinium. If this is true, when both 
cations are present in similar concentrations it is the 

Gd(II1) which would successMly bind at a given site. 
We believe that the differences between calcium and 

gadolinium binding are due to differences in the 
magnitude of the binding constants rather than to 
binding at different sites for the two cations. This pos- 
sibility is currently under investigation_ 
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The denaturatiou of immunoglobulin G and its light chains by guanidinium chloride at 25’C was followed using 
the dilatometric method. From results of the dilatometric measurements the differences between the partial molar 
volumes of the proteins in water and in guvlidinium chloride solutions of various concentrations, respectively, have 
been obtained. The differences reflect the extent of unfolding as well as the denaturant binding to the protein. Several 
experiments were also performed in which the protein disulfide bonds were reduced by dithioerythritol. 

The volume change produced by the reduction of one mole of disulfide bonds of immunoglobulin G in 6 hf guani- 
dinium chloride was found to be the same as that for oxidized glutathione; the value was -0.9 ml/mol. 

I _ Introduction 

Among the methods which can be used for follow- 
ing denaturation of globular proteins dilatometry has 
proved to be quite useful [l-5] _ The reason for this is 
that the extent of denaturation, i.e., unfoIding is re- 
flected in volume changes which in turn reflect various 
processes taking place during denaturation. In the fol- 
lowing we report on dilatometric studies of the dena- 
turation of imnumoglobulin G (1gG) and its light chains 
by guanidinium chloride (GdmCl). The reason for 
choosing these proteins is due not only to their im- 
portance as antibodies but also to the fact that they 
represent very interesting complex molecules. The 
gross structure of IgG has been elucidated. The IgG 
molecule consists of two identical light chains and 
two identical heavy chains which are linked together 
by noncovalent interactions and interchain disulfide 
bonds. IgG in man is a heterogeneous mixture of che- 
mically different molecules. However, the differences 
are relatively small. Chemically homogeneous IgG 

l A preliminary report of thii work has been presented at the 
Third International Conference on Chemical Thermodyna- 
mics, Baden (near Vienna), September 1973- 

molecules are produced by certain plasma tumors, 
myelomas. For details, the reader is referred to the 
review article by Edelman and Gall 161. 

In order to elucidate the role of IgG disulfrde 
bonds in volume changes, a few experiments were 
also performed in which these bonds were ruptured 
by dithioerythritol (DTE). In parallel experiments 
oxidized glutathione (GTT) was reduced by the same 
reagent. 

2. Experimental 

Two preparations of IgG were used in the studies. 
Gne was isolated from pooled normal human serum 
by ammonium sulfate precipitation and DEAE-cellu- 
lose chromatography [7]. The other was a lyophllked 
myeloma protein (Co) with lambda light (L) chains, 
kindly provided by Dr. KJ. Dorrington and J. Ellerson 
of the University of Toronto. Heavy (7) and L chains 
were prepared from reduced and alkylated pooled IgG 
by chromatography on Sephadex G-100 in 1 M pro- 
pionic acid [7]. Solutions of pooled IgG and its L 
chains in 0.02 M NaCl-O.01 M TrisHCl, pH 7.7, pre- 
pared by dialysis were subsequently concentrated in 
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an ultrafdtration cell (Arnicon Corp.) fitted with 
UM-10 and XM--100 membranes, respectively. Solu- 
tions of Co 1gG were prepared by dissolving the pro- 
tein in the same buffer. Owing co their low solubility, 
7 chains are not suitable for dilatometric studies. Pro- 
tein concentrations were determined spectrophoto- 
metrically at 280 nm using the following values for 
Ei7&,: IgG, 14.0 and L chains, 12.0. 

CdmCl was an ultra pure product from Schwarz/ 
Mann. DTE and disodium skit of oxidized GTT were 
obtained from Sigma Chemical Co. AlI other reagents 
used were of analytical grade. 

Volume changes were measured at 25°C in Linder- 
str$m-lang dilatometers. They were Wled by means 
of Hamilton syringes and weighing was deemed un- 
necessary. Into one arm of the dilatometer 1.00 ml 
of a 3 to 6% protein solution or (1-e) ml, i.e. 0.98 
to 0.96 ml, of the solvent, 0.02 M NaCl-0.01 M 
Tris-HCI, was pipetted, and into the other 4.00 ml 
of an appropriate GdmCl solution prepared in the 
same solvent. 6~ is the protein displacement volume 
which is equal to the protein weight multiplied by 
its partial specific volume, iFz = 0.733 ml/g [S] _ This 
value which was obtained from density measurements 
actually refers to a myeloma protein but the values 
for pooled Igc’s as well as for other myeloma pro- 
teins should be quite close. All other experimental 

details are the same as described previously [S] _ with 
pooled IgG and its L chains at least four experiments 
were performed for each GdmCI concentration, and 
with myeloma IgG at least two. The absolute error of 
single determinations is estimated at i 100 ml/m01 and 
5 15 ml/m01 for IgG and its L chains, respectively. 

3. Results and discussion 

The volume changes determined in dilatometric ex- 
periments were analyzed by using the relation [l ] 

(1) 
where AV2 and AV& _@) represent the volume changes 
produced upon mixing 1.00 ml of protein solution and 
(l-00-@) ml of buffer, respectivley, with 4.00 ml of an 
appropriate CdmCl solution; n2 is the number of moles - 
of the protein and ( V2G- v22) is the difference between 
the partial molar volume of the protein in the CdmCl 
solution and in the buffer. The values of (vzG-F2) for 

pooled and myeloma IgG’s are plotted in fig. 1, those 
for L chains in fig. 2. 

Inspection of the curves in figs. 1 and 2 shows that 
they have a similar form. This is due to the fact that 
for all three proteins the value of ( vc-- y’) first in- 
creases with GdmCl concentration, reaches a maximum, 
then decreases, reaches a minimum, and rises again. This 
behavior is similar to that of proteins studied previously 
[4,5]. Therefore similar interpretation appears most 
reaSonable. Thus the initial increasing of ( rzzc- rz) is 

P 
-4 / 

Em- CIIIOC~~. , ‘ML 

PXg. 1. Differences of the partial molar volume of pooled (0, 
and mycloma (a, immunoglobulin G at 25”C, as a function of 
guanidinium chloride concentration. 

Fig. 2. DifferTeences of the partial molar volume of immunogl* 
bulin G Ii&t chains at 25°C. as a function of guanidinium 
chloride concentration. 
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attributed to changes of solvation of ionic groups on 

protein molecules, i.e., to the gradual competitive dis- 
placement of water molecules in hydration sheaths by 
guanidinium or chloride ions. However, just before the 

protein molecules begin to unfold the maximum is 
reached. Unfolding is accompanied by gradual filling 
up of the hollows in protein molecules with solvent, 

resulting in volume decrease which in this region appa- 
rently prevails over the volume increase due to chang- 
ing salvation. in agreement with this, the minimum 00 
curs at complete unfolding. The increase of (rZ,,-V,) 
afterwards is again due to salvation changes. Such an 
interpretation is corroborated by the fact that the 
curves though similar are not identical_ A difference 
between the curves for pooled and myeloma IgG’s is 
observable at GdmCl concentrations higher than 35 
M. This also is the concentration at which unfolding as 
followed by optical rotatory dispersion (ORD) is com- 
plete [9] _ However, from dilatometric experiments it 
appears that the myeloma protein is more stable and 
therefore unfolds at a higher GdmCl concentration_ 
Moreover, the volume change at complete unfolding, 
about -550 ml/mol,is larger than that for pooled IgG, 
about -200 mljmol, which could reflect the greater 

stability of myeloma protein. From the difference 

(vzG- vz2) we can naturally obtain the values of v&3 
and i&, respectively, at individual GdmCl concentra- 
tions. Let us illustrate this with pooled IgG at com- 

plete unfolding, in 3.5 M GdmCl. By subtracting 200 
ml/mol from the value for native IgG (vZ = 107750 
ml/mol [S]) and by dividing with m-w. = 147000 [lo] 
we arrive at a value of 0.732 ml/g. The difference be- 
tween is2’s in water and in 3.5 M GdmCl is thus 0 .OO 1 
ml/g which is within the limit of experimental error 
of values obtained from density measurements_ The 
value of S2 in 6 M GdmCl obtained in a similar way 
is 0.739 mI/g which is well outside the limit of expe- 
rimental error. This is of significant importance for 
investigators preforming ultracentrifugai studies in 
GdmCl. 

The maximum and the minimum of the curve for 
L chains appear at 0.5 M and 2.7 M GdmCl, respect- 

ively, which is in fair accord with OECD fmdings [9]. 

The L chains are undoubtedly less stable than the 
whole IgG molecules_ The volume change at com- 
plete unfoIding is -130 mljmol (m-w. = 23400 ]iO])_ 

The proposed interpretation does by no means 
imply that only the above mentioned processes contri- 

bute to volume changes during denatumtion by GdmCi; 
they appear, however, to be the dominating ones. Since 
a detailed discussion of various processes and their 
eventual contributions has been given in a previous pa- 

per [2], it need not be repeated here. However, the re- 
cent fmdings by B$je and Hvidt [l l] should be men- 
tioned- The transfer of aliphatic groups from the mte- 

rior of protein molecules to aqueous environment ap- 

pears to be accompanied by small, but positive volume 
changes. 

There is another point which we have not explicitly 
stated in previous papers dealing with dilatometric stu- 
dies, namely, that in the proposed interpretation unfol- 
ding is being treated as a continuous process. 

In the discussion we have not mentioned Katz’s dila- 
tometrlc study of the denaturation of bovine serum 
albumin by GdmCl which covered the concentration 
range between 0 to 38 M denaturant [12]_ Namely, 
after completing the study of IgG we performed a study 
of bovine serum albumin up to 6 M GdmCl. The results. 
obtained, which will be published separately, are quali- 
tatively similar to those found with IgG and, where data 

exist, also to those of Katz_ 
The results of dilatometric experiments with DTE 

are summarized in table 1 _ Proper comparison of the 
volume changes in pooled IgG and oxidized GTT, res- 
pectively, can be made after calculating the volume 
change per disulfide bond. In the absence of GdmCl 
only the four interchain IgG disulfide bonds are re- 
duced compared to one in GTT [7] _ By dividing the 
value for IgG by four, we obtain the value -33 ml per 
mole of disulfide bonds as compared to only -2.4 

ml/m01 for GTT. Thii, in our opinion, reflects the 

Table 1 
Volume changes of pooled immunoglobulin G and oxidized 
glutathione upon reduction of disulfide bonds with 
dirhioerythritol at 25-C and pH 7.7 

Solvent Compound 1) 

:Z$E& 

0.01 M TRIS-HCL- 
0.02 M N&l k.G -130 + 30 

GTT - 2.4 = 0.5 

6MCdmCl IgG -15 c-5 
G-iT - 0.9 + 0.2 

I) In the calculation the m-w. of IgG was taken to be 147 000 

191- Ar’-,, is thevolume change corrected for dilutioneffects_ 



fact that some loosening of the IgG structure occurs 
after reduction of interchain disulfide bonds which has 
been observed also in OKD studies [91. In 6 M GdmCI, 
on the other hand, all 16 disulf%e bonds are reduced 
and the volume change per mole of bonds is -0.9 ml 
which is the same as for GM’. This apparentfy reflects 
the fact that the volume change accompanying the re- 
duction of disulfide bonds in 6 M GdmCl is due to the 
reduction; in other words, IgG in 6 M GdmCl with di- 
sulfide bonds intact is already randomly coiled which 
is in agreement with ORD findings [9]_ It is perhaps 
interesting to men&ion in this connection that Kupke 
et al. [131 recently determined by a magnetic visco- 
densimeter a lowering of iJ, by 0.003 ml/g upon the 
reduction of the four disulIide bonds in ribonuclease 
in 6 M GdmCI by 0.1 M 2-mercaptoethanol. Their vo- 
lume decrease per mole of disulfide bonds is thus 
about 10 times larger than ours. 
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The results of transference and conductance measurements on solutions of sodium polystyrenesulphonate. in the 
concentration range from 0.0025 to 0.075 monomolar. are presented. The fraction of free counterions cakulated from 
experimental data is found to he independent of moIecuIar weight of the polyelectrolyte within the range of degree of 
polymerization from 200 to 2400. The experimental data, combined with the cell model, are used to calculate the elec- 
trostatic potential at a cylindrical surface which surrounds the polyion and divides the amnferions into bound and free. 
The Same value for this potential is found for the whole concentration range investigated, which lends support to the as- 
sumption of cylindrical distribution of counterions in polyelectrolyte solutions. 

I_ Introduction 

It has been observed by several authors [I] that 
the colligative properties of polyelectrolyte solu- 
tions are independent of molecular weight, providing 
the latter is not too small. AIthough this observation 
cannot be generalized to all transport properties it 
seems to be valid for transport phenomena in poly- 
electrolyte solutions in an electric field. The early re- 
sults of Kern [2] on solutions of polyacrylic acid and 
its sddium salt indicate that conductance is lndepen- 
dent of the degree of polymerization in the range 
from 200 to 2000. Schindewolf 131 has found that in 
saltfree sodibm polyphosphate solutions the equiva- 
lent conductance and transport numbers are strongly 
dependent on molecular weight at low degrees of poly- 
merization but that they attain their constant values 
at a degree of polymerization higher than 100. A simi- 
lar behaviour has been observed by Eisenberg [4] with 
solutions of partially neutralized polymethacryk acid. 
The solutions of this polyelectrolyte having degree of 
polymerization 1500 or 5400 have the same conduc- 
tance, but there is an increase in conductance of 10% 
for samples with the degree of polymerization equal 
to 200. Furthermore, Nagasawa and coworkers [s] 
have measured the electrophoretic mobility of sodium 
polyacrylate at different degrees of neutralization in 

sodium chloride solutions_ They found the mobility 
to be independent of molecular weight within the 
range of degree of polymerization from 340 to 13 000. 

Quite recently Nagasawa et al. [6] have found that 
the electrophoretic mobility of the fractionated sadi- 
um polystyrenesulphonate having degrees of polyme- 
rization between 1300 and I3 000 is not dependent 
on molecular weight even at low ionic strengths. This 
observation is not in agreement with the calculations 
based on the theory of Hermans and Fujita 17-91 ac- 
cording to w&h the mobility of the polyion should 
depend on molecular weight at low ionic strengths. 
In this theory the polyionic coil is assumed to have 
the Form of a sphere with a uniform distribution of 
fitvd charges throughout its volume. Thus, the ionic 
atmosphere, consisting of counterions and coions, 
should also have spherical symmetry. According to 
Nagasawa et al. 161 the assumption that there is a 
spherical distribution of counterions around the poly- 
ion should be the main reason for disagreement be- 
tween theory and experiment_ It seems that a more 
realistic mode1 for the polyion is an expanded random 
coil whose skeleton is surrounded by a cylindrical 
ionic atmosphere. It has been shown by some simpli- 
fied calculations [6] that this model is more suitable 
for the interpretation of the electrophoretic mobility. 

The purpose of thii paper is to give additional sup- 
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port to the idea of the cylindrical distribution of 
counterions mentioned above. Thus, the fraction of 
free counterions obtained from conductance and 
transference measurements will. be interpreted in the 
light of the cell model [IO] . Furthermore, some re- 
sults will be presented in order to show to what ex- 
tent the conductance and transference numbers in so- 
Iutions of sodium polystyrenesulphonate depend on 
molectdar weight in the range of degree of polymeri- 
z&ion lower than that investigated by Nagasawa et 

al. 161. 

2. Experimental 

Two samples of sodium polystyrenesulphonate 
(NaPSS) with nominal molecular weights of zbout 
100 000 and 500 000 were used in this investigation. 
The first was purchased from Polysciences, Inc., 
Rydal, Pennsylvania, and the second was kindly sup- 
plied by Down Chemical Co., Midland, Michigan_ The 
samples were purified by dialysis as described else- 
where [ 1 I] _ The degree of substitution was found 
to be 1.00. 

2.2. Transference numbers 

The polyion constituent transference number was 
determined by the indirect moving boundary method 
[ 12, 131. The rising boundary cell consisted of a 30 
cm long tube with an internal diameter of 5 mm, a 
stopcock on each end of the tube, and two electrodes. 
The cathode was made of platinum gauze and th& 
anode of a silver wire. The stopcocks on both ends of 
the tube make possible the isolation of a column of 
the adjusted Kohlrausch solution [ 141. This solution 
was removed from the tube by a fme pipet and the 
concentration of NaPPS was determined spectrophoto- 
metrically at 261.5 nm using a Hilger-Watts. Uvispek 
MK9 spectrophotometer. Sodium chloride was used in 
the leading solution as its transference numbers have 
been precisely determined [ 151. 

2-3. Gonductance 

The conductance bridge, built around a Campbell- 
Shackleton ratio box, has been described previously 
[ 161. In order to eliminate polarization errors the re- 
sistance was measured at several frequencies and ex- 

Fig. 1. The cancentration dependence of the polyion consti- 
tuent transference number in sodium polystyrencsulphonate 
solutions at 25°C with moIecular weig,ht as indicated. 

trapolated to infinite frequency. All measurements 
were made at 25.0 ? O.Ol”C with an average accuracy 
of 0.1%. 

3. Results 

The transference number of the polyion constitu- 
ent, Tp, in NaPSS solutions was calculated from the 
Kohlrausch relation [ 17, 181 

Tp = *Cl CNaPSSICNaC1 ’ il) 

where tct is the transference number of ch!otide ion 

in the leading solution of sodium chloride, of concen- 

tration cN&I, and cNa&‘5S is the adjusted concentra- 
tion of the following solution of NaPSS. Both concen- 
trations are expressed in equiv./dmf which is, for the 
polyelectrolyte, equal to monomolarity, c,. For r=, 
in eq. (1) the values obtained by Allgood and Cordon 
[ 151 were used. The solvent tid volume corrections 
as described by Spiro (ref. [ 131, p. 259) were applied 
throughout. 

In fig. 1 ” plot of 2 versus cm is presented for 
samples havmg the fo owmg molecular weights: 
40 000, 100 000, and 500 000, corresponding to ap- 
proximate degrees of polymerization 900,480, and 
2400, respectively. For a better comparison the results 
obtained with the first sample, taken from a previous 
study [ 111, have also been included_ The differences 
between the values of Tp corresponding to different’ 
molecular weights are very small, not exceeding 5% 
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Fig. 2. The concentration dependence of the equivalent con- 
ductancc in sodium polystyrenesulphonate solutions at 25°C 
with molecular weight as indicated. 

[the difference between the values of the upper and 
iower curves in fig. 1). It is necessary to emphasize 

that the estimated error for the measurement of Tp is 
about 1%. Furthermore, the curves for the two highest 
molecular weights intersect at a low concentration and 
are very close to each other at higher concentrations. 
Therefore, it may be concluded that in order to inves- 
tigate the dependence of transference numbers on mo- 
lecular weight one has to choose samples with degrees 
of polymerization lower than 200. 

The variation of equivalent conductance with con- 
centration is shown in fig. 2 for the same samples as 
described above. The values on the left side of the mi- 
nima are not very reliable since carbon dioxide was 
not excluded from solutions. In spite of this defrcien- 
cy it is possible to see that the maximal difference in 
conductance between samples with different molecu- 
lar weight is about 2%. 

Wall and coworkers [ 191 have proposed a method 
for the evahtation of the fraction of free counterions, 
which is based OIL conductance and transference data. 
Their expression written in a more convenient form 
[20] is 

where f is the fraction of free counterions, A the 
equivalent conductance of the polyelectrolyte, $, 
and Xc the equivalent conductances of the polyion 
and counterion, respectively. The equivalent conduc- 

Fig. 3. The concentration dependence of the fraction of free 
counterions in sodium polystyrenesulphonate solutions at 
25°C with mokcuiar weight as indicated. 

tance of the polyion is related to the measured trans- 
ference number Tp, defined by eq. (l), through the 
equation 

hp=ATp. 

In order to evaluate the unknown quantity X, in eq. 
(2) the assumption [ 191 was adopted that he is equal 
to the equivalent conductance of ‘he counterion in a 
solution of I, 1 electrolyte at a concentration corres- 
ponding to that of the free counterions in the poly- 
electrolyte solution. It has been shown [21) that the 
error introduced by this assumption is not significant 
for dilute solutions. 

The concentration dependence of the fraction of 
free sodium ions obtained with three different samples 
of NaFSS h shown in fig. 3. It is clear that the frac- 
tion of free counterions is, within experimental error, 
independent of molecular weight in the range of de- 
gree of polymerization investigated_ In figs. 1 and 2 
one can observe a slight increase in Tp and A for the 
sample with the degree of polymerization equal to 
200. The fractionfis insensitive to these variations in 
Tp and A, as seen in fig_ 3, since they partially com- 
pensate each other. This can also be demonstrated by 
writing the expression for the fraction of free coun- 
ter-ions in a different way 

f = VP + WV1 

which follows from eqs. (2) and (3). 

(4) 
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In a previous paper [ 161 we have reported the frac- 
tion of free hydrogen ions in soWions of polystyrene- 
tiphonk acid, obtained from conductance and trans- 

ference measurements. The concentration dependence 

off is very shnikr to that of NaPSS but the values are 

about 10% higher. 
Jordan et al. [22] have also derived the fraction of 

free counterions from conductance and transference 
data on solutions of NaPSS. A direct comparison with 
their results is not possible since they used the poly- 
mer with a higher degree of sulphonation and investi- 

gated a lower concentration range. However, in a very 
narrow overlapping concentration range a reasonable 
agreement can be observed_ 

4. Discussion 

The fraction of free counterions in a polyelectro- 
lyte soIution or the charge-fraction, as it is called by 
Kurucsev and Steel 1201, is the formal analogue of 
the degree of ionization in simple electroIyte solutions. 
It is necessary to emphasize, however, that the applied 
method of determination does not make any assump- 
tion concerning the nature of binding of those coun- 
ter-ions which are not “free”. The method is apph- 

cable to any type of biding occurring in polyelectro- 
lyte solutions. For interpretation of the results ob- 
tamed with this method, the type of binding becomes, 
of course, very important. It seems that in solutions of 
polystyrenesulphonates the so-called atmospheric bin- 
ding has the predominant role [23] _ Consequently, 
the results obtained for the fraction of free counte- 
rions, as shown in fig. 3, will be interpreted in terms 
of pure electrostatic interaction between polyion and 
counterions. We shall apply the cell model [ 101 which 
assumes a cylindrical distribution of counterions 
around the polyion. 

For a detailed description of the model the reader 
is referred to an article by Lifson and Katchakky [24] ; 
Cbeir basic expressions and symbols wiIl be reproduced 
here. The polyion represented by a negatively charged 
cylinder of radius a and length h, has Y monomer units 

of length b (= I#) and each monomer unit, in turn, 
has one monovalent ionized group. The positive mo- 
novalent counterions are distributed symmetrically 
around the polyion in a cylinder with ffie radius R. 
The Poisson--Eoltzsnann equation applied to this sys- 

tern has the solution 

(3 

where IL is the potential, ec the protonic charge, r the 
distance from the axis of the polyion, 0 and A the in- 
tegration constants, and k and T have their usual 
meaping. Ln eq. (5) it is supposed that G(R) = 0. The 
constants 0 and A are determined by the boundary 
conditions from which it folIows 

1 +@ctg(PInAR)=O, (6) 

1 +flctg(@lnAa)=X. (7) 

h in eq. (7) is the charging parameter defined by 

X = e& kTb , 03) 

where E is the dielectric constant of the solvent. 
From eqs. (6) and (7) it follows that 

h=(i +fi2)/(1 +Pctgcir), (9) 

where -y is the concentration parameter related to 

manomolarity, c,,, , by 

NA in eq. (10) is Avogadro’s number. Tire eqs. (5-7) 
and (9) retain their form if condition X > y/( I f 7) is 
satisfied, i.e., they are valid for polyions with high 
charge density. 

The classification of counterions into bound and 
free is a useful simplification of the involved physical 
situation. Since no generat agreement exists about the 
criterion for a theoreticat distinction between both 
groups of counterions, many definitions are accept- 
able 1251. In every case a cylindrical surface surround- 
ing the polyion can be found which divides the coun- 
ter-ions into bound and free. Denoting the distance 
from the a~& of the polyion to this surface by d, the 

fraction of free counterions. 

f=$T no exp(- e. r,G/kT)d Y , (11) 
d 
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where d Y= 2nhrdr, and 

no = [( 1 + /32)/k] (V/27rhR2) - (12) 

Taking into account eqs. (S), (6), and (12) we obtain 
after integration 

f=(llX)[l +Bctg@InAd)] - (13) 

This eq. can be solved ford which gives after elknina- 
tion of A with the aid of eqs. (7) and (10) 

15 

10 

* 

5 

a 

In(d/a) = b arctg “(’ _I9 
/G+(j%- f)(X-- I)’ 

forf)l> 1 ; 

(14) 

ln(+z) = y - ; arctg Pfh 

1+p2--fx’ 
forfiG I_ 

Thus, the distance d or the fraction d/a can be calcu- 
lated. The experimental values off should be substi- 
tuted on the right-hand side of eq. (14). 

The potential at the distanced could be evaluated 
from eq. (5), but it can also be calculated directly 
from the expression 

e&(d) __--= 
kT 

27+ln UX-- 1P+P 

1 +j32 

-2 arctg LWl -n 
P p2+(fx-l)(L-l)’ 

forfh> 1 ; 

q-yb(d) _- 
kT 

=h (fk- 02+02 
1+(32 

+ 2_ arctg PfX 
P 1 +p-fX ’ 

(1% 

forfAG 1 ; 

which follows from eqs. (S), (lo), (13), and (14). 
For the calculations presented below the following 

values of the parameters were applied: a = 8 & b = 

2.55 A, E = 78.54 and T = 298. lS°K. According to 
eq. (8) the structural value of the parameter h = 2.8. 

In fig. 4 the concentration dependence of the rela- 
tive distance, d/a, is presented_ The increase of the 
distance with decreasing concentration indicates that 
an expansion of the ionic atmosphere occurs in dilut- 
ing the polyelectrolyte solution. It is interesting to 

Fig. 4. The concentration dependence of the reIative d~tance, 
d/a [es. (1411. 

compare the values of d/a derived from different ex- 
perimental data. Such a comparison between thermo- 
dynamic and transport measurements is made in fig. 
4. The values of the osmotic coefficient, which is also 
considered as a measure for the fraction of free coun- 
terions, are taken from ref. [26]. 

More striking are the results presented in fig. 5, 
showing that the dimensionless potential eo+(d)/kT 
is not dependent on concentration_ A slight bending 
of the curve upwards at low concentrations is probably 
insignificant and cannot influence the interpretation 
which follows below. From many experimental and 
theoretical studies of electrical transport phenomena 
[IO] it may be concluded that the mobility of a coun- 
terion depends on its location in the ionic atmosphere. 
The condensed counterions lose part of their mobility 
perpendicular to the surface of the polyion axis. The 
free counterions are much less restricted in their mo- 

Fig. 5. The dimensionless potenti [es_ (IS)] at a cylindrical 

surface surrounding the polyion and dividing the counterion~ 
intoboundandfree. 
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vement in all directions and their mobility is practi- 
cally the same as in soIutions of simple electrolytes. 
It is obvious that the transition between these ex- 
treme groups of ions should be continuous_ How 
much a counterion is restricted in its movement very 
likely depends on its potential energy which is due to 
its instant location in the ionic atmosphere. Since 
from experiment information is avaiIable about the 
distribution of counterions between the two groups, 

there should also exist a defite value of the electric 
energy which can be used as a criterion for the sepa- 
ration of counterions into bound and free. The value 
of this energy, more precisely its ratio to the thermal 
energy, was found to be independent of concentration 
which lends support to the model adopted for these 
calculations. 

In order to have a comparison we have also plotted 
in fig 5 the values of e,,ti(d)lkT obtained from the 
osmotic coefficient of solutions of NaPSS [26] of 
molecular weight 100 OOO_ In this case the potential 
q,t,&f)/kT is lower and the relative distance C!/Q is 
greater, see fig. 4, which means that less counterions 
are found outside the boundary surface mentioned 
above. This is in agreement with the weU known fact 
that the osmotic coefficient is always smaller than 
the fraction of free counterions obtained from trarts- 

port phenomena_ 
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The results of an investigation on the interaction of proflzvine and of ethidium bromide with DNA (calf tt,ymus) 
in dilute aqueous solution are reported. The binding of the two dyes by DNA has been studied by means of micro- 
calorimetric and of equilibrium dialysis measurements. Data on the thermodynamics of dinierization of both pro- 
&vine and ethidium bromide in aqueous solution abtained on the basis of spectroscopic and/or calorimetric ex@ci- 
mems are aiso reported. 

The enthalpy data show that dye-dimerization and dye “strong.” interaction with DNA are energeticdy favour- 
able and quite timibr while only in the latter case the phenomenon is also enaopy driven. This is taken as further 
evidence in support of the concept that “strong!’ interaction-of both proflavine and ethidium bromide with DNA 
means dye molecules intercalation into the narive. double helical structure of the biopolymer. 

1. Intmduction 

A vast number of studies have been carried out on 
the binding of cationic dyes by DNA in aqueous solu- 
tion. Many of these studies aimed at an understanding 
of the mechanisms through which the “binding” of 
certain dyes capable of affecting the biological acti- 
vity of DNA may eventually take place (see, e-g, ref. 
[ll).ln particular, using proflavine (PF) and ethidium 
bromide (EB) different authors have reported spec- 
troscopic, viscometric and ultracentrifugation data 
pointing out convincingly that both dyes when 
“strongly” bound by native DNA are actually inter- 
c&red between adjacent base pairs along the bio- 
polymer’s double helical chains [2--L5]_ This would 
indeed be also true for a number of other dyes af Suit- 
ablk molecular structure with fused aromatic rin&_- 
The “strong” binding, characterized by association 
constants greater than I@ M-l, is generally limited 

” &f&ing address: L&oratorio di Chimica delle htacromole- 
oole, Wituto di Chimica. Universit’a di Trieste. Pi&e 
Europa 1.34127 Trieste. Italy. 

however to moiar ratios (r) of bound dye per DNA 
nucleotide smaller than about 0.15-0.20 in dilute so- 
Iutions of relatively low ionic strengths. At higher r 
values, when all sites available for intercalation appear 
to be saturated, a weaker type of binding prevails_ Ad- 
ditional dye molecules would then interact with DNA 
mainly through coutombic forces and/or via self-stack- 
ing on the charged surfaces of the rod-like DNA 
chains 11, 161. 

From a thermodynamic standpoint, however, either 
the strong or the weak binding of PF and EB by DNA 
have been characterized essentially in terms of appar- 
ent equilibrium constants K,, i.e., of approximate 
standard-state free energy cf binding values at near 
room temperature. Only a few enthalpy (and entropy) 
data on DNA-dye interactions have been evaluated 
always from van ‘t Hoff plots of K, vJues. For in- 
stance, the enthalpy of EB strong-binding by DNA has 
been reported as -Cl by LePecq and Paoletti for ionic 
strengths lower than 0.1, approximately [ lOI- On the 
contrary, for PF an approximate enthalpic value of at 
least -5 kcallmole (mole of dye strongly-bound by 
DNA) may be inferred from the data of Chambron 
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et al. [ 121. In both instances, for the experimental 
conditions employed, dye irztercaloriotl is believed to 
take place. 

2.2. Suffer 

We thus consider that a reliable, more comprehen- 
sive, thermodynamic picture of DNA-dye interactions 
is still badly needed. Irs achievement may, in fact, 
help clarify undisclosed features of such interactions 
and may provide original evidence on the intercala- 
tion process as distinct from the “weaker” binding 
ones. This has prompted us to undertake an investiga- 
tion of the interaction of a few dyes with DNA mainly 
with the ald of calorimetric measurements. To our 
knowledge this technique has not been applied so far 
to these type of studies. This is certainly not due to a 
lack of interest of rhe very type of approach but, we 
are inclined to believe, to a number of technical dif- 
ficulties which are encountered in extending the 
otherwise blooming field of biochemical calorimetry 
to the systems ofour concern. Using a sensitive flow- 
type calorimeter we trr!st to have been able to over- 
come such difficulties (but see section 2). 

Onless otherwise specified, the experiments were 
performed in the presence of 0.01 M phosphate buf- 
fer (pH = 7.0). 

2.3. f2ocedtcres 

2.3.1. Prepffratiorz of the suhrions 
The concentrations of stock solutions of proflavine 

and of ethidium bromide were determined by means 
of spectral absorption measurements after appropriate 
dilutions so that the amount of dye dimers could be 
neglected in each case. For PF a value of 42 000 M-t 
cm-1 for the molar extinction coefficient at 444 run 
(monomer spectrum) was used, which is close to the 
value reported by Schwarz et al. [ 171. In the case of 
monomeric EB the molar extinction coefficient at 

480 nm was 5120 M-1 cm-l, a value close to that re- 
ported also by others [IO, iSI_ 

We wish to report here a few data useful for a ther- 
modynamic description of proflavine and ethidium 
bromide binding by DNA in dilute aqueous solutions 
at 25”, in particular for dye to DNA concentration 
ratios for which dye intercalation takes place nearly 
quantitatively. 

In the experiments with PF all the glassware, in- 
cluding of course the spectrophotometric cells, had to 
be carefully conditioned with the dye solutions. Ab- 
sorption of PF onto even slightly rough gIass surfaces 
as weII as on plastic tubings, etc., may in fact lead to 
serious concentration errors. 

Data on the enthaipy of PF and EB dimerization 
in aqueous solution at 25”, evaluated by direct calori- 
metric measurements and/or from van? Hoff plots of 

spectral data (PF), are aIso reported as they appear to 
pertain to the mechanism of dye-DNA strong inter- 
actions_ 

In our experience a contact of at least five minutes 
of a PF soIution with any given glass container, cel1 or 
pipet, followed by repeated rinsing with aliquots of 
fresh solution are necessary. This procedure may be 
avoided in the case of EB which is only very slightiy 
adsorbed on glass. 

2. Experimental 

The concentration of DNA solutions was determined 
spectrophotometricaily using a molar extinction coef- 
ficient of 6400 M-t cm-t at 259 nm. Doubiy distilled 
wa;er was empIoyed. 

2. I _ Samples 2.3.2. Derernlirzatiorl of equilibrium consrartt and ert- 
thalpy of dye dimerizatiotz 

Proflavine hydrochloride (K & K) was purified by The equilibrium constant and the enthalpy of di- 
repeated crystallization from water. Ethidium bromide merization of EB in water were evaluated by means 
(Sigma Chemical Co.) was used without further puri- of calorimetric measurements using a LKB 10700 
fication. DNA from calf thymus was a Sigma Chemical batch microcalorimeter with g&s cells. Details on the 
Co. Sample (type I, sodium salt, highly polymerised). experimental procedure and on the elaboration of the 
All other reagents were Carlo Erba RP products_ experimental data have been already reported else- 
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where [18]_ 

In the case of PF in water erratic results were ob- 
tained with the batch calorimeter due to dye absorp- 
tion onto the glass cells, which any attempt of partial 
“conditioning” failed to obviate. 

A LKB flow type microcalorimeter was then em- 
ployed. In this case two peristaltic pumps passed ini- 
tially through the apparatus only soIvent and at a con- 
stant flow rate until a good base line was recorded. 
Then one of the pumps was made to pass a PF solu- 
tion which was mixed into the flow-cell with solvent 
(i.e., phosphate buffer or phosphate buffer-K(X) com- 
ing from the other pump. The instrumental responses 
were normal, i.e., the traces of the recorder connected 
to the calorimeter (via a Keithley 1SOB amplifier) did 
not exhibit any anomaly. 

With the flow-apparatus, once alI the surfaces the 
dye solution enters in contact with are saturated, a 
steady-state would be attained and the final response 
of the calorimeter should only deal with the dye-dilu- 
tion process. However, the reproducibility of the meas- 
urements was poor at low ionic strenghts but good at 
higher KC1 concentrations. The average value of the 
enthalpy of dimerization A& of PF in 0.5 M KC1 was 
found in this way to be -8.5 + 0.5 kcal/mole of dimer, 
at 25”. The value ND = -7.13 t_ 0.6 kcallrnole for 
the self-association of PF in 0.05 M phosphate buffer 
(pH = 7.8) and 0.2 M KC1 at 25” has been reported 
by Shiao and Sturtevant [ 191 on the basis of flow- 
calorimetry measurements_ 

Apparently these authors have not encountered any 
of the experimental difficulties mentioned above even 
in using PF solutions as concentrated as 0.0 I7 M. They 
were thus able to derive both KB and 4.?IB for PF 
only by means of caiotimetry (as we also did with EB 
[ 181). In our case, having at disposal sufficiently ac- 
curate heat of dilution data for only a limitated range 
of PF concentrations, the calculation of MHD was 
based on the knowledge of the equilibrium constants 
KD at the ionic strengths used, and therefore on the 
number of moles of PF undergoing the dimer+mono- 
mer reaction in the mixing cell (the heat of dilution of 
the monomer and dimer PF species was considered 
negligible at the total stoichiometric concentrations 
used(10-3 - 104M)). 

These calculations require of course that K, values 
be known with accuracy: furthermore, disposal of 
such KD data for different temperature may allow an 

independent evaluation of AIY~ (van? Hoff enthalpy 
of dimerizationj. Since the literature K, data may 
not have been determined using the precautions said 
above in handling PF solutions and in view of the not 
very reproducible ML, data obtained by us by calori- 
metry, the equilibrium constants and the enthalpy of 
PF dimerization in aqueous soluticn were determined 
by means of spectroscopic measurements. The proce- 
dure given in details by Schwarz et al. [ 171 was fol- 
lowed. 

A Hitachi Perkin Eltner EPS-3t spcctrophotomcter 
equipped with water thermostated cells was used. The 
results arc reported in table 1 of the discussion. inci- 
dentally, the van? Hoff cnthalpic values determined 
by us for PF dimerization are in very good agreement 
with those given by Schwarz et al_ for low ionic 
strengths. On the contrary. for 0.5 hI KC1 these au- 
thors report a values of -8.5 kcal/mole which is bigber 
than our spectroscopic valw but that happens to be 
quite close to oar calorimetric mean value. Mention 
must also be made of the results of Haugen and hlc!- 
huish [201 according to which &Yo for PF in 0.01 XI 
phosphate or acetate buffer (pH = 4) is -5.5 + 1 .O 
kcal/mole on the basis of absorption spectra and quan- 
tum efficiency of fluorescence measurements. The lat- 
ter value however, may not be directly comparable to 
the other figures quoted above in view of the possible 
influence of the pH (besides of the ionic strength) on 
the thermodynamics of PF self-association. 

X.3.3. Dialysis experimettrs of DNA-dye solurions 
These experiments were carried out following closc- 

ly the procedure of Armstrong et al. [9] _ The elabora- 
tion of the dialysis equilibrium data to derive DNA- 
dye interaction constants (see table 1) was made ac- 
cordingly. Our experiments were all performed at 25” 
using pretreated Kalle Aktiengeselischaft dialysis tub- 
ings. The concentrations of DNA and of dye were close 
to those used in the calorimetric experiments. but 
only dye to DNA concentration’ ratios smaller than 
0.15 were considered. 

2.3.4. Gzlurimetnk nzeasrcrenzents of D?JA-dye buer- 
actio tls 

An LKB flow-type microcalorimeter has been used. 
The way of handling the data for the calculation of 
enthalpy of binding values are fully described eisewhere 
[31] _ The DNA concentration was around 10 -3 equiv- 
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Table.1 
Thermodynamic data on the dimcrimtion and on the interaction with DNA of pmflavine (PF) and ethidium bromide (EB) in di- 
lute aqueous solution. (All data are for 25’C, unless indicated otherwise) 

Dimerization Interaction with DNA b, 

solvent KD 
(K‘) 

MD - 
(kul/moIe) 

solvent KI 
(M -’ ) 

aHr 
(kcxl/mole) 

PF =) H20 477 0.01 bf phosphate 9.4 x IO5 d) -6.7 * 0.5 
-6.3 f: 0.6 buffer pH = 7 

Hz0 (45’) 240 I =0.015 

0.3 M KC1 1837 d, ? 
-6.5 +- 0.6 

0.01 hl phosphate 3.5 x lo5 -7.6 0.6 
buffer + KC1 

0.5 M KC1 900 
(-8.5 + OS) 

I = 0.10 

EB =) HZ0 41 -7.6 10.3 0.01 Xl phosphate 4.0 x IO6 d) -6.2 * 0.6 
buffer pH = 7 
I = 0.015 

0.01 M phosphate 
buffer f KC1 
I = 0.10 

1.1 xio6 d) -6.7 + 0.5 

- 
a) MD is in kcal per mole of dye dimer. The value given in parenthesis was determined by calorimetry <see section 2). 
b, The Cata are relative to the “strong” binding of PF or EB onto DNA (see text and fii. I). 
c) Dimerization constant and dimerization enthaipy for EB were derived by US from calorimetric data as explained elsewhere [ 181. 

4HD is in kcal per moIe of dye dimer. 
d, The Kr values were evaluated from dialysis equliirium data for dye to DNA (phosphorous) molar concentration ratio&r, lower 

than 0.12. 

P/!2 while the concentration of PF was never greater 

than 1 O4 M to avoid correction for the heat of dilu- 

tion (i-e_, of dimer dissociation) of this dye. 
We wish to point out here that in the case of dye 

binding by DNA the calorimetric data were found 
fairly reproducible. In this case, in fact, the dye/DNA 
concentration ratios were always such that practically 
aI dye molecules present in the solutions were strong- 

ly bound to the biopalymer. Evidently, dye adsorp- 
tion phenomena were reduced to a minimum as the 
binding constant to DNA is much higher than the 
binding constant to the glass surface. In any case the 
experiments with the flow-calorimeter were carried 
out in this way: first DNA solution against solvent 
was run (baseline), then the dye solution was run 
against DNA solution_ In this manner dye adsorption 
on the cell surface doesn’t occur at all due to the high- 
er affinity of the dye for DNA. 

With EB the values of the enthaipy of binding to 
DNA derived by flow-calorimetry could be exactly 
reproduced using a batch type microcalorimeter, aI- 

ways at 25YZ. 

3. Results and discussion 

The results of the calorimetric measurements on the 
interaction of PF and of EB with DNA at two ionic 

I 1 I I , J 
0 0.1 r 02 

Fig. 1. Enthalpy of interaction between proflavine (P??) and 
ethidium bromide (EB) with calf thymus DNA as a function 
of stoichiometric molar ratio dye/L3NA, r. Open symbols: 
ionic strength I= 0.015 (phosphate buffer pH = 7): full sym- 
bats: ionic strengthl=O.l (phosphate buffer pH 7 f KCI). 
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strengths are reported in fig. 1. 
In ordinate AH, is the enthalpy of interaction in 

kcal per mole of dye; in abscissa r is the stoichiometric 
molar concentration ratio of dye to DNA phosphor- 
ous in the sotutions. Ln view of the very high values of 
the association constants derived from equilibrium 
dialysis measurements (which are in good agreement 
with literature data [9, 12, 13, 15, 16)) (see table 1) 
for the same experimental conditions used in the cal- 
orimetric measurements, the difference between Af71 
expressed as above or in kcal per mole of dye bound 
is well within the experimental errors_ 

In the case of EB our results show, despite some 
scatter in the points, that for r lower than 0.15, ap- 
proximately. the AHt values may be considered inde- 
pendent of r. while for r greater than 0.15 there is a 
drap in -MI which is beyond experimental errors. 
This feature is in qualitative agreement with evidences 
from other experimental approaches indicating that 
(under the conditions used in our work) for r lower 
than 0.15-0.20 EB is bound to DNA diversely than 
for higher r values. Our calorimetric data for PF (fig. 
1) do not allow to draw a similar concIusion_ We had 
in fact to limit the measurements to low r values be- 
cause with increasing t beyond about 0.15 the quality 
of the data rapidly deteriorated due to a much lower 

extent of PF-DNA interaction and thus to the onset 
of dye adsorption in the calorimeter cells (see section 
2). 

The rest&s which we can sufficiently rely upon 
(fig. 1) do show, however, that for r < 0.12, i.e., when 
“strong” dye binding would only occur according to 
spectroscopic and dialysis data [9, 12, L3, 161, the 
enthalpy of PF--DNA interaction may be considered 
independent of r. 

The average AHI calorimetric values for the “strong” 
binding of both PF and EB by DNA are reported in 
table 1 together with the binding constants K&M-t) de- 
rived from dialysis equilibrium measurements. In the 
same table the dimerization constants and the enthalpy 
of dimerization of PF and EB, respectively, derived 
from our spectroscopic (PF) or calorimetric (EB) meas- 
urements are aIs given. 

Thisset of data invites a few comments. For the pos- 
sible reasons indicated in the experimentti part and as 

it is evident by inspection of fig. 1, the dye dime&a- 
tion enthalpies and the dye-DNA interaction enad- 
pies of table 1 have to be considered uncertain to c 15 

and tlO%, respectively_ Despite all this we think that 
our data clearly point out that self-association of the 
two dyes considered and their “strong” interaction 
with DNA are characterized by quite similar heat ef- 
fects. 

lndeed we believe this is not mere coincidence but. 

on the contrary, orQ$nal evidence in favour of the 
widely held opinion that str0ng binding of both EB 
and PF by DNA is synonymous of dye molecules in- 
rerc~l~iiorz between adjacent bases along the biopoly- 
mer chains. intercalation of an aromatic p0lycycIic 
molecule like PF into the rutive structure of DNA 
must involve interruption on stacked base-pair con- 
tact (which would req!Gre at least 5 kcal per mole of 
contacts, approximately [3_2, 331) and the establish- 
ment of two new cont$ts between the intercalated 
mo!ecule and the previously stacked bases. 

Our data would indicate that intercalation leads 
to dye-bse interactions energetically as favourable 
as base-base and/or dye-dye ring interaction per ac- 
tual surface of contact*. 

In the intercalation process other factors such as 
for instance a stiffening and/or elongation of the DNA 
chains, local changes in charge density of the biopoly- 
mer, etc., may contribute to the observed overali en- 
thalpy. In our opinion, however, the associated heat 

effects should be of relatively small absolute values. 
More important, our data show that dye intercalation 
is a process which, as distinct from dye dimerization, 
is favoured also by the entropy. 

It is in fact immediately evaluated from the data of 

table 1 that in the case of EB (for which more reliable 
information is available to us) dimerization in water 
is accompanied by a decrease in entropy (ca. -18 e.u.) 
while intercalation is characterized by an increase of 
entropy (ca. +lO e-u., at the lower ionic strength 
studied)_ 

An increase of entropy in an association reaction in 
aqueous solution must find its origin essentially in the 
liberation of water molecules from the hydration sheaths 
of the interacting species. This is consistent with the in- 
tercalation mechanism too, and suggests a noticeable 

l On this basis we have to consider wrong the result of LePecq 
and Paoletti according to which ~~71 = 0 for the EB-DNA 
system at tow ionic stren& [ 101: the resuItsofChambron 
et a.L [I71 for PF-DNA are on the contrary in qualitative 
agxeemcnt with our calorimetric data. 
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degree of ~~~gf~3~~~~ into the core of DNA double 
helix of the intercalated dye molecules whose solva- 
tictrc shells woufd be evenma& stripped off on enter- 
ing the DNA “phase”. 

For what concerns the influence of ionic strength 
on the energetics of dye-binding to DNA we find that 
a more than sixfold increase in KC1 coni;entration re- 
duces Kt for both PF and EB by a factor of nearly 
four: on the other Jland the ML’s exhibit smaff. de- 

creases which are, however, within experimental er- 
rors. A reduction of K1 for PF and acridine-orange 
strong interaction with DNA has.been logically as- 

cribed to counterion’s screening of the electrostatic 
potential along DNA chains 191: from a thermody- 
namic standpoint our data would point out that this 
corresponds to a (slightly) smaller entropy gain upon 
dye-binding at the higher ionic strengths. Thus part 
of the observed effect (Le., the decrease in Kt) prob- 
abfy s$ems from a diminished hydration of interacting 
species at relatively high KCI concentrations. 

It wiiI be most interesting to ascertain whether the 
thermodynamic characterization presented above for 
the strong interaction of both PF and EB with DNA is 
applicable also in the case of other compounds ofbio- 
logicaf importance (like certain antibiotics and other 
dyes as well) which are thought to intercalate into 

DNA. 
Additional data on the energetics of dyes self-asso- 

ciation should also prove useful as more has to tie 
learned on this very type of phenomenon. Our results 
show, for instance, that the unitary entropy of PF 
and EB dimerization in water is nearly zero (PF) or 
negative (EB). 

It is difficult to reconcile this evidence with the 
idea that dye_dimeritation may be depicted in general 
as a hydrophobic forces-diiven process, at least within 
the limits of the popular version of the ‘~hydrophohi~ 
interactions” concept_ 

An expfanation of our finding evidently would re- 
quire careful consideration of an interplay of differ- 
ent types of interactions, from attractive “hydropho- 
bic” to repulsive coulombic ones, for the solvated 
dimeric species. 
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The disodium salt of adenosine Striphosphate (ATP), dissolved in and dialyzed apinst isotonic utine, undcrgocs 
a temperature-dependent self-association. Self-association increases with decreasing temperature. The tcchniwl 
achievement that made these experiments possible was the development and availability of a hollow fiber dhlyzcr 
with a iow molecular weight (200) cutoff. Several models were tested to describe the experimental data, and a 
monomer-dimer-trimer association seemed to describe the data best. Both the dim&ration and trimcrization were 
exothermic;values of the thermodynamic functions for these reactions are reported_ The self-association rcacrion 
for ATP is much stronger than that obserwd for purine and cytidine, as well as for various nucleosidcs whose sclf- 
association in aqueous soln tions has been studied. 

1. Introduction 

The self-association of purine, pyrimidine and 
several nucleosides has been studied extensively by 
physical methods [I-7]. In nonaqueous solutions 
hydrogen bonds 121 appear to play an important 
rote in the observed self-association reactions. In 
aqueous solutions much evidence has been accumu- 
lated to indicate that base stacking, the layering of 
planar bases on one another, plays a prominent role 
in the observed self-association of nucleosides and 
nitrogen bases [1,3,6]. Sedimentation equilibrium 
studies on these small molecules have so far been re- 
stricted to water soluble, uncharged compounds, such 
as purine, cytidine, and various ribo- and deoxyribo- 
nucleosides [4,5,7]. One very good reason for this 

* This is paper VIII in the series Sedimentation Equilibrium 
in Reading Systems. Presented at the 166th National Meet- 
ing of the American Chemical Society, Chicago, Illinois, 
Aug. 26-31,1973. Please address all au-respondence re- 
garding this paper to Dr. E.T. Adams, Jr. 

may be due to the fact that nucleotides ionize, and 
heretofore one could not dialyze them against sup 
porting electrolyte(s). Thus one would have to make 
corrections for charge (Donnan) and other nonideal 
effects in a multicomponent system. It has been 
shown by Vrij [S,Yl and by Casassa and Eisenberg 
[IO] that if one can dialyze the ionizable sotute of 
interest in a multicomponent system containing sup- 
porting electrolyte (small electrolytes like NaCl or 
WI) to swamp out charge effects, then the sedimen- 
tation equilibrium equation can be reduced to a form 
that is formally the same as that for a two component 

system. 
With the availability of hollow fiber dialyzers hav- 

ing low molecular weight cutoffs, the possibility of 
dialyzing solutions containing low molecular weight 
solutes, such as the disodium salt of adenosine tri- 
phosphate (Na*ATP) dissolved in isotonic (0.154 M) 
saline, became feasible. Thus we acquired a hollow 
fiber dialyzer (Bio-Rad Laboratories Cat. No. 
751-3300) with a reported molecular weight cutoff 
of 200. The nominal molecular weight cutoff is defied 
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(by Bio-F&d Labs) to be the molecular weight of a 
solute that will be 85% retained by the hollow fiber. 

We chose ATP as the first important, small molecu- 
lar weight, ionizable compound to study since it is 
involved in so many biochemical reactions essential 
to life processes. Also, it has the largest moZecuIar 
weight of the three adenosine nucleotides. Thus one 
could see if an ionizable compound exhibited more 
or less self-association than reIated, neutral compounds_ 
If there were self-association with ATP, then one 
could do similar studies with the adenosine di(ADP) 
and monophosphates (AMP) and study the effect of 
the type of phosphate group present on the self- 
association reaction_ Another reason for studying 
ATP is that very little information is available about 
its state of agregation in soIution; this is also true of 
many important nucleotides, coenzymes and vitamins. 
Some diffusion studies on aqueous solutions of ATP 
have been carried out by Bowen and Martin [ 1 I]; 

their results show a very slight decrease in the diffu- 
sion coefticient with increasing concentration of ATE’, 
which could indicate self-association_ They have also 
reported on the effect of ionic strength and of various 
ions on the diffusion coefficient. The sedimentation 
equilibrium experiment is particularIy well-suited for 
tire study of self-associating solutes. Here we report 
on the results of our studies on the self-association of 
Na,ATP dissolved in and dialyzed against isotonic 
saline; these experiments were performed at IO, 16, 
20,25 and 30°C. 

2. Reparation of adenosine S’triphosphate solutions 

The disodium salt of adenosine S’triphosphate 
(Na?ATP) was purchased from the Sigma Chemical 
Co. (Lot No. 11 lC-7360); their highest purity grade 
was used in these experiments. All solutions were 
made up in boiled, deionized water. Glassware, ultra- 
centrifuge cell parts and syringes were scrupulously 
cleaned before use. The ATP* soIutions were diaiyzed 
in a Bio-Rad Osmolyzer (Cat. No. 75 l-3300) which 
had the following characteristics: a molecular weight 
cutoff of 200, 10 ml volume inside the fibers, 100 ml 
volume outside the fibers, and 1000 cm2 surface area 

* Hereafter we shall usually refer to NazATP or the redefined 
component, NazATP-NaCl, as ATP. 

for the fibers. Before use the dialyzer was rinsed for 
several hours with isotonic saline. A teflon-coated, 
magnetic stirring bar was placed in the lower part of 
the osmolyzer (below the plastic web) so that the 
outer solution (isotdnic saline) could be stirred con- 
tinuously white dialysis was in progress. The ATP 
solution was introduced into the fibers through a 
millipore filter. At least six changes of dialysate were 
used; the period between changes of the isotonic 
saline solution was 20 to 30 ninutes. That there was 
a Donnan effeci in these short periods was evident 
from the increase in volume <nside the fibers. We 
usually removed some ATP solution from the fiber 
bundle as the dialysis proceeded; this was removed 
from the fiber bundle opposite to the one used for 
the introduction of the sample. Since ATP has such 
a large extinction coefficient in the ultraviolet-15 400 
per moie of monomer at 254 nm, we could easily 
ascertain if the fiber membranes would hold back the 
ATP. After the 20-30 minute dialysis period we ob- 
served an absorbance of less than 0.010 at 254 nm in 
the dialysate when compared against nondialyzed, 
isotonic saline solutions. For very prolonged periods 
of about 12-14 hours more ATP would co’xe across 
the membranes. The initial concentrations i.: this 
series of sedimentation equilibrium experiments 
ranged from 0.001 M to 0.022 M, as moles of mono- 
mer_ Using the theory of multicomponent systems, 
we assumed that the molecular weight of the mono- 
mer,Ml, was 492.7, which is the molecular weight of 
the redefined solute component Na2ATP-NaCI. At 
25°C the pH of the ATP solutions varied from 3.3 to 
4.6, depending on the ATP concentration. In a bl+k 
experiment, 10 ml of 0.154 M NaCl were placed 
inside the hollow fiber and 100 ml of Cl- free, 
doubly distilled water were placed outside the fiber. 
We were able to show that Cl- (and hence NaCl) 
passed through the membrane, since a silver nitrate 
test on an aliquot of the outer liquid, taken after 20 
minutes to simulate a short dialysis, was positive. To 
rule out the possibility of metal ion effects on the 
self-association of the ATP, atomic absorption spec- 
trophotometry was carried out on some ATP solu- 
tions_ The results indicated negligible amounts of 
iron (25 ppm) and magnesium (3 ppm) per gram of 
ATP. 
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3. C~acentration determination and density increment 

The concentration of the dialyzed ATP solution 
was determined by three different methods: differen- 
tial refractometry at 546 run, ultraviolet absorbance 
at 254 nm on carefully diluted solutions, and 
boundary-forming experiments in the ultracentrifuge. 
Boundary-forming experiments were usually per- 
formed on solutions of lower ATP concentration (20 
fringes or less). Since refractometric optics (Rayleigh 
and schlieren optics) were used in our ultracentrifuges, 
the concentration detenninati~ns were always con- 
verted to the number of fringes that would be pro- 

duced in an ultracentrifuge cell with a 12 mm thick, 
doubIe-sector centerpiece when light having a wave- 
length of 546 nm was used. The number of fringes, 
J, is the number of wavelengths difference in optical 
path between the solution and the solvent. From the 
three methods for determining concentration, we 
were able to establish the following relation between 
the number of fringes (12 mm), J, and c, the ATP 
concentration in grams per liter; at 20°C we obtained 
J = 4.2155 c. Concentration values at other tempera- 
tures were calculated by using procedures advocated 
by Adams and Fihner [12)_ 

fn order to obtain the weight (lcr,,) or the appar- 
ent weight (M,,) average molecular weights, it is 
necessary to know the partial specific volume, ii3 of 
the solute and the density of the ATP solutions, p, or 
else 1: is necessary to know the density increment 
[8, LO], which we used in these experiments. For ATP 
concentrations in grams per liter, c, the density incre- 
ment is given by lOOO@p/ac),_ The subscript w means 
that all diffusible solutes which can pass through the 
dialysis membrane have the same chemical potential; 
this condition is achieved by dialysis. Density incre- 
ments were determined from careful density measure- 
ments of ATP solutions; these measurements were 
carried out on an Antgn Paar Digital Precision Density 
Meter Model DMA Ok. Values of the density incre- 
ment ranged from 0.309 at 10°C to 0.297 at 37°C 
and they gave a very good straight line when plotted 
against temperature. Linear regression analysis gave 
the following equation for the variation of the density 
increment with temperature: 

looo(ap/ac), = 0.313 - 4.42 x IO-3 t _ (11 

Here t is the temperature in degrees Celsius. The corre- 
lation coefficient was 0.999. 

Q. Ultracentrifugation 

Sedimentation equilibrium experiments were 
carried out in two BeckmanjSpinco Model E analyti- 
cal ultracentrifuges that were equipped with Rayleigh 
and schlieren optics. Both ultracentrifuges had elec- 
tronic speed controls, and both were equipped with 
temperature control systems, so that temperature 
control of about + O.OS”C could be obtained. The 
Rayleigh and schlieren patterns were photographed 
on Kodak Type II-G spectroscopic plates in one of 
the ultracentrifuges. The other ultracentrifuge was 
modified to accept a 70 mm film magazine, and the 
Rayleigh and schlieren patterns were photographed 
on Kodak IV-F 70 mm film, which had a polyester 
fdm base. This ultracentrifuge was also modified to 
accept a helium-neon laser (h = 632.8 nm) light 
source, in addition to the usual water cooled, mercury 
vapor lamp. 

For these experiments the solute concentrations 

were measured in terms of 12 mm fringes produced 
at 546 nm. We could convert the red laser light 
fringes to green (546 nm) fringes by the relation 

J(red) = 0.8487 J(green) . (2) 

This relation was established by comparing differen- 
tial refractometry experiments at 546 nm and 
boundary-forming experiments at 546 and 628.3 nm. 
In all of these experiments carbon-filled, epoxy resin, 
double-sector centerpieces were used. The ultracentri- 
fuge cell filling procedures described by Adams and 
Lewis [ 131 were scrupulously followed. At lower 
solute concentrations (J = 10 or lower) 30 mm center- 
pieces were used. We could convert 30 mm fringes to 
12 mm fringes of the same wavelength by the relation 

J( 12 mm) = J(30 mm)/2.5 . (3) 

At higher solute concentrations (30 fringes or more) 
we had to use red fringes or schgeren patterns pro- 
duced by the green light. The experiments described 
in this work were performed at 34 000 rpm. The 
solution cohrrnn thicknesses used in these experi- 
ments ranged from 4.5 to 6 mm. Photographic data 
were collected at the beginning of the experiment and 
about 36 hours later. The photographic films and 
plates were read on a Nikon Model 6C comparator. 
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5. Quantities needed for the analysis 

It has been shown by Vrij [S, 9] and by Casassa 
and Eisenberg [IO] that the sedimentation equilibrium 
equation for a macromolecular solute in a multicom- 
ponent system can be reduced to a form that is for- 
mally the same as that for a two component system, 
provided that the solution is dialyzed against solvent 
so that the chemical potential of the small (diffusible) 
solutes is the same on both sides of the membrane- 
Since our material was dialyzed, it will be assumed 
that the Vrij-0verbeek ]9] or Casassa-Eisenberg 
[IO] conventioti apply, and we will use equations for 
two component systems. The average molecular 
weights, the equilibrium constants (Ki), and the 
second virial coefficients (BMt ) will refer to an asso- 
ciating solute constituent or component defined by 
these conventions. 

In order to obtain the apparent weight average 
molecular weight (M&, it is necessary to make the 
following assumptions regarding the self-associating 
species: 1) The refractive increments, tii, are the same. 
2) The density increments, lOOO(dp/&), T, are the 
same. 3) The natural logarithm of the act&y coeffi- 
cient,yi, on the c-scaIe (g/Q) can be represented by 

lnyi =d~Bitflc, i=1,2,..._ (4) 

Here B&f, is the second virial coefficient. With the 
aid of these assumptions,M, is obtained [8, lo] 
from . . 

where 

(5) 

A = f 000(ap/acJ,p2/2RT. (6) 

The quantity ti2 is the square of the angular velocity 
of the rotor (o = 2n rpm/60), R is the gas constant 
(8.314 X 10f ergs/deg-mole) and Tis the absolute 
temperature. In eq. (5) c is the concen’ Ition in g/Q 
of the associating solute at any radial position, r, in 
the solution column of the ultracentrifup cell. M,,, 
the apparent weight average molecular weight, is 
related [ 14, IS] to the true weight average molecular 
weight, M,, , by the relation 

(7) 

The quantity&f,, is the same as M,, 1141, the 
weight average molecular weight at any radial position 
fin the solution coIumn of the ultracentrifuge cell. 
It has been shown that r%fwr and also &,, are func- 
tions of c for seif-associating solutes, hence the sym- 
bol M, is used with self-associating solutes [ 14,I5]. 
In order to analyze self-associations it is necessary to 
do experiments at several different initial concentra- 
tions, co, calculate Mwa, and make a plot ofM.&, vs. 
c from all the experimental data [ 12-161. Fig. 1 
shows such a plot for ATP at two different tempera- 
tures, 10 and 30°C. The increase in M& with c (or J) 
is characteristic of a seIf-association; the rapid rise of 
Mw, in the very low concentration region indicates 
the presence of T strong association. In order to 
proceed with the analysis for the type of self-associa- 
tion that is present it is necessary to calculate 
Ml [M,, from plots of icf,(fifw, vs. c. Here one notes 
that&&, is the apparent number average molecular 
weight, and&ft/& is obtained [l6] from 

Ml I = M, 
J 

&f, BMi c 
- =- 
hfna c o M,, dc=hic +-T-’ (8) 

Mnc is the true r:;rmber average molecular weight. 
With the aid of ec,;. (7) and (8), and with the observa- 
tion that the sum of the weight fractions, pi, of the 
self-associating species must be one, i.e., 

we can proceed with the analysis. 

6. Test for the type of association present 

c-9 

6 1. Monomer-n-mer asmztirion 

Could the observed self-association be described by 

flPl=+Ppn, n = 2,3, . . . , (10) 

where P represents the self-associating solute? First of 
all note that a monomer-dimer (rr = 2) self-association 
cannot exist, since values of M,, much greater than 
the molecular weight of dimer (Mz = 985.4) are en- 
countered; this is evident in fg_ 1. The quantities 
MIIMnl and Ml/M, can be used to analyse for other 
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F&. 2. Test for monomer -n-mer association. Values of ft were calculated from eq. (12) for several possible mouomer-n-met 
associations (n = 3,4.6.8)_ These vaiues of fl were then used in plots based on eq. (13). If one of these choices is correct the plot 
should give a straight line whose dope 4 K,. None of the models seem to describe the observed seU-association. The abscissa is in 
arbitrary units. One unit (the distance from 0 to I, 1 to 2, etc.) has the following vahes: 0.04 (g/Q2 for n = 3,0.4 (g/e)” fern = 4, 
4 e/Q]’ for n = 6 and 40 &/Q)’ for n = 8. ‘Ihe data collected at 1O’C were used here. 

and M1/Mwc = l&z ffi(l -n)] for a monomer-n-mer 
self-association. The plot of (M1/Mwa-M@&,c vs. c 
would give a straight line whose slope is BM,; tX.s plot 
faiied for n = 3. Fig. 2 indicates that the plot based on 
eq. (13) is not satisfied for n = 4,6 or 8 also. So, it 
appears a monomer--n-mer self-association is absent 

In this situation several multiple equilibria are 
present, and the overall result appears to be 

nP1 “qP2 +- mP3 + hP4 f .__ . (13 

Such associations which appear to continue without 
Emit are ~COWII as sequential, indefmite self-associa- 
tions_ If the usual assumptions about these indeftite 
self-associations are made, then it can be shown 
[ 17,191 that 

ml Ml 
4 -n-r,, Mwa 
-_--=-q-5. 

1 

w-9 

(17) 

and 

1 -fi=kCfi. WY 

Eqs. (16) and (17) were applied to the experimental 
data, and the values of fl orfi so obtained were 
used in eq. (18). The plot of 1 -Jfl vs. Cft based on 
eq. (18) should give a straight line whose slope is k, 
ffie intrinsic equilibrium constant, if the model be 
correct. Fig. 3 shows the plot based on eq. (18); the 
extreme cwature rules out this model. We dso used 
methods developed by Tang [20] to see if an indefi- 
nite self-association of ffie type nP * qP2 + hP4 t 
ZP6 f ___ were present, and our tests indicated this 
association was absent. 

6.3. Monomer-dime+himer and monomer-dimer- 
fetmmer as~ciaitkms 

The last two models tested were the monomer- 
timer-trimer and the monomer-dimer-tetramer 
self-associations. These associations can be represented 
as 

nP1 =+ qP2 + mP, (19) 

* Here C is the totA concentration of the asr;~ciating solute 
in g(ml. C = c/1000. 
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Fig. 3. Test for sequential,indefinite self-association. Eqs. (16-18) were used here. This plot is based on eq. (18). If the model 
were correct, the plot of 1 - ,/fl vs. Cf, should give a straitit line whose slope is k. the intrinsic equilibrium constant. The data 
collected at 10°C were used here. 

and 

nP1 PQPZ +izp(q . (20) 

Besides obtaining the quantitiesMIIMw, andM1/M,,, 
it is also possible to evaluate the quantity luj-= from 
the plot of MI/Mw, vs. c, since [IS, 211 

It should be noted that this is a proper integral since 
the 

ifdimer is present, or B&f1 if dimer is absent, The 
quantity fa is the apparent weight fraction of monomer 
and is defined by fa = f 1 exp iBM,c). We can combine 

Ml NV~. lMI/&fna, c and& to develop the following 
equation in one unknown, B&f,, for a monomer- 
dimer-timer association [I 51: - _ 

6Ml -=S+tf e-Bhf1c+3EM 1 cm 
J4la a 1 c- 

Ml/Mwa - BM, c - 

An analogous equation can be developed for a ’ The Monte Carlo methods used here wxe developed by hfr. 

monomer-dimer-tetramer association. These equa- Ch&zs M. Smith and will be reported in a later public&on. 

tions may not be too reliable with strong self- 
associations, since the largest contribution to the 
integral in eq. (21) comes from the region of lowest 
concentration (from about 3 fringes to zero fringes). 
Thus the accumulated error reduces the usefulnes of 
eq. (22) or its analogs. How did we overcome this 
problem? First we tried a direct Monte Carlo method * 
on the appropriate expressions for Ml/M,,, such as 

(231 

for a monomer-dimer-trimer association_ Unfor- 
tunately this leads tc a trap. We can vary K, and K, 
considerably in eq. (23) with compensating variations 
in EM,, so that the calculated and observed values of 
Ml/M= are in good agreement. 

Our next thought was to see if we could get rid of 

the noisy part of the quantity In& (see eq. (21)). This 
can he done. Note that 

04) 
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Here c, is a concentration greater than zero and fa, 
is the value off, at c,. The choice of c+ is arbitrary, 
but we wish to choose it so that we reduce the noise 
in eq. (21). Thus we could choose J* = 2, for example. 

Eq. (22) can be modified to givefi/fi+. Then if we 
multiply the equation forfi/fi, by exp [BMI(c-~$1 
w& obtain 

fa ,Ji_ eL3Mr,!c-c*) = 

fa, fl, 

. 

The asterisk means that the quantities so subscripted 
are evaluated at c = c,. The analogous equation for 
the monomer-dimer-tetramer association is 

f, -= 
f =* (26) 

C 8Ml 
*r,a 6 - 4BM1c f (M,,M’,- Bbf,c) 1 

eBJfl (c---c*1 

- ’ - 4BM1c* ’ (Ml /fif_t- BM, c,) 1 

Now we can use an array of data from c, to the high- 
est concentration and evaluate BM, by a Monte Csrlo 

method, since it is the only unknown. We are on 

firmer grounds trying to evaluate one unknown by a 
Monte Carlo method than to try and evaluate three 

unknowns at once. Once BM, is known, thenfi = cl/c 
can be evaluated at each concentration since 

for a monumerAimer-trimer association, or 

- 6 -4BM*c +(&fl~Jfw~_BJ.fl~) 1 (28) 
for a monomer-dimer-tetramer association. Since 
cl =fl c, one notes that the following linear equations 
can be obtained for the two self-associations: 

c - c, 
y=-= 

6 
K, f K,C, (29) 

and 

C-C1 
y=-_= 

In eq. (29) a plot of Y vs. C, has a slope of 5j and an 
intercept of K,; in eq. (30) a plot of Y vs. CT has a 
slope of K4 and an intercept ofK,. The results of a 
linear regression analysis of our data at 10 and 30°C 
are summarized in tabIe I. Since the correlation coefi- 
cient was so much better for the monomer-dimer- 
trimer association, this then is the better model to 
describe the observed seIf-association. Table 2 lists 
the observed values of M lfMwa and Mtllti,, used in 
these tests. The last two columns in table 2 give the 

Table 1 
Data used to distinguish between a monomer-dimer-Winter and a monomer-dimer-ktiamer association 

Monomer-dimer-trimer association 

Temperature 10°C 
B&Z1 a) 2.31 x IO-3 

Sum of absolute value 
of error 

0.293 

Kz (Q/g) b, 0.966 
KJ(W2 4.141 
Correlation coefficient 0.902 

30°C 
3.17 x 10-a 

0.298 

0.157 
1.502 
0.891 

Monomer-dimer-tetramer association 

Temperature 10°C 
BM 1 C) 6.79 x 10-a 

Sum of absolute value 
of error 

1.47 

KAQlg) d) 8.26 
K&Q/# 0.211 
Correlation coefficient 0.05 1 

30°C 
7.66 x lO-3 

1.07 

2.40 
0.605 
0.638 

a) A Monte Carlo method based on eq. (25) was used here. 
The error reported is the sum of i&/fa,)ob - cfa/fa,)c& 
over the array of data used. 

h) K2 and K3 were evaluated from eq. (29). The correIation 
coefficients were obtained from a linea? iegiession analysis. 

C) A Monte Carlo method based on eq. (26) was used here. 
The error reported here is summed over the same number 
of data points used in the previous model. 

4 K2 and K4 were evaluated from eq. (30). The correlation 
coefticients were obtained from a linear regression adYsis. 
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Table 2 

Observed values of M I/&, and M~/Mna and the percent error between the calculated md observed values of M ,/Mwa at 10” and 
30°C for a 1,2,3 and a I ,2,4 self-association 

2 0.6189 0.7644 
4 05252 0.6652 
6 0.485 1 0.6109 
8 0.4652 0.5768 

10 0.4503 03529 
12 0.4387 0.5348 
14 0.4303 0.5205 
16 0.4236 OJO88 
18 0.4186 0.4990 
20 0.414s 0.4908 
22 0.4112 0.4837 
24 OA087 0.4775 
26 0.4068 0.4721 
28 0.405 1 0.4674 
30 C-4039 0.4632 
32 O-4028 0.4594 
34 0.402 1 O-45 61 
36 0.40 i a 0.45 31 
38 0.4015 0.4504 
40 0.4015 0.4479 
42 0_4015 0.4457 
44 0.4020 0.4437 
46 0.4021 0.4419 
48 0.4023 0.4403 
50 0.4026 0.4 387 
52 0.4033 0.4374 
54 0.4040 0.4361 
56 0.4045 0.4350 
58 0.4053 0.4339 
60 0.4059 O-4330 

-1.04 - 1.01 
-0.75 -12.95 
-0.61 -19.57 
+0.04 -23.20 

LO.03 -26.39 

-0.27 -29.23 
-0A8 -31.48 
-0.7@ -33.44 

-0.84 -35.06 
-0.97 -36.48 
-1.09 -37JS 

-1.16 -38.85 

-1.16 -39.77 

-1.21 -40.67 

-1.21 -41.47 

-1.23 -42.23 

-1.22 -42.90 

-1.14 -43.45 
-1.09 -4 3.99 

-1.00 -44.46 

-0.94 -44.94 

-0.80 -45.28 

-0.75 45.73 

-0.70 46.17 
-0.65 -4659 

-0.52 -46.87 
-0.41 -47.17 
-0.33 -475 1 

-0.23 -47.79 
-0.17 -48.13 

percent error inMl/&fW, for the monomer-dimer- by the sum of the absolute value of the error) to the 
tetramer (I, 2,4) self-associations. It is clear from fi&,, vs_ f was obtained_ The final values we obtained 
these data and the data in table 1, that the monomer- are listed in table 3. The solid lines in fig. 1 show how 
dimer-trimer association is the better choice. To well the values of K,, K, and Bltf, fit the experimen- 
finish the analysis we assumed a linear relation between tal data at 10 and 30°C. A monomer-dimer-trimcr 
BM, and temperature and obtained a first approxima- association can be considered to be a simultaneous 
tion for EM, at the other temperatures; these were monomer-dimer and monomer-trimer association. 
used in the Monte Carlo program to obtain the final Figs. 4 and 5 show the plots of ln K2 vs. I IT and 
values of BM,. These values of B&f 1 were held con- lnK3 vs. l/T, respectively; the slope in each plot gives 

stant, and values of Kz and K, were floated by a -AH”/R for each reaction_ For the dimerization 
Monte Carlo method so that a better fit (as measured reaction the standard enthalpy change was AH” = 

2 
4 

: 
10 

12 
14 
16 
la 
20 
22 

24 

26 
28 

30 

32 

34 

36 
38 
40 

42 

44 

46 
48 

50 

52 

54 
56 
58 

60 

0.7493 0.8562 -0.40 + 5.77 
05972 0.7664 +I.67 - 7.18 
0.5275 0.6360 t2.98 -14.30 
0.5007 0.6503 t1.34 -15.30 
0.48 39 0.6186 +o. 14 -15.34 
0.47 19 0.595 1 -0.6 1 -15.12 

0.4622 0.5768 -0.96 -14.96 
0.45 39 05619 -1.02 -14.93 
0.4475 0.5495 -1.06 -14.79 
0.44 16 0.5 390 -0.90 - 14.84 
0.4364 05299 -0.66 -14.97 
0.4322 0.5219 -0.44 -15.06 
0.4284 05 149 -0.18 -15.21 

0.425 1 0.5086 +0.11 -1SAO 

0.4232 05029 to.14 -15.32 

0.4216 0.4979 +0.21 -15.31 

0.4207 0.49 34 +0.17 -15.20 

0.4198 0.489 3 +o. 19 -15.18 

0.4196 0.4856 +0.09 -15.05 

0.4193 0.4823 +0.08 -15.04 

O-4196 0.4793 -0.07 - 14.89 

0.4200 0.4766 -0.19 -14.80 

0.4207 0.4742 -0.36 -14.67 

o-4214 0.4720 -0.50 -1458 

0.4223 0.4700 -0.67 -14-49 

0.4232 0.4682 -0.81 -14-43 

0.4243 0.4665 -0.98 -14.36 
0.4254 0.4650 -1.14 -14.32. 
0.4265 0.4637 -1.28 -14.31 

0.4280 0.4625 -1.49 -14.13 



334 W.E. Ferguson et al. Sdf-msociation of adenosine S’triphosphate in 0.154 M NaCI 

Table 3 
Association equilibrium constants and second virial coeffi- 
cients for the self-association of ATP in isotonic saline 

Temp. 
CO 

K2 K3 Bhft 

wid (Q/g)= (Q/g) 

IO 0.966 4.14 2.31 x 1O-3 
16 0.607 3.00 2.45 
20 0.411 2.11 2.58 
25 0.285 1.45 2.64 
30 0.165 I .25 3.17 

0 

0.2 

0.4 

06 

08 
Y-u 
L 

z 
_J 10 

12 

1.4 

16 

1-a 

32 
I 

33 34 35 

(1/T)X103 

36 3.7 

Fig. 4. Plot of In K2 vs. 1 IT_ This is the Van? Hoff plot for 
the dimerivtion reaction. Since the molar association con- 
stant k2 = (fift/Z)K2, the slopz of the plot of lnK2 vs. l/T is 
the same as d Lnkzld (l/T) = -MiO/R. The least squares sio~e 
for this plot was 7.498 x 103, and the correlation meffrcient 
was 0.997. 

1.8 - 

1.6 - 

1.4 - 

7.2 - 

1.0 - 

-&I 
5 
z 
J 0.6 - 

0.6 - 

0.4 

0' I 

32 33 3.4 3.6 3.7 3 
(l/T) 

d’ 

Fig. 5. Plot of InK, vs. l/T. This is the Van? Hoff plot for the 
trimerization re;lction. Since the molar association constant 
k3= (M1/3)K3. the sIope of this plot isdinks/d’(l/r) = 
d In KJd (1 /T) = - AH”/R. The least squares slope for this 
plot was 5.45, X 10’. and the correlation caeffkient was 
0.991. 

-14-g kcal/mole, and for the trimerization reaction 
AH” = - 10.8 kcallmole. Table 4 lists the molar asso- 
ciation constants, ki (i = 2 or 3), the standard Gibbs 
free energy change, AGO, and the standard entropy 
change, ASO, for both reactions. 

7. Discussion 

It should be emphasized that these experiments 
would not have been feasible without the availability 
of hollow fiber dialyzes with a bw molecular weight 
(200 g) cutoff. The availability of this device should 
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Table 4 
MolecuIar association equilibsium constants and thermodynamic functions for the self-association of ATP in isotonic saline 

Monomer-dimer association Monomer-trimer association 

kz AC0 AS0 k3 AGo AS” 
@/mole) f.kcaUmole) (caUdeg mole) Wlmote)2 (kullmole) (wl/deg mote) 

283.15 2.38 x lOa -3.08 -41.7 283.15 3.35 x 105 -7.16 -13.0 
289.15 1.49 -2.88 -41.6 289.15 2.43 -7.12 -12.9 
293.15 LOI -2.69 41.7 293.15 1.71 -7.02 -13.0 
298.15 0.702 -2.52 -415 798.15 1.17 -6.92 -13.1 
303.15 0.406 -2.23 -41.7 303.1s 1.01 -6.94 -12.9 

k2 = (MJ2)K2. M, = 492.7, 
&Ho = - 14.9 kcal/moIe (obtained from .EI_ 41, 
R = 1.9872 callmole deg. 

encourage further studies on small, ionizable, bio- 
logically important molecules, such as coenzymes. 

Our work has clearly demonstrated the presence 
a temperature-dependent self-association 

is 
to note that the diffusion experiments 

indication of 
a self-association 

nucleosides 14-71. Note that 
our experiments 

equilibrium 
experiments nucleosides 
much higher concentration 

k23 = 0.53 to 
1.50 Q/mole for cytidine, depending on the association 
model chosen; our results for ATP were k2 = 70.2 and 
k, = 1.67 X 1a3. The quantity k23 = k3/k2_ The work 
of Solie and Scheliman [5] indicated that the order of 
self-association at 25°C was deoxyadenosine > deoxy- 
thymidine > inosine > purine riboside. The highest 
concentrations they observed was 0.0524 molal for 
deoxyadenosine and 0.13 16 molal for purine riboside. 
Their dierization equilibrium constant ranged from 

k2 = 1.2 molal-’ for purine riboside to k2 = 10 molal-1 
for deoxyadenosine. Ts’o [6] has summarized the as- 
sociation constants, which he and his associates ob- 

k, = Vf:13)Kx, 
AH0 = -10.8 k&/mole (obtained from fii. 5). 

tained by vapor pressure osmometry on purine and 
various nucleosides. Their values at 25°C ranged from 
k, or k (the intrinsic equilibrium constant) ofO.61 for 
&dine to 22.2 for N-Gdimethyl adenosine. Clearly we 
are observing a much stronger self-association with 
ATP; this enhancement of the self-association may be 
due to the triphosphate group. 

From the thermodynamic functions listed in 
table 4 one notes that AH” is negative (exothermic) 
for the dimerization and the trimerization reactions. 

It appears that AH0 is the major contributor to the 
AGo values. The negative values of AS” may reflect 
in part -Jle increase in order due to the association 
reactions_ One wonders why an ionizable solute like 
ATP undergoes self-association; one would think that 
the ATPs2 ions would repel each other? The tendency 
to associate must be much stronger than the elec tru- 
static repulsion. A similar behavior has been noted 
with proteins at acidic pH which is below the iscjonic 
or isoelectric point. Insulin [22] self-associates at 
pH ca. 2; the P-lactoglobulins A, E and C undergo 
self-association at low pH (between 2 and 3) also 
[18-20,23,24]. 

it has been suggested by a referee that pH changes 
due to the temperature variations involved in these 
studies might influence the self-association of A’fP. 
To test this hypothesis we measured the pH o< three 
different dialyzed solutions of ATP at 10, 29. and 
30°C using a Radiometer Model TIT2 pH meter. The 
results of these measurements are listed LI table S- The 
highest concentration used here is abctit 3 times 
greater than the highest intial cor.ientration used in 



Table 5 Acknowledgments 
Results of pH measurements of three different dialyzed solu- 
tions of ATP at three different temperatures 

ATP c~n~~trat~~n 

(mole of monomcr~ 

0.0016 31 
0.0120 h1 
0.0651 XI 

PH 

10°C 

4.79 
3.70 
3.00 

20°C 30°C 

4.70 4.6 1 
3.68 3.65 
2.99 2.99 

the sedimentation equilibrium experiments. ClearIy, 
there is a much greater pH change over the concentra- 
tion range used in these experiments than there is due 
to temperature alone. In fig. 1 it is evident that the 
seIf-~sociatioI1, as reflected in the values ofrtf,,, was 
much greater nt 10°C than at 30°C. This is most 
likely due to a temperature effect on K-, and KS_ The 
studies reported here are preliminary results; we have 
demonstrated that one can successfully study the self- 
association of small ionizable molecules of biological 
importance. More studies on compounds of this type 
should appear in the future. In future work with ATP 
we plan to study the effects of ionic strength, of di- 
valent ions Iike Mg2+ and of pH on the self-association 
of ATP. The important thing was to demonstrate the 
feasibility of the kind of stiIdy.reported here; the 
technical achievement which made this possible was 
the availability of a hollow fiber dialyzer with a low 
molecuIar weight (200) cutoff. It is quite evident 
from the plots ofM,, vs. c in fig. 1 that one cannot 
analyze self-associations from one or two experiments 
in the low concentration range, In fig_ I it would be 
possibIe to take data from experiments covering the 
range 0 to 8 fringes in concentration and draw all 
sorts of M,,,, vs. c curves with this data- 

One possible biological role for the self-association 
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absorption spectrophotomet~ measurements. The 
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CD and melting temperature measurements on the nature of DNA with chemically methylated guanine-rich sites 
indicate that the stable secondary structure of DNA depicted by Ramstein et al. invotves considerable distortions re- 
suiting from decreased base-base stacking interaction. Besides that quantum chemical data gained from PPP calcula- 
tions are in favor of a weaker hydrogen bonding interaction in the methylated guanine-cytosine base pair. CD meas- 
urements demonstrate that methylated DNA-regions differ from the nonmethylated helical structure, since forma- 
tion of a condensed conformation as occurs in the transition from B to the C-like structure is prevented by positivety 
charged methylated guanine residues. An increase in helix winding angle, however, can not be excluded. 

Binding abiIity of the dyes a&dine orange, phenosafranine, and the antibiotic actinomycin C is lowered for meth- 
ykted DNA, while binding of prot7avine is, in accordance with the results of Ramstein and Leng, slightly enhanced. 
The reason for the opposite behavior of proflavine is at present not fully understood. In particuIar cbnges in the 
binding ability with dyes could not be correlated with base specificity of complex formation_ It is discussed that 
structura1 changes in DNA towards a loose conformation decrease the binding tendency for acridine oraxe, pheno- 
safranine, and actinomycin C. 

1. Introduction 

Physicochemical propzriies of methylated DNA 
have been reported in recent papers [I-3]. Chemical 
methylation decreases the thermal stability and in- 
creases the fiexibiltiy of the DNA molecule. Changes 
in the interaction of methylated DNA with ligands 
such as spermine and poly-L-Iysine were ako observed 

[ 11. It was of further interest to investigate dye bind- 
ing to methylated DNA with respect to possible alter- 
ations in CC selective binding effects. The nature of 
structural changes of the double helix caused by meth- 

ylation are important in understanding biological ef- 
‘fects, especially those producing inhibition of enzym- 
atic processes [4] _ 

2. Materials and methods 

2. I _ fifethy&& DNA 

DNA samples employed in these studies ace those 
described earlier [5,6] _ MethyIation has been per- 
formed according to Pochon and Michelson [2] with 
some modifica?ions: dimethylsulphate saturated with 
rz-tributylamine was added to DNA (0.88 mg/rnl) in 
1 N or 2 N NaCI. n-tributylamine was removed by 
ether extraction and exhaustive dialysis. The degree 
of methylated guanine residues has been andysed by 
hydrolysis [7] with 1 N HCl during 20 min at 100°C. 
Elution was performed with 1 N HCl using coIumns 
of Dowex 50 W X 8 or IR 120. The compositions of 



Table 1 2.5. Fo~rogrQpI~y 
Dqree af methyIation of DNA’s employed in these studies 

DNA 

c&f thymur 

GC content 
(male W) 

42 

7-methylgwaine 
(MeG) (mcle 96) 

- 
28.0 
67.0 

strepromyces 
chrys0malIu.s 72 17.9 

25.6 
55.8 

methylated DMAs are given in table 1; the accuracy 

of determ~at~ons was within ,t 2%. No rn~t~yr~t~d 
adenine could be detected in the samples by this meth- 
Od. 

Polarographic measurements were done with the 
aid of a tast-poIarograph. Atlaswcrke Bremen, under 
application of the tast method which is well suitable 
at low substance concentrations [ 131. The tempera- 
ture of the polarograpbic c&l1 was kept constant with- 
in the limits off O.Ol”C. hfercury pool at the bottom 
of the cell was used as a reference electrode. The drop- 
ping time of the mercury electrode was 5 sec. Stock 
solution of calf thymus DNAs was 2 X IO1 hf DNA- 
phosphate in phosphate buffer ionic strength 0.0225 bl. 
Stock solutions of phenosafranine were I .5 and 
6 x10-3 M in phosphate buffer of same ionic strength 

as used for DNA. Measurements were performed at 
3, 15,25,35 and 45’C. 

2.2, i&W 

3,6-Diaminoacridinium-HSOq (proflavine) was pre- 
pared according to the method described by Albert 
[S] .3,6_Dimethylaminoacridine (acridine orange) was 
purified by Achtert [9], from the commercial product 
a&dine orange-HCi*ZnCi2. Bayer Leverkusen. Origin 
of other dyes: ~heuosafranine, Bayer Leverkusen; ac- 
tinomycin C, isolated in our institute f IO] _ 

Binding curves for complex formation of actino- 
mycin C with DNA were obtained by means of a pulse 

polarograp~l A 3100, Southern Instruments. The anti- 
biotic was dissolved in 0.16 M phosphate buffer to en- 
sure a stock concentration not greater than S X 10”M. 

2.6. Evaluation of biftding data 

23. Circular dichrohz (CO) 

CD measurements were carried out in a Roussel- 
Jouan dichro~aph Model CD-185 using cells of 5 mm 
light path. Ellipticities were calculated on the bases of 
El% 

Eih5z 

= 180 for streptomyces chrysomalhs DNA and 
= 200 for calf thymus DNA [3,4] _ [ $I-values 

are expressed in units of degrees ml dm-1 g-1 _ 

Binding of phenosafranine with DNA, as followed 
by aid of potarographic technique was considered as 
a cooperative process according to refs. f 14, 151. The 
model employed assumes DNA as a linear homogene- 
ous chain, neglecting differences in base composition. 
Moreover, only one binding mechanism was taken into 
consideration. For total dye and DNA concentrations 
Ck and Ck, respectively, corresponding mass-conser- 
vation equations can be written as follows: 

Fluorescence spectra were measured with a fluores- 
cence spectrophotometer using 1 cm cuvettes as de- 
scribed elsewhere [ Ill; the concentrations of methyl- 

ated DNAs were 0.09% corresponding to 2.8 X 10-S 
M phosphate_ Conditions are SSC buffer, pH 7, dye 
concentration of stock sofutions 2 X lOA M!. in the 
case of proflavine and acridine orange binding, studies 
were performed at low dye concentrations and higher 
ionic strength, thus ensuring appiication of the mass 
action law as considered in ref. [ 121. 

c:= CA + CAh, 

c; =CPfo!cAh7 

where C’ = free dye concentration, CAM = bound dye 

concentration, Cp = concentration of nonoccupied 
phosphates, a = number of phosphates per binding 
site, 

Poiarographic step height, or fluorescence intensity F, 
should be linearly related to CA f &A,.,, where 4 eqI.t& 
the ratio of Fb t3 F. for totally boundand free dye, 
respectively. If this linear relationship does not hold 
as it is true for low Ci values and using pulse polaro- 
graphic technique, F has to be substituted by a calibra- 
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tlon function: 

F= F(CA fqC&. 

Nevertheless, CA can be calculated ftom 

where C(e is the inverse calibration function. The 
model gives for the degree of coverage 0 : 

where sand o denote the equilibrium constants of micro- 
scopic cooperative binding and the parameter of co- 
operativity, respectively. By means of a comparison 
of (4) and (5) in a suitable transformation one gets 
an iterative improvement of oc, s, and (I if 4 is known 
from experiments. Assuming ff = 1, i.e., non-cooper- 
ativity, eq. (5) can be transformed by a simple calcu- 
lation into the mass action law, 

C Ab 
s=K=- , 

CACploL 

which is used for the determination of binding data 
for the complex formation of proflavine, acridine 
orange, and actinomycin C with normal and methyl- 
ated calf thymus DNA. In eq. (6), K is the ~q~Iibrium 
constant for noncooperative binding. 

Electloon distributions and binding orders for G and 
MeG were mostly found by different qu~tum chemi- 
cal procedures [ 16 f S] . Therefore it seems difficult 
to confirm possible differences between both due to 
their different electronic behaviors. For this reason 
quantum chemical parameters of 9-methylguanine and 
7,9dimethylguanine (see formula) instead of guano- 
sine and 7-met~ylgu~osine f&l&), respectively, were 
gained from PPP calculations. Atom coordinates were 
taken from X-ray diffraction measurements done with 
guanosine and protonated 9-methylguanosine instead 

of 9-methylguanosine and 7,9-dimethylguanosine, re- 
spectively. Two-center integrals were evaluated with 
the aid of the approx~ma~on given by Ohno. 

8 

73 / 

NH2 

3. Results 

The melting temperature of DNA decreases linearly 
with increasing amount of methylated guanine bases 
11 J which indicates alterations in the base-base in- 
teractions and in the repulsion forces between phos- 
phate residues due to the formation of positively 

charged MeG sites. We obtained further insight into 
the nature of those changes involved in the disturbed 
methylated DNA structure by thermal melting in the 
presence of 7.2 M NaC104. As shown in table 2 at 
25.6 mole 70 MeG, T, decreases by lZ.8°C in 7.2 M 
NaClO, compared to AT, of 4_3*C in 0.02 M NaGtO ; 
at 45.8 mole $6 MeG DNA is strongly denatured in the 
presence of 7.2 M NaCtO, at 2S°C indicated by the 
residual hyperchromicity of 8%. Concentrated NaCIO, 
solution 119) is effective as an hydrophobic interac- 
tion breaking agent and affects dispersion forces of 
the type of van der Waafs attractions, Lowering of 
those interaction forces is markedly enhanced by for- 
mation of MeC within the DNA double helix. The 
acidic denaturation of methylated DNA (fig. i) also 
exhibits a pronounced destabilization (decrease of 

pH,) with increasing degree of me~ylation- As shown 
by the insert in fig. 1 the characteristic pH, value is 
lowered linearly with increasing MeG in a way simiiar 
to that observed in the thermal melting behavior [I]. 
As indicated by the absorbance changes at 260 MI 
around pH 3-4 (fig. 1) the extent of stable protonated 
GH*C regions I20] is diminished with increasing Ma, 
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Table 2 

Thermal melting of methyl&xi DNA of streptornyces cfuysomahs 
__- .__ 

‘I-Methylgusnine (MeGI T, PC) Hyperchromicity (%) 

Mole $6 0.02 SC NaC10~ 7.2 hC NaCIOc 0.02 Jl NKCIO~ 7.2 hl NaC104 

-~~-- -c_-e- 

0 83.7 53.5 31.8 23.0 
17.9 81.1 43.1 30.5 23.2 
25.6 79.4 40.7 29.5 23.0 
45.8 73.7 denatured 11.6 8.0 

3.2. Conformational tramitiocs caused by methyLdon 

of DNA 

CD results of methylated DNA have been previously 

‘* pH 60 

Fig. 1. Spectrophotometric acidic titration of methybted 
streptomyces cfrrywnaks DNA in 0.2 hf Naff; numbers in- 
diuting increasing amount of methylated guanine residues: 
1,0 moIe %: 2.179 mole%; 3.25.6 mole%; 4,45.8 mole%; 
full lines at 260 nm, broken Lines at 280 nm, insert: depen- 

dence of pHm on degree of methylation, MS-content. 

reported [ l]_ However, no conclusions on DNA con- 
formation were drawn. CD data of methylated DNA 
obtained in the presence of 7.2 Ll NaCIOq and cthyl- 
ene glycol solutions make it possible to give a prelimi- 
nary interpretation of structural alterations. CD spec- 
tra of CC-rich DNA with increasing hleC in 0.02 M 
NaCl and in 7.2 iv1 NaClO, are presented in fig. 2. The 
positive CD maximum at 268 nm and the negative 
band at 243 nm are diminished with increasing degree 
of methylation. Depression of the positive band of 
native DNA indicates alteration of the normal B con- 
formation. On the other hand the lowering of the 
negative band is similar to that observed for denatured 
DNA. However, the shape of intact methylated DNA 

is quite different from that of the denatured form 
(curves 1 to 5). Thus CD spectra may be tentatively 
explained by loosening of the I3 conformation involv- 
ing base twisting and diminished base-base interac- 
tions (table 2)_ Results in 7.2 Bl NaClO, are compat- 
ible with this interpretation. In the presence of 7.2 bf 
NaClO, the positive CD amplitude of DNA is reduced 
and the maximum appears at 267 nm [2 11, which has 
been attributed to C-like structural changes. However, 
these salt induced changes are less pronounced in 
NaClO, in comparison to NaCl or Na acetat: [2 11. 
An alternative explanation by a direct intcrac tion of 
C104 ions with methylated guanine residues is &o 

possible on the basis of anionic effects as reported by 
Robinson and Grant 1221. As indicated in fig. 2 the 
positive and negative CD maxima are depressed while 
at 45.8 mole 70 MeG a denatured form is obtained in 
agreement with the melting behavior (table 3). 

Comparison with the copper complex of non- 
methylated DNA (curve 6) suaests interesting simi- 

larities in the CD spectrum to the methylated DNA 
(curve 3). Copper(U) preferentially affects the CC 
pairs in DNA due to the affinity to N-7 of guanine, 
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tures induced by salts [2 I, 24-26] _ This is accom- 
panied by an increased winding angle and by a short- 
ening of stacked base distances 126,271. As demon- 

strated in fig. 3b no CD changes are observed for methyl- 
ated DNA between 10% and 50% ethylene glycol, frost 
at 7070 solvent variation of the positive and negative 

bands occurs while 80% glycol produces initial de- 
naturation effects. This is indicated by the character- 
istic displacement of the positive CD maximum to- 
wards longer wavelengths which is associated with a 
pronounced decrease of the negative CD band. The 
plot of [+] versus increasing ethyIene glycol concen- 

tration (fig_ 4) clearly shows the different behavior 
between methylated and nonmethylated DNA. The 

nonmethylated DNA is more sensitive to ethylene 
glycol induced conformational changes while metbyl- 
ated DNA is restricted to undergo changes from B to 
C-like structures. This means that the shortening of 
the base distance is prevented by repulsion forces in- 
volved in positively charged methylated CC-sites. Since 
high concentration of the organic solvent causes dehy- 
dration and destabilization of the DNA helix [28] 

80 and 90% ethylene glycol initiates denaturation of 
the loosely structured methylated CC-rich DNA. This 
means that positively charged sites such as protonated 
GC-regions in DNA prevent the formation ofcompact 
structures_ In fact the disruption of a compact state 
of DNA in polyethylene glycol upon protonation has 
been observed recently [29]. 

200 220 2.40 260 280 300 320 340 

wavelength 
nm 

Fig. 2. CD spectra of methylated streptomyces chrysomdus 

DNA in the presence of low and extremely high salt concen- 
trations: 1, native nonmethylated DNA; 2, 18 mole% methyl- 
guanine (MeG); 3,25.6 mole% hlffi; 4,45.8 mole% M&i; 5, 
nonmethylated heat denatured 5 min at 100°C; 6, copper 
complex at 0.3 Cu’*/DNA-phosphate. 

the same site at which methylation occurs. This selec- 
tive complex formation of the transition metal ions 
Cu?-+, ZnZ+ or Mriz+ with native DNA in 7.2 M NaCiO, 
[23] results in loosening and initial unwinding of the 

DNA helix due to binding to N-7 of guanine bases. 
The CD results obtained in the presence of ethyl- 

ene glycol (fig. 3) demonstrate considerably less 
changes for methylated DNA compared to nonmethyl- 
ated DNA (fig_ 3b). The decrease of the positive CD 
maximum of nonmethylated DNA with increasing 
ethylene glycol concentration is compatible with a 
similar monotonic transition from B to C-like struc- 

3.3. Quanruunr chemical data - 

Remarkable enhancements of electron densities re- 
sult after methylation of the N-7 atom preferentially 
at the 4,8, and 13 positions of the guanine residue. 
In contrast to this, electron densities are decreased in 

the 5 and 9 positions. Methylation yielded an increase 
of binding orders between atoms 2-3,4-g, 5-7, 
6- 1, and S-9, while they are decreased between the 
atoms 2-13,3-4,5-6, and 7-8. 

Of particular interest are positions 1, 12, and 13, 
since they are responsible for the formation of three 
hydrogen bonds in the CC-base pair, Positions 1 and 

13 act as proton donors, position 12 as an proton ac- 
ceptor_ Thus electron density changes caused by meth- 
ylation may be interpreted with respect to hydrogen 
bond formation in the following manner_ Position 12 
(proton acceptor site): decrease of eIectron density 
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DNA 7- UeC-DNA b 

iJ 

MO 220 240 260 2go mo 320 340 200 220 240 260 260 300 320 x0 360 

wavelength 
nm 

Fig. 3. Variation of CD spectra of methylated and nonmethylated sfreptomyces chrymmdlus DNA with increasing ethylene glycol 
concentration (V%) at 0.02 M NaCI04 + 10e3 M EDTA, 26OC: (a) nonmethylated DNA; (b) methytated DNA with 5 3 mole% 
BfeG. 

? 
0 

2 

? 

72 

7.6 

2.0 
0 20 LO 60 80 100 

Fig. 4. Dependence of the CD amplitudes on the ethylene glyc- 
olconcentration. Nonmethylated DNA: 1. at 272 nm, methyl- 
ated DNA (53 mole% MeGI: 2. at 282 nm; 3, at 272 nm; ionic 
conditions oxrespond to that off& 3. 

by about f 0.003 15 means slight weakening of hydro- 
gen bonding; position 1 (proton donor site): decrease 
of electron density by about f 0.00986 means slight 
strengthening of hydrogen bonding; position 13 (pro- 
ton donor site): increase of electron density by about 
-0.0 1367 means strong weakening of hydrogen bond- 
ing. Thus the overall effect of changes in charge dis- 
tribution may cause a weakening of hydrogen bonded 

GC-base pairs after methylation. Likewise bulky methyl 
groups might support the destabilization effect for 
steric reasons. 

3.4. Bind&g of dyes with normal and methylated calf 
tizymus DNA 

3.4.1. Rrofkvine end acridine orange 
Binding of a fluorescent molecule with DNA is ac- 

companied by changes in fluorescence intensity [30, 

3 I] which are used for estimation of binding data 
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Fig. 5. Variation of fluorescence intensity Q after additiy of DNA to solution of dyes in SSC buffer; DNA concentration isgiven 
in moles phosphate per Q (cb); dye concentration 2 X 10 hI: XXX protlavine + calf thymus DNA (nonmethylated); ooo acridine 
orange + calf thymus DNA (nonmethylated); l e* profhwine f calf thymus DNA (67 mole% MeG); - acridine orange f calf thy- 
mus DNA (67 mole % MeG). 

[32-373. The experimental conditions chosen(low dye 

concentration, high ionic strength) ensure that binding 
occurs mainly in terms of type I-complexes. This binding 
process quenches fluorescence of amino a&dines (i-e_, 
pro&vine) ]30,38,40,41], while fluorescence of 

dialkylamino acridines (Le., acridine orange) is en- 
hanced [30, 3 1,35--40] _ Fig. 5 demonstrates the in- 
fluence of added nonmethyIated and methylated DNA 

on fluorescence intensities of proflavine and acridine 
orange. Assuming the noncooperative model as valid, 
4, Q, and K can be gained for proflavine binding from 

a Klotz plot and a Scatchard plot (table 3). Binding 
curves of acridine orange yielded for nonmethyIated 
calf thymus DNA: 4 = 2.47 and K/a = 4 X l@ P/mole, 

01 could not be determined separately. The linear in- 

Table 3 
Binding parameter of the complex formation of protlavine 
with nonmethylated and methyhtted (67 mole% hl&) calf 
thymus DNA as obtained from fluorescence measurements 

Nonmethylated DNA 

4 = 0.164 
KfP 1.0 X 10’ Q/mole 

;; 
=I0 
= 1.0 X 10’ Q/mole 

Xfethylated DNA 

Q = 0.324 
K/a 2.2 X 10’ Q/mole 
P = 10 
K = 2.2 X lo6 Qjmok 

L 
cm 

T 

Fig. 6. Variation of polarographic wave height (F) of pheno- 
safranine with increasing dye concentration; 25’C; phosphate 
buffer. pH 7. ionic strength 0.0228 mole/Q; DNA concentra- 
tion: 2 X IO4 mole phosphate/P; 1, without DNA; 2. in pres- 
ence of methylated calf thymus DNA (67 mole% MeG); 3, in 
presence of nonmethylated calf thymus DNA. 
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Fig. 7. (al Parameter QI, s. and cx of the complex formation of phertosafranine with c&T thymus DNA as function of temperature. 
(b) Parameters cc, s, znd u of the complex formation of phenosafranine with methylzted wlf thymus DNA (67 mote% XfeG) a~ 
function of temperature. The curves were calculated for three assumed values of q together with experimental data. The obvious 
deviation of Q cm be explained by the fact, that the error of the parameter D is stror&y dependent on the value of a in the model 
used. 

crease in the binding curye for same dye with methyi- 
ated DNA supports the idea of an essentially lower 
va.Iue K/CI compared with that of nonme’Jlylated 
DNA. 

3-4.2. F~~~~~f~~~~e 
Fig. 6 demonstrates that methylated DNA induces 

in favor of a weaker binding a smaller decrease of the 
polarographic :&.tction step. Binding data calculated 
from binding curves ted to the following conclusion 
(fig. 7). (i) Q increases with temperature for both types 
of DNAs; (ii) a was found to be higher and s lower 
when methylated DNA was used; (iii) the parameter 
of coo~era~vity D is higher for me~yIated DNA indi- 
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0 2 4 6 - 10’ [INA] 
% 

Fig. 8. Complex formation of actinomycin C with DNA as 
regis:rated with the aid of a puke polasograph; dye concen- 
trat;3n 5 x 10 -6 M; 0.L6 M phosphate buffer, pH 7; 00 na- 
tive tif thymus DNA (nonmethylated); 00 methylated calf 
thymus DNA (28 mole% MeG); l - methylated calf thymus 
DNA (67 male% hIeG). 

eating that neighbour sites of an already occupied 
binding site cannot be occupied as easily as in the case 
of nonmethylated DNA. 

Complexing of actinomyc’n C wtth DNA was re- 
ported previously [42,43]_ Tvpica: for the binding is 
a pronounced CC specificity 1: Wercalation process 
of the chromophor while the peptide rings are f%ed 
at the DNA surface through :outribuEons of hydro- 
phobic interaction. Recently it was shown [44,451 
tba t the binding constant K (noncooperative model) 
obtained polarographicrdly is in rather good accor- 
dance with that obtained form spectrophotometric 
measurements. q + 0 indicates that the actinomycin 
C-DNA complex is not fully reducible at the mercury 

electrode_ This indicates a steric inhibition of electron 
uptake by the intercrdated chromophor. Guanine 

Dependence of complex constant of actinOmYen C with 
DNA on %f& content 

MeC (mole 5b) 

0 

; 

K/Q (Qlmale) 

1.4 x105 
&.8 X LO’ 
6.7 x104 

methytation decreases actinomycin C binding with in- 
creasmg degree of methylation (see fig. 8 and table4). 

4. Discussion 

The present results are suggestive for the nature of 
structural distortions in the intact DNA double helix 
of methylated guanine-rich sites. Loosening and low- 
ering of base-base interactions of the methylated re- 
gions is inferred from CD- and melting temperature 
measurements. Melting curves at 7.2 M NaC104 and 
acidic titration indicate that the stable secondary strut- 

ture of methylated DNA depicted earlier [ 11 involves 
considerabie distortions resulting from possible de- 
creasing base-base interactions of positively charged 
guanine regions and their neighbours. CD measurements 
demonstrate a loose conformation, which is different 
from the normaI B structure, but does not contain de- 
natured regions. The methylated state is restricfed to 
change the conformation to C-like structures and there- 
fore metbylation of DNA prevents the formation of 
compact structures in those repions. However, an in- 
crease of the winding angIe between base pairs msy 
occur as in the case of the C-like conformation but 
with loosening of methylated pairs. Quantum chemical 
calculations are in accordance with reported measure- 
ments on thermal stabfIfty of methylated DNA_ As 
demonstrated above introduction of a positive charge 
into the guanine residue by methylation leads to a 
loosening of the hydrogen bonded CC base pair. In 
connection with thase resubs it needs to be mentioned 
that cytosine in methyIated DNA accepts electrons 
more easily than in the case of native DNA [46]. 

The binding of acridine orange, phenosafranine, and 
actinomycin C is weakened in using methylated DNA 
however, in accordance with recent results 131 a 
stronger binding affinity was found for the complex 
proflavine-methylated DNA. The greater q-vahre ob- 
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Table 5 Acknowledgement 
Base specificity of bind& of various dyes with DNA and the 
effect of guanine methyl&on 

-- 

Dye Base specificity Effect of 
methyktion OR 
dye binding 

-___ 

proflavine AT [41,48,493 strengthening 
acridine orange AT (39.48.501 weakening 
phenosafranine no significance [S 1 ] weakening 
actino mycin C GC [42,521 weakening 

We are greatly indebted to Dr. J. Fabian, Sektion 
Chemie der Technischen Universitit Dresden, for per- 
formance of quantum chemical calculations_ More- 
over authors are grateful to Mrs. R. Klarner, Mrs. CJ. 
Fiedler, and Miss Ch. Radtke for their valuable tech- 
nical assistance in the experimental work and Miss 
Chem.-Ing. E. Sarfert for isolation of DNA samples. 
For valuable advice concerning CD measurements we 
thank Dr. G. Luck. 

tained for this complex is in favor of the fact that, as 
opposed to guanine [34], M&3 acts as a worse fluores- 

cence quencher. Table 5 points out that a relationship 
with current ideas on base specificity of dye binding 
obviously does not exist. From thermodynamic data 
it cannot be decided at present whether the decreased 
binding of the majority of dyes comes from steric or 
energetic contributions. 
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One of the main and, chronoIogIcaIIy, perhaps one of the first questions in the study of globmar protein heat 
denaturation is that of the applicability of the “all or none’* principfe to this process, i.e., whether the transition 
of globular protein from the native into the denaturated state occurs abruptly, without intermediate, thermody- 
namically stable forms or there are several successive transitions. Despite au intensive study of the process of de- 
naturation this question still remains unsettled. Moreover, its actuality has geatly increased lately with the accumu- 
Iation of contradictory data. 

1. Introduction 

Originally, the possibility of describing denatura- 
tion of globular proteins by an abrupt process was 
sooner postulated than demonstrated [ 1,2] _ Such a 
consideration gave great advantages since it offered 
the possibility of a simple quantitative analysis reduc- 
ing denaturation to a usual monomolecular reaction. 
At the same time, a simultaneous change of several 
properties of protein in a rather narrow temperature 
interval rendered such an interpretation highly prob- 
able [3]. 

However, later, with the increase of the number 
of parameters recorded in a heated protein solution 
the validity of the proposed assumption was put to 
question [4] _ Th ese doubts were supported by num- 

erous reports according to which the change of some 
parameters observed in the heated protein solution 
proceeded in a considerably larger temperature inter- 
val and did not seem to be as simultaneous as it was 
thought. It follows then that the change of the pro- 
tein state under the influence of temperature is a con- 
siderably more complicated process than it was pre- 

sumed in the first approximation and is probably not 
reduced to only an abrupt process. An impression was 
created that the protein molecule undergoes several 
successive changes with heating and it was not cIear 
whether it was possible at all to distinguish a qualita- 
tively different stage among these changes which we 
could consider as denaturational. 

In the present paper this question is examined on 

the example of ribonuclease A, the most popular ob- 
ject in the study of the denaturation process. Up to 

the present, most experiments on denaturation have 
been carried out on it because of its exceptional revers- 
ibility to different influences and, correspondingly, it 
is here that the majority of contradictory data and 
opinion has accumulated [5-22]_ Unfortunately, 
their analysis by a comparison of functional depen- 
dences of different parameters on temperature is very 
complicated by the fact that the data were obtained 
on different preparations and in different conditions 
and, moreover, with a precision far insufficient for a 
quantitative analysis_ This compelled us to carry out 
a new series of more precise measurements to ensure 
a more reliable accuracy of the compared functions 
than done before. We hope to show on the example 
of their analysis that in fact there are no contradictions 
in thermal properties of ribonuclease. 

2. Methods 

Studies were carried out on pancreatic ribonuclease 
A. The commercial preparation was separated on the 
SE Sephadex C-2S column equilibrated by 0.1 M phos- 
phate buffer, pH 6.5. To remove phosphate ions, the 
solution was passed through a Sephadex G-25 column 
equilibrated by 0.1 M sodium perchlorate. The homo- 
geneity of the preparation was controlled by gel tiltra- 
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tion of Sephadex G-75 and by electtophoresis on 
polyacrylamide gel. To avoid formation of aggregates 
the column preparation was not &ophiiized and put- 
ification on the column was carried out directly be- 
fore the experiment to reduce storage time. The nec- 
essary solutions were obtained by dialysis against 
0.04 M glycin buffer with a corresponding pH value. 
The protein concentration in the solution was deter- 
mined s~ectrophotomet~ca~y by the extinction coef- 
ficient .$& = 0.738, 

Spectrophotosnetrical measurements were carried 
out on a Hitachi-124 instrument with differential 
thermostated cells. During plotting of the melting 
curves one of the cells was thermostated at 10°C. 

Measurement of the optical activity was done on a 
Perkin-EImer 141-M spectropokrimeter. The circular 
dichroism was measured on a Jasco 3-20 spectropolar- 
imeter. Calorimetric measurements were performed 
on the new precision made1 of the scanning microcal- 
orimeter designed at the Institute of Protein Research 
#23], 

All the measurements connected with temperature 
scannine were performed automatically at continuous 
heating at a same constant rate of 1 degi(min for all 
the methods. Differential spectra curves were obtained 

by a step-wise heating with a 15 min delay at each 
temperature. 

3. Results 

3.1. Spectr0photometric d&z 

For many technical reasons they are perhaps the 
most frequently used in studying the process of heat 
denaturation in general and of heat denaturation of 
ribonuciease in particular [5-S]. 

Under the influence of temperature the absorption 
spectrum of ribonuctease actually undergoes extremely 
important changes. As seen from the given differcn- 
tial curves plotted at different temperatures (6g_ la) 
the changes are particularly great in the 236,278 and 
285 run region. 

Here three circumstances attract attention: (a) the 
change of the spectrum starts from the lowest temper- 
atures and proceeds up to the highest;(b) the charac- 
ter of the change of the differential spectrum alters 
abruptly starting at some definite temperature (46°C 

for the given solution wirh pt2 4.0); (c) at the first 
stage of changes of the differential spectrum there are 

Fig. 1. (a) Differeda spectra of RNase in solution with pH 4.0 at different temperatures. 1 -ZO”C, 2-27°C. 3-35°C. 4-41”C, 
5 -46”C, 6 -52”C, 7 -56”C, 8 -61°C. 9 -67°C. 10 -7Z°C. (b) Change of the RNase optical density in solution at pH 4.0 at t&e.? 
wavelengths. 
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Fig. 2. Relative changes of the RNase optical dendry ar A 285 
nm at dSferent pH values. 

two indistinct isosbestic points at 256 and 285 nm. 
Fig. 1 shows that temperature functions of spectral 

characteristics taken at different wavetengths will be 
different_ At the isosbestic points (256 and 285 nm) 
no essential changes of optical density will be observed 
up to the temperature of 46°C (fig. lb). At 278 nm 
changes in both temperature regions occur in the same 
direction but in quite a different way. The question 
arises: which of these wavelengths should be taken for 
a thermodynamical analysis of the process of protein 
temperature transformations? 

It is clear that the simplest curve obtained at 
285 nm has a certain advantage since it sees only a 
part of the complicated process and it must be easier 
to interprete. However, the obtained curves at differ- 
ent pH at this wavelength also differ noticeably from 
symmetrical sigmoids characteristic for simple pro- 
cesses by a very extended low-temperature slope 
(fig. 2) which is connected with non-ideality of the 
isosbestic points. We can attempt to take into account 
the introduced distortion by extrapolating the initial 
changes on the main stage of the process and consid- 
ering the change at this stage only from the extrapol- 
ated line. Naturally, the shape of the curve thus iso- 
laied for the main stage of the curve will considerably 
depend on the function by which the extrapolation of 
the initial changes into the temperature region of the 
main stage was carried out. By extrapolating different 
functions it can be seen that the most symmetrical 
sigmoid curve describing the main stage will be ob- 

tained in the case when the parabolic function has 
been taken for extrapolation of the initial changes 

(fig. 2, dotted line). However, it is much easier to 
carry out the separating operation if we do not use 
the optical density temperature dependence curve it- 
self for analysis but its temperature derivative (see 
fig. 3)_ In this case the initial part of the changes will 
be represented with good precision by a linear func- 
tion easily extrapolated in the re$on of the peak de- 
scribing the main stage. Applying the same separating 
operation to the curves obtained at other wavelengths 
it is convincingly seen that in all the cases the compli- 
cated curves charxterizing changes of the protein 
state will separate into two simple and completely 
similar functions: a parabolic function (linear for the 
derivative curve) and an almost symmetrical sigmoid 
(an almost symmetrical peak for the derivative) (figs. 
4a, b). If a van ‘t Hoff plot is drawn by these sigmoid 
curves (Le., the dependence of RlnK on l/T), practic- 
ally identical lines will be obtained for all the wavve~ 
lengths (at corresponding pH) with a hardly noticeable 
constant curvature (fig. 4c) evidencing a small asym- 
metry of the isolated curves. At any other division of 
the observed complicated curves we shall not obtain 
a constant curvature of the line on van ‘t hoff plots. 

3-2. Data on circuh dichroism 

Data on circular dichroism also point to the com- 
plex character of ribonuclease changes with tempera- 
ture. This was noted for the first time in ref. 115 1 ac- 
cording to which temperature changes in ribonuclease 
proceed in two clearly divided stages - from 15 to 
50°C and from 50°C. A more thorough analysis. how- 
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Fig. 3. Temperature derivative of the change oft he RNase 
optical density at pH 3.5. 

C 



352 EX Tikropu(0 and EL. Divabv. Hear denatwahn of ribmwckase 

20 30 40 50 60 r-0 

Fig..?. Division of complex curves of the optical absorption 
at different pH values in two components: the parlbolical 
(ii), the sigmoidal (b) and van ‘t Hoff plots of sigmoidal func- 

tions (c). 

300 
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ever, has shown (see fig. 5) that in fact we cannot 
separate a distinct interval of the first stage since 
changes start from the very beginning of heating re- 
gardless of the initial temperature of heating and wave- 
lengths_ But at different wavelengths the sensitivity 
is not the same. On the whole, the picture differs 
little from that observed spectrophotometdcally: the 
relative change of circular dichroism with tempera- 
ture also appears as a complex function consisting of 
a monotonous component not depending on pH and 
a sigmoid component, the position of which is directly 
determined by the pH value (fig. 6). 

By separating sigmoid parts and plotting van ‘t Hoff 
graphs for them (see fig. 7) we also obtaincurves with 
a hardly noticeable curvature indicating to the slight 
asymmetry of sigmoid components_ 

Data on optical activity are also very similar to 
those of qectrophotometry (see fig. 8). Wavelengths 
are also seen here at which changes of the protein 
molecule state are practically not observed at the ini- 

Fig. 5. Changes of circufar dichroism with temperature in the RNase solution at pH 4.0. (a)The circular dickroism spectra at dif- 
ferent temperatures: 1 -Zl.O”C, 2 - 26“C, 3 -29.6”C. 4- 35°C. 5 -4OS”C. 6 -46_7”C, 7 -5l.tY’C. 8 -S&ST. 9-S9.S°C, 
10 -64.SaC. (bf Changes of circuhr dichrokm at two waveIengths_ 



E.I. Tiktopulo and P-L. Privabv. Heat ckmturntion of ribonuchse 353 

Fig. 6. Temperature changes of RNase circukr dichroism at 
different pH values of wlutions at two wavelengths. 

tial stage of heating and there are spectrum regions in 
which distinct changes are observed from the very 

start (see also ref. [S]). Using simpler regufatities ob- 
tained at 302 nm we derive transition curves at differ- 

ent pH values (fig. 9a) the van? Hoff plots of which 
are also represented by l.irxes with a hardly noticeable 
constant curvature (fig. 9b). 

- 

70 40 50 6n T% 

Fig. 7. Sigmaida! mm~rtent of EWase cirdutar dichroism 
change ta> at diffesent pH valuer and itsvan’t Hoff plot (i$. 

aa 
a 30 40 n 50 60 I-% 

Fig. 8. Keiative change of RNase optical activity at different 
wavelengths in solution at pfi 3.0. 

3.4. Gdorifrterrk itrvestigariotts 

Calorimetric investigations of the heated ribonuclc- 
ase solutions xvere the subject of a great number of 
papers [If&221 since it was obvious that these data 
must play the main role in solution of the problem. 
However, the precision achieved in the majority of 
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Fig. 9. Relative change of RNase op;tical activity at 302 nm 
with B different pH value of solution (a) and its van’f Hoff 
plot fb). 
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Fig. 10. Temperature dependence of the RNase pmtiat heat 
capacity at different pH values. 

these studies proved to be insufficient to realize the 
set task. The most reliable results were obtained in 
refs. r17, 191 with the main difference that in the 
first the results were .obtained in integral form, i.e., 
as enthaIpy dependence on temperature, while in the 
second paper they were in differential form - heat 

capacity dependence on temperature. Though cer- 
tain thermal effects of denaturation proved to be very 

similar in both cases (see fig. 11) the difficulties of 

analysis and interpretation of the integral form of 

recording led to some misunderstanding connected 
with determination of effective parameters_ To elim- 
inate these misunderstandings fig. 10 gives the tem- 
perature dependence of the enthalpy derivative on 

temperature or the ribonuclease partial heat capacity 
at different pH values. 

It is seen from fig. 10 that the heat capacity change 
which occurs at the start of the heating (from 20°C) 
is also very nearIy to linear. Deviations from linearity 
start only from the temperatures where the character 
of the change of the optical properties is modified. 

The tllnrmal effect of this process can be separated by 
a linear extrapolation of the initial and final course 
of heat capacity to the middle of the intensive peak 
of heat absorption designated as T,. 

Linear extrapolation of the course of the initial 
and final heat capacity to the middle of fire peak 

shows that as a result of the process connected with 
heat absorption, the partial heat capacity of protein 

increases considerably by an amount of x 0.09 Cal/g 
(see fig. 1 --J). Data of ref. [ 171 are given in the same 
figure. 

80 

“C 
Fig. 11. Dependence of molar denaturationzzl enthatpy (a) 
and denaturational change of partial heat capacity (bj of 
RNase at different pH values on the temperature of transi- 
tion. Calorimetric values: a - (19); I - (17). Effective values: 
0 - from caIorimetry; X - from 0pticaI absorption; 0 - from 
optic4 activity; 0 - from circular dichroism. 

The area outlined by the heat absorption curve 

and extrapolation lines corresponds to the heat ab- 

sorbed as a result of the process proceeding at these 
temperatures. Multiplied by a mole of protein it will 
represent the calorimetric or real enthalpy of this pro- 
cess_ It is easy to see that the molar enthalpy increases 
with the growth of the protein thermostability (fig. 
1 la), but increase of the area occurs only at the ex- 
pense of peak sharpening_ 

From the sharpening of the heat absorption peak 
it is possible to determine the effective enthalpy of 
the process using the van? Hoff equaticn (see ref. 
[24]). For the midpoint, where 

diHt = 4RT2 db/dT 

having in mind that for the calorimetric curve db/dT 
is height of the peak ACP divided by the enthalpy 
(per mole), we have: 

qff = 2 R”22-(ACP)~2_ 

The values of effective enthalpies of the process 

corresponding to the peak are given in fig_ 11 a as a 
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function of midpoint temperature T+. (For an awn- 
metric peak T, does not coincide with the tempera- 
ture of the peak maximum, but for ribonuclease the 

difference is rather small - O-6”.) 

4. Discussion 

From the above it is clearly seen that the structural 
changes of ribonuclease with temperature are indeed 

of a quite complicated character. But the impression 
is created that the complicated function describing 
these changes is a combination of two simpler func- 

tions, a parabolic one (linear for the derivative curve) 
and a sigmoid (peak on the derivative curve). Most in- 
triguing is that the shape of those function(s) is simi- 

lar for all indices by which the change of protein was 
registered; only the relative contribution of these func- 
tions to the resulting curve is different_ The easiest 
way to show this for the sigmoids is to compare the 
parameters of their van ‘t Hoff plots, i-e_, the slope at 
the midpoint and its curvature. The advantage of us- 
ing van’t Hoff plots here is that their slope corresponds 

to the enthaipy of the process if it represents a two- 
state transition. As for the curvature it corresponds to 
the temperature dependence of enthafpy, or, in other 

words, to the heat capacity change at transition inas- 
much as dA.ElJdT = Adp. 

It can be seen that the effective enthalpies of tran- 
sition, or slopes of the van ‘t Hoff plot determined by 
all the used parameters are temperature dependent 
and at alI temperatures their slopes and their curva- 
tures coincide within error of determination (see 
figs. 1 la, b). 

This coincidence of effective enthalpies is a very 
essential indication of the two-state transition charac- 
ter of the proces responsible for the sigmoid change 
of protein properties (see ref. 131). But much more 
indicative here is the coincidence of effective enthaI- 
pies with the real caIorimetric ones. Unfortunately the 
spread of points in fig. 11 is too great (about 10%). 
Thus, we can speak about the adequacy of the two- 
state model for the considered process only in this ap 
proximation. But it is possible to achieve a hi&r 

resolution here if only calorimetric data will be used. 
The greatest advantage of calorimetry in solving this 
probIem is that the effective as well as the red cdori- 
metric enthalpy can be obtained from the same ex- 

Fis. 12. The ratio of &orimetric and effective enthslpies (a) 
at different pH versus transition temperature at a heating rate 
of I deg/min; (b) at different heating raterand the same pkl 
versus heating rate. 

perimental curve of heat absorption and hence their 

comparison can be made with a much greater accur- 

acy_ Fig. 12 gives the ratio of AffQ’/AfPff obtained 
by calorimetry at different pH versus the correspond- 

ing transition temperature. The spread of points here 
is much less (only 356) and it is clearly seen that the 
ratio of calorimetric and effective enthalpies is not a 
strict unity 

This deviation is not dependent on the heating 

rate (see fig. lZb), so it cannot be due to the non-ho- 
mogeneity of the temperature field in the cell at con- 

tinuous heating. Thus we have to conclude that this 
deviation is the measure of inadequacy of the two- 
state model for the considered process. In other words 
this deviation proves that there are some intermediate 
states. But as the deviation is rather small (only 5%) 
the concentratian of proteins in the intermediate 
states must be small too, i.e., these states are fairly 
unstable thermodynamically and during transition 
the protein passes them too rapidly (see also ref. [25]) 
Thus, in many cases, when the mechanism of transi- 

tion is not under question, we can consider this pro- 
cess as a two-state transtition from one microscopic 
state to another essentially different in enthalpy. Since 
this qualitatively different state is usually called de- 
natured, we can call this process, which we separated 
out from the overall thermat change of protein, de- 

naturation. 
Having thus defied denaturation as a strongly co- 

operative transition we consider all the changes taking 
place with the protein before denaturation as non- de- 
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naturational or predenaturational changes of the na- 
tive protein. The main difference of these changes 
from the denaturational one is that they are not 
the result of a cooperative transition between 
macroscopic states substantially different in en- 
thalpy. NaturaIIy, the question arises as to the or- 
igin of these gradual changes of the protein molecule. 

At present there are some facts which should be 
taken as starting points in solving this problem. 

The change in partial heat capacity of protein in- 
creases in the predenaturational region of tempera- 
tures [ 17, 191; simuItaneously the partial volume in- 
creases [9] and there Is an increase in the rate of hy- 
drolysis by proteases [S] and in the rate of proton 
exchange 126, 27J_ However, the most noteworthy 
is that at the same time only a monotonous change 
of chemical shifts of the proton resonance lines pro- 
ceeds for separate groups without a change of their 
area and shape [ 12, I3 J. (The situation is analogous 
to another protein, lysozyme, the best studied by 
the N:ifR method [28] _) It is perhaps this property 
that most clearly distinguishes the predenaturational 
process from the denaturational one at which new 
resonance lines appear and the development of the 
process is accompanied by an increase of their area 
at the expense of the previous ones. Hence it follows 
that denaturational and predenaturational changes 
are connected with exchange processes proceeding at 
qualitatively different rates. If denaturational changes 
are defined by comparatively slow transitions between 
two clearly defined macroscopic protein states, the 
predenaturational ones are connected with exchange 
processes of several orders faster. Judging by the dif- 
ferent influence of temperature on different histidines 
[ 12, 131 it is most probable that these processes are 
local fluctuations of the native structure at its weak 
points increasing with temperature. Such a fluctua- 
tional mechanism explains many properties of globu- 
lar proteins, in particular, the proton exchange which 
increases with temperature [26,27] and the isosbestic 
points observed in the differential spectrum (see fig. 1). 
The presence of isosbestic points indicates that the 
chromophores responsible for absorption in this re- 
gion of the spectrum have two states and that the po- 
pulation of the second state increases with the growth 
of temperature. If this second state represents local 
defects of the native structure, it is clear that the rate 
of rheir formation and disappearance will be high, 

while the concentration will be low since their for- 
mation is not accompanied by a substantial entropy 
gain at the expense of conformational mobility and 
a considerable shift of complementary groups in 
space. At the same time it is apparent that due to a 
high rate of transitions between rnicro:;opic states, 
an averaging of practically all the experimentally ob- 
served parameters must take place, and therefore we 
can consider predenaturational protein changes as gra- 
dual changes of its macroscopic native state sin&r to 
a usual thermal expansion of solids. 
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We dcveloped a model which is able to provide a rationalization of the half-of-the-sites reactivity of oliiomeric 
enzymes, According to this model, a dimeric enzyme is considered as a system of two coupled oscillators, which are 
able to transmit energy (information) to each other via a weak elastic coupliz_ In such a system, the energy may 
fluctuate between the two coupled etements so as to accumulate in one of the two at a time, i.e., at one time a cer- 
tain ener_ey pcate will be present in o&y one of the two elements. if this energy state (protomer conformation) is 
relevant for the chemical reaction, the conditions of half-of-the-sites reactivity may be fidfilled The limits, and 
possible gener&z&on, of this model xe discussed. 

1_ Introduction 

In the last few years the term “half-of-the-sites 
reactivity” has been introduced [f-3] in relation to 
those oligomeric enzymes which, under certain condi- 
tions, display chemical reactivity at onIy one half of 
the active sites. Among the systems which, in one way 
or another, seem to possess this feature, one finds 
dimeric enzymes such as alkaline phosphatase [4,.5], 
mafic dehydragenase f&7 J , horse liver alcohol de- 
hydrogenases [3,8,9] ; tetrameric enzymes such as 
glyceraldehyde-3--phosphate dehydrogenase from 
yeast [2. lo] and muscle [ 121, exameric enzymes 
such as uridin-6-phosphate-1 C-dehydrogenase [ 1 S], 
and octametic enzymes such as glutamine synthetase 
1141 and aceto-acetate decarboxylase 115 ]_ A more 
detaiied list can be found in the recent works by 
Landunsky 1[ itj] , and Koshland 1 I ] _ 

Although at the present time some aspects of the 
phenomenon are stiU unclear (in particular the rela- 
tion between the kinetic and the thermodynamic 

(binding) aspects *), there is no doubt that the half- 
site reactivity is experimentaUy a weU ascertained 
prqxxty of several oligomeric enzymes, and one whxch 
deserves attention for its implications about the 
mechanism of subunit interaction, At the present, the 
half-of-the-sites reactivity is often attributed to a 
negative cooperativity [2,17], and to an alternating 
model [7] (“fIipflop”mechanism [S, 16]) as far Z+S 
the kinetics of the enzyme turnover is concerned. 

Part of the skepticism that the h&o&he-sites 
reactivity stiIf encounters is certainly due to the diffi- 
culty of envisioning the possible thermodynamic 
and/or physiological driving forces responsible for it. 
What is the rationale of an enzyme machinery which 
works with one haif (or one half at a time) of its 
active centers? 

* For instance. some enzymes (yea& glyceraldehyde-3-phos- 
phate dehydrogenase is an exampfe) show the halfsite re- 
activity only in binding. Other enzymes (for example horse 
liver alcohol dehydrogenase) display the halfsite reactivity 
only in transient kinetics, uc*ile binding is norma!. 
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In this study we have attempted to see whether an 
answer - at least partial and preliminary - could be 
given to such a question. For this, we examine the 
mechanical behaviour of the oligomeric enzyme, con- 
sidered as an assembly of elements bound by forces 
which can be represented as elastic forces. In particu- 
lar, we consider the subunits as coupled oscillators, 
in which the coupling corresponds to the subunits 
interaction. We will show that, when mecnanical 
energy flows along the system, the two oscillators 
(subunits) pass through a set of energy states 
(protomerconformations) in an antiphasic manner, 
namely only one subunit at a time possesses a given 
energy state. The limits and the possible implication 
of this mechanical analogy will be discussed_ 

2. The model 

We assume that the cooperative phenomena charac- 
terizing some 0Iigomeric enzymes are a direct conse- 
quence of the transmission of energy from one pro- 
tamer to the other. We believe that the simplest and 
most reasonable way to describe the dynamic proper- 
ties of these molecular systems is with models, in 
which each protomer is seen as an assembly of masses 
bound by elastic forces. Depending upon the degree 
of information that one desires, there are several 
models of various degrees of sophistication that in 
principle could be proposed_ Restricting ourselves to 
diieric proteins, the model illustrated in fig. 1 is cer- 
tainly the simplest: two coupled oscillators of equal 
mass m, characterized by equal elastic force constants 
k, the oscillators weakly interacting through the ele- 
ment with a force constant k, +Z k. 

The equation of motion of this system takes the 
well known form [ 181 (under the appropriate starting 
conditions): 

xA = A co&(crz’+wO)r co&o’ -w& , 

xB = A sir&w + a,,)1 sinf (w - wo) t , (1) 

where wo =&GLJ’=J w$ t2kbfm andxA and 
xB are displacements of the two masses from the 
equilibrium position_ Equation (2) indicates that, 
under conditions of weak coupling (k S kb) the vibra- 
tional energy of ane oscillator will be continuously 
transmitted to the other with a frequency $(a’-wO), 

Fig. 1.The coupled oscillator. k is tie elastic force constant 
of each oscillator, and kb the force constant of the &StiC 
linking element (which dmufatcs subunits interaction). 

whereas the conversion af potentiaI into kinetic energy 
in each oscillator takes place with a frequency * 
&’ f wo) = wo_ The time dependence of the total 
energy in each of the two oscil!ators is illustrated in 
fig. 22. Each oscillator receives and gives away cyclic- 
ally the total energy, so that the maximum of energy 
of one oscillator is coupled with the minimum of 
energy in the other one. In any real system, due to 
dissipation of energy by the environment (damping), 
the intensity of the motion will decrease with time. 
This, however, does not modify the alternating be- 
haviour (provided that the damping is not exceedingly 
large). 

Models based on oscillators are utilized in many 
different fields of chemistry and physics: many cases 
of weakly interacting particles can be treated in terms 
of oscillators. The most well known examples are in 
classical spectroscopy [I91 $, in the theory of visco- 
elasticity in solids [20], in the theory of optical activ- 
ity 121 J, and in the propagation of light in the crystals 
1221. Recently a model based on two connected 
springs has been utilized by Hopfield for describing 
the free energy of biding within the hemoglobin 
protomer 1231. In a somewhat related lime of reason- 
ing, Volkenstein proposed elastic vibrations in a 
hypersonic region of the spectrum (acoustic phonons) 
as an explanation of positive caoperativity [241. Also, 
the model presented in this paper may be considered 
to be related to rack mechanisms [2S -271. as these 
mechanisms involve the utilization of mechanical 
energy arising from strain and distortion of bonds. 

* H. i3uc remarked to us that by releasing the condition 
kb < k, one can generate an analogy appropriate to the 
case of concerted transitions. T. Keleti suggests the use of 
different masses (one for the protomer s apenzyme, the 
other for the protomer containing the &and) in order to 
use dispersion relations (which may exntualy lead to the 
prediction of spectroscopic bands). 

* See also any textbook on spectroswpY_ 
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Fig. 2. Illustration of the eqmtion of motion of the coupled oscillator of fig. 1, showine the antiphasic behaviour of the two ewe- 
rnents. Calculations have been urried out on the basis of eq. (I), assuming L.I,, = 2n x l$' set-' and w’ = 1 .l wu (a); w’ = Zwo (b); 
W’ = 10~0 (c). Notice that in the third case there is no more coupling (the two frequences are IOO far apart). The starting condi- 
tions implicit in eq. (1) are that both oscillators arc at rest, one (A) being at the ma_ximum amplitude and the other in the equili- 
brium position (xg = 0 at r = 0). 

There are no particular assumptions to be made 
about the oligomeric protein in order to consider it 
as a weakly interacting coupled oscillator, other than 
to provide for small damping. The most relevant 
aspect of the model is that energy flows cyclically 
from one active site to the other, so that a given 
energy state (conformation J is present in only one 
shuzit at a time. ff only one confornuztion is active, 
rem&ion will therefore occur at only one site. In our 
analogy with the mechanical oscillator of fig. 1, it is 
as if one of the two springs at a certain point of the 
cycle remains frozen LI the extended state, so that the 
other spring is necessarily frozen in the compressed 
state. As a consequence of release of energy from the 
occupied site, (for instance upon chemical reaction), 
the energy cart eventually fluctuate back to the ather 
site. In this way, reaction at the “sxond” site would 

be rate limited by a chemical event occurring at the 
“first” site. 

3. Further considerations on the model 

One point to discuss is whether the extreme sim- 
plicity of this model is consistent with the compkity 
of a chemical system. For instance, in the model of 
fig. 1, the mass is concentrated in only tv.o points, 
whereas a protein is characterized by a tridimensional 
and discontinuous distribution of mass. The motion 
of waves travelling in a discontinuous tridimensional 
elastic system, under definite boundary conditions, is 
extremely complex. Furthermore, it is questionable 
whether such a complex model is in keeping with the 
chemical system. We are concerned with the specific 



energy transmission which flows from one active site 
to the other-and not with the overall and unspecific 
vibrational energy of the macromolecule. It is there- 
fore not unrealistic to use a model, as that in fig. I, in 
which the flow of energy is “channelled” via particu- 
Iar bonds in a monodimensional pathway. 

The use of more complex models would not change 
the basic alternating behaviour of the energy flow. Let 
us consider, for instance, a linear array of a very large 
number of coupfed oscillators. In such a system, the 
perturbation (for instance a lon~tudinal or a trans- 
versal oscillation) propagates from one spring to the 
next one, and once having arrived at the end of the 
system, is reflected back (ii the presence of suitable 
boundary conditions) with the same motion charac- 
teristics [IS]. fn this case an element of the sys:em 
would pass cyclically through a given energy state 
with a certain period T. 

An even more sophisticated model would b= a 
bidimensional lattice of springs. Since for a system 
of two oscillators in series the elastic constant is 
ks = k,k2f(k, i.k2) and for two oscillators m parailel 
is k = k, f kz, the overall elastic constant for the bi- 
dimensional kttice consisting cf z rows, will be 
k = kzjrz (where n is the number of elastic elements 
in each row and all the elements of the lattice are 
identical). It is easy to verify that for a cubic lattice, 
as weIl as for two coupled cubic iatticq the condi- 
tion of periodic energy Row is maintained. 

We can also consider an elastic bar, with a variation 
of elasticity in the middle (which serves as a coupling 
between two equal parts, A and A’). In this case, the 
mass and the elasticity are distributed uniformely in 
the space. A ~rturbation wave which originated at an 
extremity of the bar will propagate with a velocity 
IJ = m, where E is the elastic constant and p is the 
linear density of the bar [28]. If the velocity in the 
middle region is not too different from u (allowing for 
instance E am! p to change by about the same factor), 
the wave will reach the second extremity and will be 
reflected back (and so on) with a period T= 4%?/u 
(where 212 is the length of the bar). We are thereby 
achieving condition of an alternation of the energy 
flux. 

It would be interesting to obtain an estimate of the 
period ~cha~cte~~g the enera flow from one os- 
cillator to the other. A straightforward solution to 
this problem, even when neglecting the damping, is not 

possible at the present, mostly because we do not 
bave precise ideas of the values of the molecular 
coupling constants which are responsrble for the elas- 
ticity of the chemical system. In the model of fig. 1 
the rough estimation of T- - 2m/k~~ can be ob- 
tained by assud~~g k = 15 kb = 75 X 105 dyne/cm 
(5 X 16 dyne/cm is the order of magnitude of the 
force constant of molecular vibrators) and m = 
4 X 10-zag. We obtain therefore T x 10-r’ sec. For 
the case of two coupled cubic lattices containing 15 
bonds in each row, the elastic constant of each cube 
is IS kb (k,, is the elastic constant of a bond), Assum- 
ing kb = 5 X lt$ dyne/cm, we obtain the same figure 
a.5 before for the period T. In the case of the elastic 
bar previously mentioned, one may recall the velocity 
of wave propagation (for instance sound, or explosion 
waves) in a solid to be of the order of 4000 m&c 
[ 181. Considering a system of 40 & in length, this 
implies a period 7’~ 4X lo-12 set (in a liquid column 
we would have slightly greater values, i.e., 
--2X lo-t2sec,andinair-4X IO-tl,c [18]_ 
These calculated vahres for the period T have to be 
seen as lower limits. One can envision the oscillating 
energy E accompanied by a specific conformational 
change characterized by an activation energy Ularger 
than E (so that the amount of energy E “helps” in 
overcoming the energy barrier U), In this case, the 
appearance of the bio~o~~Uy active conformation 
m&&t be rate limited by the exponential factor 
(Tf-E)/kT and the period T could thereforefore fall in 
airy time range. 

Estimating the energy involved in the ahernating 
motion is also of interest. In fig. 3, a rough evaluation 
is carried out on the basis of the model of fig_ 1. 
Assuming appropriafe molecular masses and bond 
force constants, one finds that the energy involved 
in the fluctuation should be between 1 and 10 kcal, 
which is chemically relevant. Lt is worthwhile to 
emphasize again that the reliability of such estimates 
is decidedly affected by the Iack of info~ation 
about the parameters characterizing vibrational 
energy of proteins. 

It is also pertinent to speculate about the chemical 
nature of the forces which put the system in motion. 
One can envision two possibilities: (a) the alternating 
motion is induced by coil&ions or binding with 
ligand molecules; (b) the oscillating energy is charac- 
teristic of the oligomeric protein per se, namely a 
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Fig. 3. The osdl!athg behwiotxs of the tota1 energy (kinetic + potential) with time of one element of rhe coupled oscillator. The 
motion of the other element (not shown for the sake of simplicity) is antiphasic. The total energy of the system of fy. 1 is given by 

Assuming a weak ampliag &b/k -+ 0) the two elements are unequivozzdly defined and the total energy of A Q’z.g.) is 

The calculations in the fqure hai%? been carried out with w. = 2~ X 10” see-‘, w’ = l.lwo, m=4x 10-23k_e,A = f.QA (with 
A = 0.3 A one would obtain about I/LO of such an energy ampiitude). III order to obtain the energy in kcai/mol, the dimension 
factor 6.02 X 1O23 X low3 X 10-‘6[4.18 is utliad. 

mode of existence for part of its inter& energy. At 
the present stage of investigation, detaiIed anaIysis of 
this point (as well as many other questions addressed 
in this section) is not feasible. 

To estimate energy dissipation would only be pop 
sible with very detailed models, specifying, for in- 
stance, the mass and elastic properties at the boundary 
between oscillators and environment (other proteic 
bonds, solvent mobcules, etc.). 

Tfre model iliustrated in fig. 1 can easily be extended 
to include tetramers, In order to do so, it is necessary 
to take into account the pos%ibIe different couplings 
among the four oscilMors (i.e.. the symmetry of the 
subunit interactions). The simp!est situation is that ii5 

which the oscillators are in a linear aKang~ment (as in 
fig. 4a) and the force constants are ail equal, 

A much more realistic kind of subunit coupIing is 
that illustrated in fig. 4b, in which the tetramer is seen 
as two dimers coupled by the force constant kkT the 
two elements of a dimeric unit interacting through a 
force constant kb. Many types of oscillations of 
mechankd energy are possibie, (depnding on the 
numerical Elation between k, kb, kk and on the phase 
relationship between the motions of the elements). 
One limiting case is that in which the two “dimers” 
are independent - k', does not alIow for energy 
transmission - and the moiions of the two dkners are 
iu phase. This is one possibility to atrow for half-of- 
the-sites reactivity in a tetramer. 



364 P.L. Luisi and Al. Zandomeneghi, Halfaf-the-&es reactivity of oli~~meric enzymes 

k, 
al 

k, 

k; u k; b, 

k, 

fig. 4. Two possible mechanical analogs of a tetrameric pro- 

tein, show& different types of subunit interaction_ 

4. Discmsion 

No experimental proof can be provided at the 
present for the occurrence of the inter-oligomeric 
energy fluctuation, or of the relevance of this fluc- 
tuation to enzyme chemistry. The validity of our 
model can be verified presently only via its capability 
of rationalizing sparse experimental observations into 
a logical scheme, and in terms of its consistency with 
the accepted views of subunit cooperative interactions. 
In this regard, we would like to point out the follow- 
ing: 

(1) The model provides a logical way to visualize 
the propagation of energy states - and therefore the 
transmission of information -within an oligomeric 
assembly. In this way, the dynamics of cooperativity 
phenomena are attributed to the general properties of 
coupled oscillators. The model is sensitive to the basic 
features of the oligomeric assembly - such as the 
symmetry and the boundary interactions - which are 
known to play a fundamental role in cooperativity 
phenomena [2,29]. 

(2) The mode1 readily permits a rationalization of 
the half-of-the-sites reactivity_ The difference between 
enzymes displaying the half-of-the-sites reactivity and 
the “normal” ones, is that in the latter case the energy 
fluctuation does not take place (for instance because 
‘of the lack of a suitabIe coupling) or is not relevant 

for the chemical reaction. 
(3) Once the hypothesis is accepted, that the oscil- 

lating energy is chemically relevant, is tempting to 
speculate that in the dimer this energy might be twice 
that existing in the isolated protomer and that this 

could provide us with a rationale for a possible 
“advantage” of oligomeric enzymes. In fact, the rela- 
tively large amount of energy which accumulates at 
one time at an active site could be utilized to reach a 
high activation energy level, which would not be 
reached in the isolated protomeric subunit. In this 
regard, one could also consider that most of the 
enzymes displaying half-of-the-sites reactivity do so 
with pseudosubstrates or under non physiological 
conditions. Since in this case, the formation of 
-E-E-X would very likely require more energy than 
with the physiological substrate under physiological 
conditions, one could understand that the enzyme 
machinery could be blocked at the level of half 
reactivity. 

It may be useful at this point to compare our views 
with those already existing in the literature on the 
half-of-the-sites reactivity. We would Like to stress 
again that in this work we have been dealing with the 

origin of the cooperative subunit interaction_ The 
half-of-the-sites reactivity is seen as a consequence of 
our physical model. By contrast, most of the views 
presented in the literature to explain the half-of-the- 
sites reactivity or alternating subunit (flipflop) mech- 
anisms, are concerned with structure models, or struc- 
ture transitions, independently of the dynamics and 
of the physical forces from which they originate. 

However, we can compare the results of our model 
with some of the structure model description of the 
half-of-the-sites reactivity. Stallcup, Koshland and 
Levitzki [ 1,2] list four possible mechanisms for this 
phenomenon: (a) a preexisting asymmetry due to 
non-identical primary structure of the subunits; 
(b) a presxisting asymmetry due to conformational 
changes induced by the association of the subunits; 
(c? steric or electronic interactions between adjacent 
active sites; and (d) negative cooper&i&y among 
subunits induced by ligand binding. 

The picture we draw from our model is consistent 
with the mechanism(b), in the sense that a kid of 
dissymmetry is present in the oligomer. However, we 
are dealing with a dynamic dissymmetry, as the fluc- 
tuating energy (and the correspondi:lg conformatio- 
nal states) flows continuously from one subunit to 
the other, as shown below: 
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This dissymetry can be frozen only upon reaction of 
one of the sites. This reaction may induce a change in 
reactivity in the other site, due to a modification of 
the energy distribution within the molecule_ But this 
step - which would correspond to the mechanism (d) 
of StaaIcup and Koshland - is not a required corollary 
of our model. In other words, no negative cooperativ- 
ity is required by our model to explain the halfsf-the 
sites reactivity. Actually, any kind of cooperativity 
(positive, negative, or not at all) may accompany the 
reaction at the first site, and the consequent temporary 
block of chemical reactivity_ In this sense, our model 
is not inconsistent with the allosteric models commonly 
accepted [30,31] to explain non-linear binding. 

The last point we would like to discuss, concerns 
possible experimental proofs for our model. With 
spectroscopy, one may attempt to measure the fre- 
quency of the vibration of a macromolecule_ In this 
regard, Peticolas a-d coworkers, by utilizing laser 
Raman spectroscopy, have shown that definite low- 
frequency motions exist in protems [32]. in fact, it 
appears that large protions of the protein molecule are 
constantly undergoing a measurable coherent periodic 

vibration. Furthermore, the vibrations are sensitive to 
the protein conformation [32]. This connection with 
the experimental work of Peticolas and coworkers 
gives a more concrete understanding of the harmonic 
oscillator forces postulated in our model. It remains 
to be seen whether such motions are sensitive to the 
oligomeric structure, i.e., whether there is some change 
from the monomer to the dimer; and whether there 
are changes produced by going from E-E to -E-E-X 
or to X-E-E-X. 

Further experimental investigations could be carried 
out to analyze the values of the activaticn energies 
characterizing some of these enzymatic reactions. On 
the basis of these measurements, one may be able to 
show that when an enzyme displays a normal behav- 
iour with substrate A and a half-of-the-sites reactivity 
with substrate B, the activation energy is higher in the 
second case. Finally, data such as those obtained for 
malic dehydrogenase 161, i.e., half-reactivity in the 
crystalline state, can be evaluated as an indication of 
the functional internal asymmetry of the isolated 
molecule. 
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The excess ultrasonic absorption due to counterion binding has been studied as a function of frequency for a series 
of polysalts in tht? range l-150 MHz. All the relaxation spectra can be represented by a relaxation equation with two 
t&xation terms. The relaxation frequencies appear concentration independent and the relaxation amplitudes seem pro- 
portional to concentration. The low frequency rela..ation process appears to depend mainly on the nature of the coun- 
terion while the high frequency rekxation process seems to be mostly dependent on the nature of the polyion. These re- 

sults are quite similar to those obtaiied in ultrasonic studies of ion-pairing in solutions of divalent sulfates. The kinetic 

model used for the quantitative analysis of these results has been modified for polysalts through introducing the concept 
of “counterion condensation”. In this modified model the excess absorption is assigned to the perturbation by the ultra- 

sonic waves of the equilibria between the three states of hydration of tk complex formed by a counterion and that 
part of the polyion where it is bound. Aralytical expressions of the relaxation amplitudes have been de&d using 
classical procedures for this modified kinetic model. In the case of cobalt-polyphosphate (Co-PP), the ultrasonic data 
together with the results of NMR measurements on either Cow or Co-PP have been used for the evaluation of the vol- 

ume chanes, the rate constants and the iractions of counterions in the three states of hydration involved in the binding 
equilibria. The volume changes obtained in this manner depenrl only slightly on the method of calculation and appear 
to be consistent with volume changes for outer-sphere and inner-sphere complex formation. These results are discussed. 

1. Introduction 

In a previous paper 111 the results of measurements 
of density changes and water proton chemical shift 
changes upon additions of CoCI, to aqueous solutions 

of tetramethylammonium (TMA) salts of various poly- 
electrolytes have been reported. These measurements 
have permitted the acquisition of: (1) the total volume 
changes AYl upon binding of Co2+ by various poly- 
ions, and (2) the fraction of Co2+ bound by polyphos- 
phates with complete loss of exchangeable water mol- 
ecules. 

On the other hand, owing to the volume changes as- 
satiated with counterion biding [L-3] in polyeIectro- 
lyte soIutions, an excess ultrasonic absorption arises 
when sound waves are propagated through polysalt sol- 
utions [4] which may be used io obtain informations 
on the kinetics of counterion binding equilibria. 

The purpose of this paper is to show that ultrasonic 

data together with the results of density and NMR 
measurements [ 1 ] permit the evaluation of the rate 
constants and volume changes for the binding equilib- 
ria, as weli as the fractions of counterions in the three 
states of hydration of the compIex formed by the coun- 
terion and the part of fhe polyion where it is bound. 
The calculations are based on a kinetic model, similar 
to that for ion pair formation [5], modified to take in- 
to account Manning’s concept of counter‘on condensa- 
tion [6] _ The method has beer\ used for cobalt-poiy- 
phosphate (Co-PP) only, because of the large ultrason- 
ic effects found with this salt and the availability of 
density [l ,7] and NMR data on Co-PP [ 1,s)) and 
Co2* 191 solutions. 

2. Experimental section 

The following compounds were investigated: sadium- 
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polyethylenesulfonate (Na-PESA), lithium, sodium, 
potassium, rubidium, manganese and cobalt polyphos- 
phates (Li-PP; Na-PP, K-PP, Rb-PP, Mn-PP and 

Co-PP), The origin of the polyelectrolytes, the purifi- 
cation procedures and the preparation of the alkali met- 
al polysalts have been previously reported [4,7]. 

The Co-PP solution has been obtained by passing 
a K-PP solution twice through a cation exchange resin 
prealably saturated with Co2+. The limpid Co-PP solu- 

tion obtained by filtering off the exchanged solution 
remained limpid during storage at 5“ for several weeks. 
Atomic spectroscopy showed that the exchange K*- 
Co2+ was complete to within 0.1%. The concentration 

of the Co-PP solution has been determined as previ- 
ously reported [I]. 

10'7AU/NP(cm-'r'] 1 

Fig. 1. Ultrasonic relaxation spectra of sodium polyphosphate 
at 25”. The solid Lines represent the cumes obeying eq. (2) and 
best fnting the experimental results (a, o’and +)- Left sule: 
cNa_PP = 0.033iv (0) and 0.06 17N (0); right scale: CNa_PP 
= 0.107N (iI_ 

10'7~4~2 (5m-*s2) 
60 1 

Fig. 2. Ukasonic relaxation spectra of potassium (*) and rubi- 
dium (0) polyphosphates at .25” _ The solid lines represent the 
theoretical curves obeying eq. (2) and best fitting the experi- 
mental results (0 and 0). Left scale: K-PP 0.117N right scale: 
Rb-PP O.llN. 

The Mn-PP solution was prepared in the same man- 
ner as the Co-PP solution but with a starting K-PP 
solution about four times more dilute in order to avoid 

precipitation during the exchange. After concentration 
by vacuum evaporation an opalescent Mn-PP solution 
was obtained and studied. This solution could be made 
limpid through exchanging about 10% Mn2+ with TMAf, 
by adding a known amount of cationic exchange resin 
in the TMA form. Ultrasonic absorption measurements 

performed at frequency 1.68 MHz, where the excess ab- 
sorption is quite large, showed that this partial exchange 
resulted in a 4% increase of absorption, which is within 
the experimental error. 

Thz uhrasonic absorption coefficients Q! were meas- 

ured in the frequency range l--150 MHz at 25”, using 

dm- 

cm- 

0 
N(HW 

-. ,-.-0-r+- 
, 2 3 5 30 203a 50 foD 

Fig. 3. Ultrasonic relaxation spectra of cobalt polyphosphate 
at 25’. cCo_PP = O.f25N (0) and 0.06&V (X)-The solid lines 
represent the curves obeying eq. (2) and best fitting the experi- 
mental results (o and X). 

Fig. 4. Ultrasonic relaxation spectra of sodium poiyethylene- 
sulfonate at 25”. CN~_P~A = 0.095N (0). 0.19N (0) and 
0.36 W(X). The solid lines represent the theoretical curves 
obeying eq. (2) and best fitting the experimental results (0, o 
and x). 
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ultrasonic interferometry (101 between I and 10 MHz 
and the standard pulse technique il I] at frequencies 
above 6 MHz. The overalf experimental accuracy was 
i: 3% or f 2 X tOei cm-l see2 when expressed in 
terms of a/(frequency)*, whichever the larger- 

3. Resnits and discussion 

3.1. Reszdts 

Figures 1 to 4 show the variation of the quantity 
IlorfNz, which is defined by eq. (l), as a function of 
the ultrasonic frequency N for Na-PESA, Na-PP, 
IS-PP, Rb-PP and Co-PP. The results for Li-PP and 
Mn-PP were similar. 

in eq. (1) crC_p and a.l--fA_p are the ultrasonic absorp- 
tion coefficients for equimofar solutions of the 
polyelectrolyte P having the counterions C and TMA 
respectively. We have shown 14, 12-141 that A&V2 
represents, to a very good approximation, the contri- 
bution ofcounterion site binding to the absorption of 
the polysalt C-P soIution. This was inferred from the 
following facts: (I) no excess absorption was found in 
solutions of TMA salts of strong chelating agents [ 151 

Table 1 
Vaiues of the relaxation prameters 

or when TMAi becomes bound by strong polyions such 
as PESA [ 141, PP [2] and polystyrenesulfonate [ 161, 

and (2) the excess absorption of polystyrenesuIfonic 

acid [16] and PESA [ 141 solutions does not change 
upon neutralization by TMA-OH for the whole range 
of neutralization degrees- 

Each relaxation spectrum was fitted by a relaxation 
equation having two relaxation terms: 

A& Al * A2 tB _= 

NZ ti?V2/,V:. lfiv2lN; ’ 
(2) 

N 1.2 = (2 “TJl, (3) 

where rl and r2 are the relaxation times, N, and 1V, 
the relaxation frequencies, A 1 and A 2 the relaxation 
amplitudes, and B a constant. The values ofA I, A 2, 
‘V, , N, and B given in table 1 were determined by a 
trial and error procedure in order to fit the results of 

figs. I to 4 within the experimental accuracy (see sec- 
tion 2) iy the whole frequency range. An indication of 
the accuracy on the values of A I, A 2, ?J, and iv, is 
given by the four sets of values of relaxation parame- 
ters for Co-PP O.lZN, which all fit the results with- 
in the experimental accuracy; with the second set giv- 
ing the best fit. The v&es of the reI&xation parame- 
ters for the alkali metal polysalts and for &in-PP are 

probably less accurate than those of Co-PP. 

Palysalt 
concentration 
(equiv./titer) 

10’7A’Az N2 

(cm -I se& (MHz) 
10’7A 
(cm-’ lrec2) IV1 

(81 Hz) 

lo”8 
(cm-’ set’) 

Li-PP 0.115 IO 5 30 is 8 

Na-PP 0.033 53 4 32 14 3 
0.062 87 3.7 60 19 5.5 
CL107 120 4.5 105 22 10 

K-PP 0-I 17 10 6.5 30 I6 4 
Rb-PP O.ll.0 - 17 17 3 
&fn-PP 0.07 620 I.4 30 12 6 
co-PP 0.068 so0 1.05 44 II 1 

co-m? 0.125 700 l-4 70 10 2 
950 1.05 90 10 2 

15130 0.72 100 10 2 
1000 1.05 75 12 2 

Ns-PESA 0.095 22 5.5 I2 45 2.5 
o-19 40 6 - . . 40 6 
0.36 7s 6 4; 50 9 
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For all of the polysalts but Co-PP the values of B 
are greater than the experimental error on Au/N2 at 
high frequencies (+ 2 X IO-l7 cm-t set*). This may in- 
dicate either the existence of some relazzation process 
at N> 100 MHz or the failure of eq. (1) to correctly 
represent the contribution of counterion binding at 
high frequencies when this contribution becomes small 
and thus comparable to those of other processes [ 12, 
13 j . These processes may then make different contri- 
butions to the absorptions of equimolar solutions 
of C-P and TMA-P (see eq. (1)j _ In either case the 
existence of B affects neither the discussion which fol- 
lows nor the quantitative analysis of the results for 
Co-PP since in this instance B is close to zero. 

3-Z. Effect of concentratiorz 

Table 1 indicates that for Na-PESA, Na-PP and 
Co-PP bothNi andNZ are, within the experimental 
error, independent of the polysalt concentration c, ex- 
pressed in equiv./fiter, in the range of concentration in- 
vestigated in this work. The relaxation ampIitudes A 1 
and A2 appear to be nearly proportional to c. These 
results, i.e., relaxation frequencies independent of poly- 
salt concentration and relaxation amplitudes propor- 
tional to concentration, appear to be a very general 
characteristic of polysalt solutions. Indeed the results 
of fig. 5 show that for Co-PP solutions A&/N2 is pro- 
portional to concentration in the range where the poly- 
salt is sokrble. AIso in a previous work [ 121 we have 
shown that for solutions of lithium salt of carbony- 

10"A=/N2 (cm-‘.*) / 

Fig. 5. Cobalt-polyphosphate: varidion of As/N’ with con- 
centration at 25”. 

methylcellulose the absorption due to counterion bind- 
ing is proportionaI to concentration in the range 0.03 
-0.2/V- Finally, an identical result has been obtained 
by other workers [ 171 for several polysahs. Such re- 
sults imply that the absorption associated with coun- 
terion binding arises from monomolecular processes. It 
must be pointed out that the above results are striking- 
ly similar to those obtained in ultrasonic absorption 
studies of ion-pair formation in aqueous solutions of 
divalent sulfates [ 18, 191. The measured excess absorp 
tions were found to be proportional to concentration at. 
c < 0.2 M and were analyzed in terms of a muhistep 
Process with concentration independent relaxation fre- 
quencies. 

These results can be compared with those of Atkin- 
son et al. [ 171 on polyacrylic acid and carboxymethyl- 
ceIlulose_ An excess ultrasonic absorption proportion- 
al to c was observed but a distribution of relaxation 
frequencies was needed in order to fit the absorption 
data for monovalent counterions. However, these au- 
thors attributed the total excess absorption measured 
with respect to water to counterion site binding although 

it is known [2,12, 131 that for polycarboxylate solu- 
tions this quantity also indudes contributions of other 
chemical equilibria. This provides a reasonable explana- 
tion for the differences between their results 117) and 
Curs for monovalent counterions. For divalent coun- 
terions the data of these authors show two relaxation 
bands because the contribution of counterion binding 
is then much greater than that due to other processes. 
In our woik these bands are reduced to two relatively 
well defined relaxation frequencies because the effects 
superimposed on counterion binding have been elimi- 
nated by using the tetramethylammonium reference. 

3.3. Effect of the nature and valency of the counterion 

The results given in table I show that for polyphos- 
phates the low frequency relaxation process has an am- 
plitude, A,, very sensitive to the nature of the counter- 
ion. These values of A 2 defiie the same ionic sequence 
as does the total volume changes upon binding [ 1,7] 
because the relaxation amplitude is proportionti to the 
square of the volume change [S] . ba the other hand, 
the values ofN, do not depend much on the counter- 
ion nature, for counterions with the same valency, and 
show differences much smaller than expected between 
monovalent and divalent counterions. The ratio of the 
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values of IV2 for Co-PP and Mn-PP ranges between 
I and 2 Chile a ratio c[ose to 9 has been reported for 
CoSO4 and MnSO, [ 19]_ Our findings are similar to 
those of Atkinson et al. [ 171 who reported compara- 
ble mean iv2 values for calcium and magnesium poly- 
acrylates while calcium and magnesium acetates show 
low frequency relaxation processes very far apart on 
the frequency scale. 

Table 1 also indicates that both A t and N, depend 
only slightly on the nature of the counterion as com- 
pared to A 2 and lV2 _ 

3.4. Effect of the tumue of the polyion 

At a given polysalt concentration table 1 shows that 
the solutions of Na-PP are characterized by values of 
A, and A2 much greater than those of the Na-PESA 
solutions. These large differences of relaxation anpli- 
tudes reflect the much greater total volume change as- 
sociated to the binding of Na’ by PP compared to that 
of Na+ by PESA [7] _ The comparison between Na- 
PESA and Na-PP also shows that if N, depends only 
little on the nature of the polyion. Nt is significantly 

increased in going from PP to PESA. 
The results of sections 3.3 and 3.4 point out that the 

low frequency relaxation process depends primarily on 
the nature of the counterion while the high frequency 
relaxation process depends mostly on the nature of the 
polyion. The ultrasonic studies of ion-pairing in solu- 
tions of divalent sulfates [S, 18, 191 have led to simi- 
lar conclusions. At this point it is worth recalling that 
the kinetic models used in the quantitative interpreta- 
tion of these studies assume either a two-step 118) or 

a three-step equilibrium [S, 19) and that the authors 
15, 18, 191 agree to assign the rate limiting step to the 
release of water molecules by the metal ion, i.e., to the 
formation of an inner-sphere complex between the met- 

al ion and SO,. Some authors [ 1 Sj ascribe the high fre- 
quency relaxation process to the diffusion encounter 
of the metal ion and SO; followed by the formation 
of an outer-sphere complex between these two species, 
while others 1191 split this step into two different ones. 
The three step model leads to the wrong sign for the 
volume change for the middle step and for this reason 
does not appear to be physically sound. 

3.5. Kinetic model for counterion site binding 

In view of the above results we shall assume that 
counterion binding equilibria can be represented by: 

kl 
CCP---rCP --“CP 

k3 

‘7 
-UP 

‘yy 3’ (4) 

where the CPi’S represent different states of hydration 
of the complex formed by one counterion C and that 
part P of the polyian where it is fixed. Only three 
states appear in eq. (4) because the ultrasonic absorp- 
tion data in the range I - 155 MHz indicates two relaxa- 
tion processes. From the data given in table 1 and by 
analogy with ion-pairing we shall assume that: ( I) in 

state CP, the hydration shells of C and P are in con- 

tact but still intact, (3) the high frequency relaxation 
process is associate:! with the equilibrium CP, * CP, 
and corresponds to outer-sphere complex formation 
between C and _‘, and (3) the low frequency relaxation 
process is associated with CP, * CP3 and corresponds 
to inner-sphere complex formation between C and P. 

The reaction C f P -+ CP, has been writ ten as an 
irreversible reaction in order to include in the above 

model the effect of counterion condensation [6] 
which is specific to polyelectrolyte solutions. This ef- 
fect which is similar to a phase change occurs when 
the charge parameter 6 is larger than 1. It brings about 
the “condensation” of part of the counterions on the 
polyion in order to lower g to a value just below I. 
The vaIues of the fractions p of condensed counterions 
at infinite dilution, calculated using Manning’s theory 
161, are generally in very good agreement with the ex- 
perimental values measured at finite concentration. 

The condensed counterions exchange probably very 
rapidly with the “free” counterions. However, at any 
moment the fraction of condensed counterions is con- 
stant and is independent of the polyion concentratian 
if this concentration is not too large 161. This is thought 
to be the essential difference between ion-pair formation 
in solutions of small electrolytes and counterion bind- 
ing in polyelectrolyte solutions. 

It can be shown that condensed counterions identify 
with those in states CP,, CP, and CP3. Indeed, in 
kfanning’s treatment condenied counterions are those 
which are close enough to the polyion (considered as 
a charged thread) as to reduce its eIectrica1 charge by 
a charge equal to that of the condensed counterions. 



Therefore, the maximum distance between a condensed 
counterion and the poIyion part where it is condensed 
must be close to the sum of the radii of the hydrated 
counterion and polyion site, i.e., close to Bjerrum ciis- 
tance for ion-pair formation. Condensed counterions 
may therefore be identified with counterions in states 
CP,, CP, and CP, given the above definition of these 
three states. 

4. Theoretical 

4. I. Arraiyticai expressions of the relaxation parmre- 
rers 

In reaction (4) the four rate constants kl, k2, k3 
and kq, the three concentrations [CPl J , [CPL] and 
fCP3] and the two volume changes Av2, = V&-~&t 

and Av,2 = 7&,- &,, (the symbol Y refers to partial 

molal volume at infinite dilution) are unknown. How- 
ever, several re!ationships can be derived between these 

nine quantities. 
If c is the counterion concentration (equal to tfze 

site concentration since we are dealing with neutral 
salts), using Manning’s fraction of condensed counter- 
ions [6], one has 

pc = [CP, ] + [CPZ] i- [CP,] * (5) 

The use of the mass action law ieads to the following 
eqs., where T is defined by eq. (IO): 

P’, 1 = pckzk4 P’z P’21 = @+q/T, 

fCP3] =pcklk3/T. (6) 

On the atbe; hand, the total volume change AV1 
upon binding, obtained from density measurements 
[ I], may be written as follows: 

Finally, the methods developed.by Eigen [S ] and 
others [ZO] permit to derive analytical expressions for 
iv,, 1V2, A 1 and A2 in terms of the rate constants and 
of the volume changes. The following equations have 
been obtained (see appendix) 

and 

Al,2 = 1.18 X 1O-7 X pci-& 

(11) 

and 

Z=k, +k,. 02) 

In eqs. (5) to (12) the rate constants are in set”1, 

the vohme changes in cm3/equiv., c in equiv./liter and 
the A’s in cm-l sec2. Equations (8) and (9) show that 
tile mode1 represented by eq. (4) is characterized by 

concentration jndependent relaxation frequencies and 
relaxation amplitudes proportional to c, as experimen- 
tally observed. 

At this point is must be emphasized that two im- 
portant problems connected with the fact that we are 
dealing with poiyelectrolyte solutions have been over- 
Iooked in the derivation of the relaxation parameters. 
First, when dealing with countedon-poiyion interac- 
tion one should use an ‘effective” concentration of 
site rather than ttie stoichiometric concentration [Zl] . 
Second, polyions may be considered as small droplets 
of concentrated soIution where activity coefficients 
differ from the vaIue 1 used in the calculations. l&w- 
ever, it is at the present time very difficult to take in- 
to account these two problems. 

In the case of Co-PP, eqs_ (9) contain only three 
unknown parameters: kt, ZZ and AV2t since AV1 is 
known [ 1 ] _ A third equation which would correspond 

to an additional result on the system under study is 

therefore required to solve these equations. We shall 
now examine the case of Co-PP and see how the re- 
sults of NMR studies on Co2+ [9] or on the binding 

of Co2* by polyphosphate [ 1,8] can be used for the 
quantitative analysis of the ultrasonic data. 
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Table 2 
Results of the calcuIations 

1O”A 1 1O”A 2 IV1 JV2 IO-'k, IO-'kkz 10-'k3 IO-'k, AV21 *v32 

(cm'se& (cm-' sec2) 

ICPII rcp21 [CP31 

(MHz) (MHz) (WC-‘) (set-’ ) (seec’ ) (se&‘) km3/mole) Gx~2/tnoie; -PC PC PC 

(3) 
70 700 10 1.4 6.2 0.055 0.24 0.64 23 4.6 0.006 0.72 0.27 

90 950 10 1.05 6.2 0.10 0.24 0.42 22.9 4.4 0.01 0.63 0.36 

100 I.500 10 0.72 6.1 0.145 0.24 0.21 22.3 4.2 0.01 0.47 0.52 
75 1000 12 1.05 7.4 0.11 0.24 0.42 22.8 4.3 0.01 0.63 0.36 

(b) 

70 
90 

100 

75 

700 10 1.4 6.2 0.1 0.52 0.37 22.3 3.4 0.006 0.41 0.58 
950 10 1.05 6.1 0.17 0.39 0.28 21.9 4.3 0.01 0.41 0.58 

1500 IO O-72 6.1 0.18 0.27 0.19 21.8 4.4 0.01 0.4 I 0.58 
IUOO 12 1.05 7.4 0.15 0.39 0.27 22.1 3.6 0.01 0.41 0.58 

(a) First method of calculation. 
(b) Second method of calculation as explained in the text. 

4.2. Quantitative arzalysis of the ultrasonic data reh- 
tive to Co-PP 

First method: the value of the rate constant kbz, 

for the exchange of a water molecule between the in- 
ner hydration sheath of Co2* and the buIk water is 
known from NMR studies. The most reliable value of 
kHzO appears to be 2.4 X IO6 se& [9]. On the other 

hand, Elgen et al. [IS] have shown that kHzO depends 
only slightly on the nature of the ligand which replaces 
the water in the inner hydration sheath, in the case of 

small ligands. This result will be assumed to hold true 
when the ligand is part of a potyion, as in the present 
case. Moreover we shall assume that kj = kHzO as was 

done by others [ 171. From eqs. (10) to (12) one ob- 
tains 

k, = [X(E+k3 -S)+TJ/k3. (13) 

Equations (9) and (13) have been solved with the 

help of a minicomputer using the four sets of values 

of the relaxation parameters given in table 1 for Co-PP 
0.125N and the values p = 0.86 [6] and A5r1 = 20.8 
cm3/equiv. [l] _ The results of the calculations given 
in table 2, show that the AVs are rather insensitive to 
the values of the relaxation parameters while the frac- 
tions of bound counterions and the rate constants k2 
and k4 are quite sensitive to these values. 

Second method: recent NMR measurements [l, 81 

have shown that all of the Co2* ions introduced into 
a TMA-PP solution lose all of their hydration water, 
up to a ratio r = [Co”] / [TLIA-PP] of 0.5, while 
Coz+ ions in excess with respect to r = 0.5 show only 
little loss of hydration water. Therefore, the value 0.5 

may be considered as equal to the fraction of bound 
ions involved in inner-sphere complex formation, i.e., 
in state CP, in reaction (4), if we assume that in the 
NMR experiments the TMA ions present into the PP 

solution have no inff uence on the fraction of counter- 
ions in state CP,. This assumption is supported by the 
fact that the results of fig. 3 in ref. [I] can be obtain- 

ed by either adding CoCl, to TMA-PP or mixing Co- 
PP and TMA-PP. Therefore one can write 

r = [CP, ] /c = pk, k3 IT_ (14 

The combination of eqs. (IO) to (12) and ( 14) yields 

k, = Z-I%/{ [C(S-E) - T] p f Tr). (13 

The results -Jbtained in solving eqs. (9) and (15) are 

given in table 2. They do not differ much from those 
obtained by assuming a known value of k3 _ The frac- 
tions of bound counterions appear to be independent 
of the set of values of relaxation parameters used in the 
calculations. 
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4.3. Discmsion of the results of table 2 mes [22] . The same reasoning holds for A V3,. 

The two above methods of analyzing the ultrason- 
ic data yield values of AV2t much larger than AVsa. 
Such a result is to be expected on the basis of recent 
theoretical considerations [221 on voIume changes 
upon inner-sphere and outer-sphere complex forma- 
tion. Our results are also in line with those reported 
for ion-pair formation in solutions of MnS04 [ 181. 
In this case, ultrasonic measurements, analyzed in terms 
of a two step model, yielded values of S and 1 cm31 
equiv. for AV,, and AV,, respectively. The larger vol- 
ume changes found for Co-PP as compared with 
MnS04 are due to the larger electrostriction of PP as 
compared with SO; (respectively -19.6 [l] and about 
-5 123 ] cm3jequiv.). A direct comparison of results 
for Co-PP and CoSO, would be, of course, preferab- 
le. Nevertheless, the comparison between the data for 
MnSO, and Co-PP is relevant because the total vol- 

ume changes for ion pair formation in solutions of di- 
valent sulfates show little dependence on the nature 

of the counterion (241 and similar values of AV2t and 
AV3, may be expected for CoSO, and MnSO,. 

Table 2 shows that the two methods of analysis 
yield very similar results when applied to the third set 
of relaxation parameters. If we now consider the re- 
sults obtained by the two methods for the second set 
of parameters, i.e., the set of values best fitting the ex- 
perimental results of fig. 4, it appears that changing k3 
from 2.4 X IO6 to 3.9 X IO6 set-L leads to very differ- 
ent values for the fractions of counterions. This empha- 
sizes the importance of the value of k, chosen for the 
calculations in the first method. Unfortunately the Gal- 
ues of k, are not accurately known. For instance, val- 
ues as different as 1.4 and 2.4 X lo6 se& have been 
measured in two independent NMR studies [19,25]. 
Thus, one can consider that, within the experimental 
accuracy, the kinetic model given above is consistent 
with the rest.& of ultrasonic absorption, NMR artd 
density measurements and may therefore represent to 
a certain extent what is really occurring into polyelec- 
trolyte solutions. 

5. Conclusions 
In the previous [ I] NMR-density study the totat 

volume change A@ upon binding of Co2* to polvphos- 
phate has been split into the individual contributions 
of Co2+ ions and polyion charged sites which were 
found to be AV&, = 10.3 t 1 cm31equiv. and AV: = 
10.2 ? 1 cm3/equiv. One may be tempted to identify 
AV,, and AV,, which are sometimes referred to as 
the “volume changes for the cation and anion desolva- 
tion steps” respectively with AV& and AV; and won- 
der about the origin of the large difference which ap 
pears between the two sets of values. In fact in doing 
so one would be comparing physically different quan- 
tities. Indeed while A@, and AC’; do represent prop 
erties of the individual ions, AVz2 and AV?t are relat- 
ed with the properties of the inner and outer sphere 
complexes. The formation of the outer sphere com- 
plex CP-J results in the release of water molecules from 
the hydration shell of the polyion site and also in a re- 
ordering of the hydration shell of the Co*+ ion which 

must involve a sizable volume change, owing to the de- 
crease of electrostatic field in this shell. Thus both the 
counterion and the site contribute to the formation of 
the outer sphere complex. The values of AV:, AV&, 
AV3, and AV,, give the first experimental evidence 
of this fact which was theoretically predicted by Hem- 

The results obtained in this study have shown that 
the excess abscxption associated with counterion bind- 
ing has the same characteristics as that due to ion-pair 
formation in solutions of divalent sulfates. They can be 
quantitatively analyzed using a kinetic model which in- 
corporates the features of the kinetic model for ion pair 
formation and Manning’s theory of count:rion conden- 
sation. The use of an additional NMR result on either 
Co2+ or Co-PP has permitted for the first time the cal- 
culation of the rate constants, the volume changes and 
the fractions of the three types of bound counterions 
in the case of Co-PP solutions. The values obtained 
for the volume changes are consistent with those for 
outer-sphere and inner-sphere complex formation, i.e., 
with the kinetic model presented in this work for coun- 
terion site binding. 

This report however should be only taken as a pre- 
liminary one in this field of investigation. Indeed some 
important problems related with the polymeric nature 
of the system have been overlooked in the derivation 

of the expressions of the relaxation amplitudes. How- 
ever, research in this field should be pursued as such 
studies may help understanding the more complicated 

interactions between metal ions and biopolyelectrolytes 



such as nucleic acids. More experiments should be per- 
formed both in a larger concentration range and with 
a series of d&dent counte~o~s, in order to investigate 
more thorou&ly the effect of the nature of the coun- 
terion on the values ofN2 and A2. Also the frequency 
IBIS investigated should be exteended below 1MHz in 

order to pen-nit more accurate determinations ofNz 
andffa. A newly dewlopped ultrasonic techniqtie 

[26] and the relaxation te~~i~ues based on fast pres- 
sure changes [S] may prove extremely useful. 

Appendix 

T&e rate equations for the two step equifibrium (4) 
are 

where x1 and x3 represent smaI1 changes of &PI ] and 
[CPS ] . The oii can be easily identified_ 

Using the matrix method one readily obtains eq. (9). 
On the other hand, at 2S” 

The combination of equations (6)-(8), (IO)-(12) 
and (A-2) and (A-3) yields eqs. (9) which give A t and 
A2 as a function of f=, k, and AVzl _ 
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The heats of dilution of poIyacrytic acid at four constant degrees of ionization (a = 0, 0.25, 0.50, attd 1.00) hit%? 
bcen measured in the concentration range 0.6 - 0.002 monomo~_ The heat of dilution for pure acid (a = 0) is 
positive in the irtvcstigxed concentration range, whereas it is negtlve for partially neutralized acid (cc = 0.25 and 
OXSO). For completeiy neutralized acid, for sodium palyacrykte (P = I), the measured heat effects are cxothefmic 
at concentrations above about 0.05 monomoM, while below 0.05 hl they become endothermic. The experimental 
resuIts have been evaluated with the help of a previously dewloped theoretical treatment based on the cell model. 

Quite recently three papers dealing with the heats 
of dilution of aqueous solutions of poIyacrylic acid 
have been pubIished [l-3 ] _ In the work of Cartier 
and Daoust [ 1 f the heats of dilution data for pure 
acid and for its sodium salt have been reported. Un- 
fortunately, the diIution method and the way, in 
which the experimental results of these authors are 
presented, are quite unusuaI and unsuitable for the 
interpretation which is usually adopted in the field 
of simple electrolytes and polyelectrolytes. 

In the work of Crescenti et al. [Z] the heat of 
dilution, M,-, , of polyacrylic acid has been presented 
as a function of the degree of ionization, a, for a’s 
between about 0.05 and 0.6, and in the work of Ise 
et al, [3] the results of AH, for solutions of sodium 
polyacrylate (cu = 1) are reported. The ex~~men~l 
points in both papers are limited to a very narrow 
concentration range. Therefore, it seemed justified 
to extend these measurements to a wider concentra- 
tion range for various degrees of ionization and thus 
accumulate more information on the thermal proper- 
ties of this popular ~Iyelectrolyte. 

In this paper we shall present the heats of dilution 
of poiyacrylic acid over a wide range of polyelectro- 
lyte concentration (from about 0.002 to 0.6 mono- 
molal) for four constant degrees of ionization (0, 

0.25,0.50, and I .OO) and shall evaluate these results 
with the help of a previously developed theoretical 
treatment [4,5]. 

2, Mate&s and method 

As starting material polyacrylic acid, HPA, pur- 
chased from K & K Laboratories, Inc. (Plainview, 
N.Y.) was used. Its molecuIar weight was around 
10 000. Prior to use, an aqueous solution of the acid 
was exhaustively dialyzed against water. The concen- 
tration of the stock solution of HPA was determined 
by potentiometric titration. Aqueous solutions of the 
acid of various degrees of neutralization were pre- 
pared by adding a corresponding amount of CO, free 
NaOH to the acid solution. 

In all experiments double quartz distilled water 
was used. 

In most experiments the same calorimeter and 
procedure were applied as described previously [S]. 
A few experiments were also carried out with a LKB 
10700-l flow microcalorimeter. 

3. ResuIts and discussion 

The heats of dilution, A&? in the present paper 
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F$. 1. Enthalpies of dilution of pclyacrylic acid in water at 
25°C for various degrees of ionization. a, as a function of 
potyelectrolyte monomolality. The solid circles (ordinate 
right!) represent experimental values far Q = I obtained in the 
absence of cO2. 

were obtained in experiments in which approximately 
the same volumes of a polyelectrolyte solution and 
water were mixed. The fmal solution from each ex- 
periment was used as the initial solution for the sub- 
sequent dilution. By summing up the heat effects ac- 
companying successive dilutions the concentration 
dependence of MD over a larger concentration range 
was obtained_ 

in fig. 1 the enthalpy of dilution of H!?A at 25 C 
for OL = 0,0.25,0.50, and 1.00 has been plotted against 
the logarithm of monomolality. AH, is expressed in 
calories per monomole of polymer. Several interesting 
features may be deduced from this set of results. First 
of all it is evident that the experimental values for 
o! = 0,0.25, and 0.50 are in agreement with expecta- 
tions Whereas for pure acid (a = 0) AI-ID is practically 
zero, the enthalpy of dilution of partially neutralized 

acid (ol = 0.25 and 0.50) is much larger and has the 
same characteristic shape as observed previously for 
Na, K, and Cs polystyrenesulphonates [5] _ On the 
other hand, the shape of the AJfr, curve for com- 
pletely neutralized acid, for NaPA (4: = I), is quite 
different. It can be seen that the measured heat effects 

for NaPA are exothermic at concentrations above 
about 0.05 monomolal, while below 0.05 M they 
become endothermic_ For this, at first sight unusual 

behavior, one can find a complete analogy in the field 
of simple electrolytes. A similar concentration depen- 
dence of AH, with a minimum has been found for 
hydrolyzing electrolytes [6]. The appearance of the 
minimum has been attributed to the endothermic 
enthalpy of hydrolysis which is superimposed on the 
exothermic enthalpy of dilution and which over- 
weights the latter at high dilutions. A curve very 
similar to the one for NaPA in fig. 1 has been found 
for sodiumacetate with a minimum at about 0.01 hl. 
It is well known that except at very low cy polyacrylic 
acid is a much weaker acid than its simple analog, 
acetic acid [7]. Thus, the extent of hydrolysis for 
sodium polyacrylate is even larger than for sodium 
acetate at the same concentration (the pH of 0.01 
monoM NaPA, used in these experiments, was around 
9.5 and the pH of 0.01 M Na acetate is around 8.4) 
and it seems that the same interpretation as for 
hydrolyzing electrolytes may be applied also in this 
case. The heat of ionization of acetic acid is of the 
order of -0.1 kcal mol-l and that of polyacrylic 
acid at about d = 1 is of the order of - 1 kcal mol-’ 
[2]. Therefore, the overall heat effect of hydrolysis 
depends practically only on the energy required for 
ionization of a corresponding amount of water 
molecules which take part in the process of hydro- 
lysis (AHi = 13.3 kcal mol-l for water). Thus one 
can explain, at least qualitatively, the shape of the 
experimental curve below the concentration at which 

the minimum appears, while above it the curve agrees 
well with those observed for partially neutralized 

HPA (a = 0.25 and 0.50). 
Another factor which may affect considerably the 

heats of dilution of salts which on hydrolysis give 
basic solutions, is the presence of residual CO? in the 
solution and in the diluting water. The influence of 
CO2 on AI-ID values has been discussed in detail for 
solutions of sodium acetate [8] _ 

In order to exclude the influence of absorbed CO, 
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we performed a few heat of dihation measurements 
with solutions of NaPA in which care was taken to 
assure “CO, free” conditions. For this purpose the 
diluting water and the NaPA stock solution were 
prepared CO, free and a XB flow microcalorimeter, 
which enabIes such conditions, was used for measure- 
ments_ Results obtained are presented in fig 1 as 
solid circles. Because the lowest concentration arrived 
at in these experiments was higher than in previous 
ones it was not possible to choose for this curve the 
same reference point as before. Nevertheless one can 
make a quantitative comparison of the two curves 
obtained for Q = 1 under different conditions. It is 
evident that the presence of CO, lowers the heat 
effects on dilution between the same initial and final 
concentrations and also moves the minimum of the 
AH, curve to higher concentrations, a situation which 
has been predicted, aithough experimentally not yet 
confirmed, for solutions of sodium acetate [B ]_ 

It has to be mentioned that the reproducibility of 
the data obtained with the flow microcalorimeter was 
not very good, especially not at the lowest concentra- 
tions. One of the possible reasons for the scattering of 
the results is that in some nms the presence of CO2 
was not excluded completely. Therefore the rneasure- 
ments were not extended to iower concentrations. 

The influence of CO2 on heats of dilution of par- 
ti;ljfy neutralized HPA solutions (a = O-25 and OSOj 
is practically negligible since these solutions are acid 

[81- 
It has been shown for sodium acetate Id] that the 

concentration dependence of AH, above the mini- 
mum agrees reasonably welI with that predicted by 
interionic attraction theory of Debye and Hiickel. 
Therefore, it would be interesting to see if one can 
find a satisfactory agreement between theoretical and 
experimental values above the minimum also in the 
case of hydrolyzing polyeIectrolytes_ 

For interpretation of the concentration dependence 
of many thermodynamic properties of solutions of 
those polyelectrolytes for which the charge effect 
plays a dominant roIe, the Lifson-Katchakky poIyion- 
counterions attraction theory [9], based on the cell 
model [IO] , has been appIied successfully [ 11,121. 
On the basis of this theory an expression for the elec: 
trostatic enthalpy of a polyelectrolyte solution, He, 
has been derived recently [4,5]. This expression, 
generalized for various degrees of ionization, LY, and 

calculated per monomole of polyelectrolyte wouId 
read: 

CUIRT 
4 = x [ 

(I+P2)7+ln(I-X)2-f12 
2 l__@Z +q(l+%) 

olzlRT 

+Tq- [ 
*-p_ae 

e*7-1 I( $&,c!c), (I) 

where z1 and z2 are the valencies of the ionized group 
on the polyion and of the counterian, respectively, 7 
is a concentration parameter proportional to -loge-, 
fl is a constant related to 7 and A, E is the dielectric 
constant of the solent, V is the volume of the solu- 
tion, and CI is the distance between the axis of the 
macromolecular rod and the center of a counterion. 

It should be noted that except in the pre-bracket 
terms, IY appears also in the charge-density parameter, 
x: 

X = azlz2e&kTb , (3 

where e. is the protonic charge, and b is the distance 
between the ionizable groups. 

Electrostatic enthalpy of the SC Tytion, He, is re- 
lated to the enthalpy of Qlution by 

MD(mIu+ “Fi) =fze(7Fr) - He(7rn) - (3) 

All other details have been given previously [4,5]. 
Eq_ (1) has two adjustable parameters, h and 

d In aldIn T_ The first one,& is the piincipd parameter 
of the cell theory. It appears in theoretical expressions 
for all thermodynamic properties and usually has to 
be properly adjusted in order to bring theory and 
experiment into agreement. Thus a purely empirical 
parameter, not subject to independent evaluation, is 
incorporated into theory. It is found that the ratio 
between this empirical X (X,,,,) and the structural 
A, given by eq. (2), is always Xmective/&uctmd 2 1-O 
and further, that this ratio is proportional to the 
extent of coiling of the polyion. So it is found that 
the ratio X efFective~~tructural is 1 for the truly rod- 

like poiyelectrolyte DNA [ 131, 1 to I.3 for rather 
stiff polystyrenesulphonic acid [4,14, 1’51, close to 
1.5 for carboxym~thyIceUulose [ 161, and appears to 
have a higher value, of about 2, for flexible-chain 
polyelectrolytes, polyphosphates, polymethacrylates, 
and po!yactylates 1161. The possibIe reasons for the 
deviation of the effective value ofh from the struc- 
tural one is discussed by Katchalsky et al. [16]_ They 
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suggest that these larger effective values of X may be 

consequence of macroion coiling (beffective < bsauctural), 3 
I 

or of lower effective dielectric constant (eeffective < 
~~0). or a combination of these effects. Naturally, 
one will accept this qualitative explanation and the 
above procedure of rationalizing the experimental 
values only if the same, or at least approximately the 
same, value of X will satisfactorily explain experimen- 
tal data of different thermodynamic properties for a 
given polyelectrolyte. Comparison of theoretical and 
experimental osmotic coefficients has shown [16], as 
mentioned already, that “the best fit” h for poly- 
acrylates is larger by a factor of 2 than the structural 
one, given by eq. (2) (Aeffective = 2Xstructural = 5.66 a)- 
In accordance with the above, this value of A was used 
in the present calculations. 

I 

2 1.5 1 0.5 
-log m 

The coefficient d In a/d In T was assumed to be, in 
the first approximation, negligible and set equal to 
zero. The vaIue 5 A was taken for the macromolecular 
radius, a, needed for obtaining the relation between 7 
and concentration [9]. It was estimated from structur- 
al data on polyacrylates. For 6, the distance between 

the ionizabIe groups (i-e., -COOH groups) in a macro- 
molecule, the value 2.52 A, typical for vinylic poly- 
electrolytes, was used and for parameters characteris- 
tic for the solvent, the values for water at 298.1’5% 
were used [17]. 

Fig. 2. Comparison of the experimentA enthalpies of dilution 

of polyacrylic acid in water (points) with those predicted by 

theory (Lines). 

In fig_ 2 the experimentaI enthalpies of dilution of 
HPA are compared with those predicted by theory. 
The “CO2 free values” are plotted for a = 1. A reason- 
able agreement between theory and experiment can be 
seen over much of the concentration range. At high 
concentration, however, a negative deviation from the 
theoretical prediction occurs. Such a situation has 
also been observed with alkali [S] and alkalineearth 
[IS] polystyrenesulphonates and the reason for these 
deviations has been attributed to the increasing non- 
coulombic interactions among ions at high concentra- 
tion. Polymer-polymer interactions, which are re- 
flected in the endothermic enthalpy of dilution of 
pure polyacrylic acid (cr = 0), represent one part of 
these interactions. One can also notice that disagree- 
ment between theoretical and experimental heats of 
dilution appears at lower concentrations for CL = 0.25 

than for Q = 0.50 and 1.00. This is not surprising, 

since it is well known [9] that at such low degrees of 
ionization the cell model is only roughly applicable. 

previously shows that our values agree with those of 
Crescenzi et al. 12 ] to within a few percent, whereas 
the values of Ise et al. [3) for (Y = 1 are somewhat 
larger than our “CO2 free” values. Also the interpre- 
tation of the experimental results given by the latter 
authors differs from that in this paper. For the 

theoretical interpretation of their data Ise et al. used 
the same eqs. (1) and <3). They found a reasonable 
agreement between experimental and calculated values 
by using the structural value of h and an unusually 
large value of the coefficient d Inaid ln T_ Thus, they 
ignored the fact that experimental osmotic coeffi- 
cients of NaPA can be explained by the cell model 
only if an empirical X, which is 2 times larger than the 

structural one, is used in the calculations [16]. It has 
to be emphasized that X is the only possibIe adjustable 
parameter in the theoretical equation for the osmotic 
coefficient [9]. Therefore, and also for the reasons 
discussed before, we used in the calculations X ob- 

tamed from osmotic coefficient measurements. As 
noted above this A satisfactorily explains also the 
concentration dependence of 4Ef, of HPA for all 
degrees of ionization studied. 
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The thermodynamics of the halrpin helix-single strand transitian of A6C6UB hits been analyzed by a staggering 
zipper model with consideration of single strand stacking. This an&@ yields an enthalpy change of + 11 kcal~mo~e 
for the formation of a first, isolated base pair. Ihe stability constant of a first (intramofecular) base pair in A&U& 
is around 2 X IO* at 2.S”C, whereas a first (intermQ~ecu~) base pair in an A6 - &5 helix is charactcrised by a stability 
constant of about 4 x 10-j hf-’ (25”C, extrapolated from A, - U, cligomer measurements). These data indicate a 
destabiiizing effect of the Cs loop_ 

The rate constant of hairpin hem formation is 2 to 3 X 104 set-’ associated Gith an activation cnthdpy of 
+2.5 kul/moIe. T&e rate of helix dissociation of the A&&i6 hairpin is in the range of 103 to lo5 set-’ with an activa- 
tion enthalpy of 21 k&/mole_ A c~mptizon with the kinetic parameters obtained for A - U oiigomer he&e+ shaws 
a qt&fic influence of the Cti loop due to the stacking tendency of the cytosine residues. This influence is preferen- 
tially reflected in the relative& low value of the rate constant of heti formation. 

E&&-pin hetices are commoxi ebments in the sec- 
ondary structure of nucleic acid chains f f -3 1. Thus 
the knowledge of both the~od~a~~ and kinetic 
pmametr?rs of hairpin helices is important for an 
understanding of nucteic acid structure and function. 
Same hairpins have been analyzed previously [4-g]_ 
The hairpin helix formed from AgC6U6 (and from 
corresponding model nucleotides) is particularly 
suitable for investigation, since both thermodynamic 
and kinetic parameters of double he&es formed from 
short A- and U-oligomers are known in detaii. Thus 
the specific contribution of the loop structure may 
be evaluated quite accurately. in tk? present investi- 
gation the treatment of A&U&op thermodynamics 
given by Wenbeck et al. [8] is extended bycon&dera- 
tion of single strand stacking. Furthermore fast relaxa- 
tion measurements have been performed, which allow 
addititinal insight into the nucleation process, 

2. Materials and methods 

A&& was kindly supplied by 0.C.. Uhlenbeck. 
Melting curves were obtained as described previously 
[IO]. The kinetics were investigated using a fast tem- 
perature jump technique developed by Hoffman [ 1 I] _ 
The sampIes were heated in micro&Is of 5 mm optical 
pathlength containing about 100 X of solution. 
Usually temper;iture jumps bf 4.2’IC were applied, The 
relaxation times (given in table 1) are mean values 
obtained from 3 to 4 jump experiments for each set 
of conditions, and are accurate to abaut -t_ 15%. The 
accuracy of the tfiermcdynamic parameters evaluated 
by a least squares fitting procedure is about f: 10%. 

3. Results 

3. I_ ~~~~~dy~~nl~~s 

The absorbance temperature profile for A&& 
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Table 1 
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Thermodynamic parameters of helix nucleation 

First base pair in A&U6 @LsAU) 

First base pair in A, -U, @AU”AU) 

Rrtial nucleation parameters oftheC6100p (BLIPAU) 

AH 

(kcal) 

+ 10.9 

-3.3 

+ 14.2 

AS 
(e-u.) 

f 15.G 

-2i.7 

f 37.1 

StabiIity 
mnsrant (25°C) 

2.3x iO* 

4.4 x 10-j lcr’ 

5.2X 10-3M 

in 1 M NaCI, 0.0s M Na-cacodylate pH’6.9 obtained 
in the present investigation is identical to the one 
given by Uhlenbeck et al. [S]. Thus a differencz in 
the evaluated parameters is due to a difference in the 
data treatment. The basis for the elucidation of 
thermodynamic parameters from absorbance rneasure- 
ments ha: been discussed previously [8]. In the present 
investigation the absorbance corresponding to the coil 
form has been obtained by extrapolation of the ab- 
sorbance values measured at temperatures above the 
cooperative trtisition to the region of the helix-coil 
transition. The absorbance of the hairpin helix was 
assumed to be independent of thz temperature (pro- 
viding that the six cytosine residues do not have much 
conformational freedom within the loop and thus do 
not show any considerable temperature dependence 
of the absorbance). 

Fitting of the A&&J6 absorbance data according 
to an all or none model, with the enthalpy change 
AHt, entropy change AS, and the hypochromicity h 
as adjustable parameters, Iead to results similar to those 
given by Uhlenbeck et al. [8] (AH, = - 18.3 kcal/moIe, 
AS, = -61.7 e-u., h (= ab*.orhance of hairpin helix)/ 
(absorbance of the coil at 50°C) = 0.83). 

These thermodynamic parameters allow a reason- 
able description of the conformational transition in 
A&&J,. However, an accurate analysis of the con- 
formational transition, in particular an analysis of the 
nucleation process requires a more detailed descrip 
tion. Among the different effects that influence the 
conformation of A6C6U6, the stacking equilibrium in 
the single strands is very important. A simple calcula- 
tion shows that the single strand stacking equilibrium 
will contribute considerably to the free energy change. 
For the free energy change of A. U base pair forma- 
tion the term due to coupling of the adenylic acid 
stacking equilibrium is given by [ 121 

RTh{l +exp [--(MA-- TASJIRT]) , 

where -A and ASA are the enthalpy and entropy 
changes associated with the stacking reaction of 
adenylic acid residues. Using the thermodynamic 
data evaluated previously [ 121 (AH, = -7900 
callmole, ASA = -25.5 e-u.), this free energy term is 
around 1 kcal at 0°C. The enthdpy of A - U base pair 
formation given at 78°C (T, value of poly A . poly 
U in 1 M saIt) will be different by about 4 kcal at 0°C. 
Thus the single strand stacking equilibrium should not 
be neglected, if meaningful thermodynamic param- 
eters are to be evaluated. 

The present evaluation is based upon a set of ther- 
modynamic parameters, which has been derived from 
polymer data and has proved successful in the de- 
scription of melting curves over a range of chain 
lengths going from polymers down to helices with 
8 base pairs [12]. The equilibrium constant for for- 
mation of a single A - U base pair adjacent to a helii 
sAU is calculated according to 

SAu = exP (-G&RT) , 

AG AU- - AHAU - TASA, 

+RTln{ltexp[-(AHA-TASA)/RT]), 

where AGAU, AH, and ASAu are the free energy 
change, enthalpy change and entropy change for the 
formation of A l U base pairs adjacent to a preexist- 
ing helix in the absence of stacking in the adenylic acid 
single strand (AHAU = - 109 kcal/mole, ASA, = 
- 30.7 e.u.). 

The nucleation process is described by a nucleation 
parameter &, with the product &sAU assigning the 
stability constant of a first isolated base pair. & is 
calculated according to 
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BL = =P (-AGLl~~) , 

AGL = AHL - TASL 

-RTIntl +expf-(A&- TASJIRT]), 

whea: AHL and ASL are the nucleation enthalpy and 
entropy. Note, that rhe stacking cornrction term 
cancels for the first base pair (cf. ref. [121)_ inter- 
mediate helicaI species were considered according to 
a staggering zipper model. Any dependence of the 
nucfeation parameter upon the loop size has not been 
considered, since reliable information about this de- 
pendence is not available. A prediction according to a 
gaussian distribution wili not be reliable in the present 
case, since single strand stacking seems to be a critical 
factor in the loop conformation. 

AH,, ASL and the hypochromicity were fitted to 
the experimental data yieldiig the following values: 
AH, = 21.8 k&/mole, ASL = 44.I e-u. and h = 0.81. 
The resulting ~e~odyn~ic parameters for the for- 
mation of a first, isolated base pair are presented in 
tabie I together with some comparable parameters for 
the helix initiation in oligo A l oligo U helices. 

The relaxation signal observed in temperature 
jump experiments with A&&J6 exhibits two ~ffer~nt 
relaxation phases. A fast relaxation process appears at 
times shorter than 1 pet and mainly reffects the single 
strand stacking reaction [13]. The amplitude of this 
process increases with increasing ternnerature. The 
second process is observed in the time range of 5 to 
50 @sec.. Its amplitude shows maximal values around 
ZO’C [the Tr,, of the hairpin helix). The relaxation 
time is independent of the nucleotide concentration, 
but depends very much upon the temperature (cf. 
table 2). ObviousIy this relaxation time represents the 
helix-coil transition of the hairpin. The kinetics of 
this transition may be conveniently described by us- 
ing an all of none formalism 

kR 
Hairpin e Coil , 

ko 

with the relaxation time 

I/r=kR. +kD . 

Thus the rate constanfs k, and k, can be readily 

Table 2 
Kinetic parameters of the A&U6 hairpin helk-coil transi- 
tion Bn 1 M N&I, 0.05 M Na-cacodylate pH 6.9) 

- 
4.2 46 8.7 2x 104 2.2 x 103 

14.2 34 2.7 2.1 x Icvi 7.9XIO3 

24.2 20 0.93 2.4x10” 2.6 x Ia-+ 

34.2 7.5 0.34 3.4 x lo4 LO x 10s 

evaluated using the all or none stability constant 
K = itRlkD (cf. table 2). Arrhenius plots of the rate 
constants yield the following enthalpies of activation: 

mirpin formation: AE, = 2.5 kcal/mole, 

Hairpin dissociation: AE, = 2 1 kcal/mole . 

4. Discussion 

4.1. T4erttrodynotttics 

The thermodynamic parameters obtained in the 
present investigation support the conclusion of 
~l~nb~ck et al. [B], that helix nucleation in the 
&C,IJ6 hairpin is associated with a positive 
enthalpy change. i-fowever, the magnitudes of the 
thermodynamic parameters obtained for the nuclea- 
tion process are quite different. The rather high 
enthalpy for the formation of a first base pair (21-B 
kcal/mole) reported by Uhlenbeck et al. f8] has been 
explained by an unstacking reaction of cytosine resi- 
dues in the hairpin loop. Thus the influence of the 
single strand stacking potential has been recognised 
but has not been directly considered in the data 
evaluation. The present results demonstrate that the 
thermodynamic potential due to single strand stacking 
has a great influence in quantitative data evaluation. 

In a comparison of the nucleation parameters ob- 
tained for A6C6U6 with those derived for A, - U, 
oligomer helices [12] (table 1) it should be noted 
that the A&U6 nucleation proceeds intramolecular- 
ly whereas the A, l U, nucleation is an intermolecuIar 
process. Moreover the A&U~ nucleation param- 
eters were obtained in I M salt, whereas those for 
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A; U, were measured in 0.05 M salt. Nevertheless the 
“partial quantities” obtained by subtraction of the 
enthalpy changes (and entropy changes resp.) evalu- 
ated for the A&U, and the A,* U,, nucleation (cf. 
table 1) will reflect the specific contribution of the 
C, loop to the nucleation process in &C,I_J,. These 
“partial quantities” are rather similar to the thermo- 
dynamic parameters obtained for the dissociation of 
single strand stacks [14], su~esting the dissociation 
on average of about two cytosine stacks in the hairpin 
loop formaiion. 

The overall thermodynansc stability of the A,C,U, 
hairpin helix mzy be compared to that of an A6 - U6 
double hehx. Certainly the r,,, value of an A, - U, 
double helix at a strand concentration of 10W4 M is 
lower than that of the A6C,U6 hairpin helix. However, 
if the stability constant of an A,. U, double helix at 

1 M salt is extrapolated from previous oligomer meas- 
urements [ 121, a value of about 200 M-1 is obtained 
at 25°C. Thus a solution containing IO-2 M A6 a.nu 
U6 will exhibit the same T, as the A6C6U6 helix. 
This comparison illustrates, that the ‘&effective local 
concentration” of the complementary sites in A&U, 
is lower than might be expected_ This is due to the 
specific stacking effect of the C, loop (cf. discussion 
of the recombination rate constant). 

4.2. Kimtics 

The nucIeation process may be further character- 
ised by an analysis of the kinetic parameters. As has 
been shown previously [ 131 the value of the activation 
enthaIpy may be used to elucidate the number of base 
pairs required for helix nucleation. The helix nucleus 
is defined as the smallest helix species, to which addi- 
tion of a further base pair is faster than the dissocia- 
tion of a base pair at the helix end. According to this 
definition the nucleus formation is the rate determin- 
ing step in the helix formation_ The analysis of nuclea- 
tion may be performed by consideration of the follow- 
ing different kinetic models: 

(1) If the formation of the first base pair is the rate 
determining step in helix formation, i.e., k, = k,t, 
the rate constant for the formation of the second base 
pair k12 should be higher than that for the dissocia- 
tion of the first base pair k,,. A simple calculation 
using the stability constant of the first base pair 
K,, = 2 X 1O-s and the rate constant of recombina- 

Fig. I_ Schematic representation of the hairpin helix formation 
in A&6&. 

tionkR =_ 3 X 104 set-l yields fork,, a value of 
10g set-t. This rate constant is much higher than that 
expected for base pair addition k12, which has been 
determined previously from oligomer measurements 
[ 131 to be around lo7 set-l. Thus the formation of 
the first base pair cannot be the rate determining step, 

although the value of the activation enthalpy meas- 
ured for A,C,U, helix formation, AE, = 2.5 kcal/m-Ie, 
would be consistent with such a mechanism, 

(2) Because of the rather high positive enthalpy 
change for the formation of the first base pair, 
AHo, = 10.9 kcaljmole, a mechanism assuming nuclea- 
tion in the second step of base pair formation is not 
consistent with the experimental activation enthalpy- 

(3j If formation of the third base pair is assumed 
to be rate determining, the activation enthalpy is given 
by the reaction enthalpy for the formation of a two 
base pair helix AHoz = AHol f AH,, = 10.9 - 6 = 
4.9 (kcal/mole) increased by the activation enthalpy 
(2 to 3 kcallmole) for the formation of the third base 
pair. Thus the activation enthalpy calculated for this 
mechanism is still higher than the experimental value. 

(4) The enthalpy of activation calculated for a 
mechanism assuming that formation of the fourth 
base pair is the rate determining step is given by 
AER=AHo,+AH,:!+~23fAE34~10.9-6-6 
f (2 to 3) -+ (1 to 2) (kcaI/mole). This value is quite 
close to the experimental value and thus it may be 
concluded, that the formation of the fourth base pair 
is the rate determining step in the A6C6U6 hairpin 
helix formation. 

As has been discussed for the nucleation of A;U, 
helices, the nucleation length observed in AgCgUg 
implies, that a correct description of the nucleation 
process requires more than one nucleation parameter, 
namely fit for the first base pair, & for the second, 
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and & for the third, such that the product ptp.& is 
equal to pL_ 

The rate of nucleation in the A&U, hairpin 
helix k, = 2 to 3 X l@ set-t is rather low compared 
with the nucleation rate observed in A, l U, oligomer 
helices [ 13 ] (kR = lo6 M-l set-l at 0.05 bl salt; 
estimated to be around 10’ M-t see-l in 1 M salt). 
Obviously this low rate constant is correlated to the 
low value of the nucleation parameter, The low nuclea- 
tion rate may be explained by the conformation of the 
A&V6 nucleotide. Both the adenosine and the 
cytidine residues are characterized by a strong stack- 
ing tendency which leads to the formation of a single 
stranded helical structure. In this structure the con- 
tact between the complementary adenine and uracil 
bases is inhibited_ Thus the helix nucleation is depen- 
dent upon the dissociation of at least one stacked pair. 
This preequilibrium will reduce the rate of helix nu- 
cleation, as is demonstrated by the experimental rate 
constants. 

In a comparison of the dissociation rate constants, 
it is quite interesting to observe that the dissociation 
rate of the A6CgUg loop is rather similar to that 
expected for a A6 - U6 double helical complex. Extra- 
polation of the dissociation rates measured for higher 
oligomer helices (131 to the hexamer helix leads to 
values between 104 and 16 in the range of 0 to 20°C 
in 0.05 M salt. Evidence has been obtained previously 
that the dissociation rate of short oligomer helices is 
almost independent of the ionic strength [ 151 (whereas 
a strong ionic strength dependence is observed for the 
recombination rates). Thus, the comparison demon- 
strates that the specific influence of the loop is not 
reflected in the dissociation rate, but is preferentially 
indicated in the rate constants of hairpin helix forma- 
tion_ 

4.3. Cornpuisorr of different loops 

The present investigations suggest that the thermo- 
dynamic and kinetic properties of hairpin helices 
specifically depend upon the structure of the loop. 
Due to this specific influence it will be rather difficult 
to predict the properties of different hairpin helies 
accurately. For instance, the nucleation parameter of 
a A6(cuC4) u6 hairpin is probably quite different 
from that found in A&U6, since the U residue may 
allow free rotation of the nucleotide chain within the 
loop. 

In spite of the specific properties of some loops a 
close correspondence of the properties of different 
loops is reflected in the rate constants. Among the 

loops that have been analysed to date, all rate con- 
stants of hairpin formation, measured in the tempera- 
ture range of the conformational transition. are 
around 1 to 5 X 104 WC-t _ This includes hairpins of 
widely different thermodynamic stabilities, such as ;1 
hairpin helix containing 4 GC base pairs (which melts 
at 84°C) [71, hairpin helices containing mixed AU 
and CC pairs (melting at 58 or 70°C) (5 1, the present 
hairpin helix with AU base pairs exclusively and also 
hairpin heiices formed from oligouridylic acids 
(melting around 5’C) [61_ The rate of loop formation 
kR is determined by the rate of helix nucication, 
which is given as the product of a pre-equilibrium 
constant KflS’and a rate constant of base pair forma- 
tion k, 

kR = (Kps”)kr , 

where u is the number of base pairs in the preequili- 
brium complex and V-+-I corresponds to the “nucl~a- 
tion length” and K is a statistical factor describing the 
number of possible nucleus arrangements. The rate 
constant of base pair formation (adjacent to pre- 
formed base pairs) is probably associated with a 
relatively low positive activation cnthalpy. Thus the 
value of ki is probabty similar for the different hairpin 
heliccs. Accordingly the preequilibrium constants 
K/~s” seem to be alnost identical for the different 
hairpin helices in the temperature range of their con- 
formational transition. A Iow nucleation parameter /3 
may be compensated either by a high chain growth 
parameters or by an increased number of base pairs 
u in the preequilibrium complex. Although the value 
of kB is quite similar for different hairpin helices. 
the nucleation process, e.g., the number of base pairs 
within the nucleus, may be different. Differences in 
the nucleation processes may be indicated by the 
corresponding activation cnthalpies. Actually the 
activation enthalpies for loop formation are quite 
different in the various loops analyzed to date, 
ranging from -22 kcal/mole [7], to ~2.5 kcal/molc 

(A,C,U6). 
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A thermodynamic treatment of solubiiity in binary mktures of hemoglobin variants is presented. It is shown that 
the reported dependence of the minimum gelling concentration in five binary mivtures of the variants S, CHarlem, 
Korle-Bu and A may be satisfactorily accounted for using the derived solubility relations together with simple models 
rehting structure to interaction energies in the condensed phase. 

1. Introduction 

According to a recently proposed model [I] , the pco- 
cess of aggregation commonly referred to as the gela- 
tion of sickle-cell hemoglobin takes place in two steps: 
the formation of microtubular fibers by a process of 
microprecipitation, and the spontaneous alignment of 
these fibers to form a highly viscous nematic phase com- 
monly (but incorrectly) referred to as gel. It has been 
theoretically shown that the volume fraction of fiber 
required to initiate spontaneous alignment decreases 
as the axial ratio cf fiber increases. In the limit of large 
fiber axial ratio, it follows that the minimum “gelling” 
concentration (or MGC) experimentally determined by 
measurement of viscosity will be very close to (but 
slightly greater than) the solubility of isolated hemo- 
globin molecules (i.e., that concentration of non-asso- 
ciated hemoglobin which is in equilibrium with fiber). 
To a good approximation, therefore, we may treat the 

MGC as an expression of hemoglobin solubtiity, or al- 
ternatively, the free enerm of fiber formation. 

Bookchin et al. E2-41 have measured the depen- 
dence of the MW upon composition in binary mix- 
tures of the hemoglobin variants S (& glu + val) [S] , 

CHarIem Or cH @6 d” -+ Val; 873 asp + asn) [Z] , Korle- 
Bu or KB (p73 asp * asn) [6] , and normal hemoglobin 
A. In section 2 a thermodynamic treatment of hemo- 

globin solubiiity in binary mixtures is presented which 

takes into account the formation of hybrid tetramers 
in such mixtures [7]_ In section 3 three models relat- 
ing amino-acid subititutions in the several variants to 
changes in the interactions between tetramers in the 
fiber array (and hence the free energy of fiber forma- 
tion) are presented. The ability of each of these mod- 
els to account for the data of Bookchin et al. is assess- 
ed using the relations developed in section 2. Finally, 
in section 4 the implications of the resuits obtained in 
section 3 for the structure of the microtubular fiber 
are discussed. 

In the following treatment we refer to a region on 
the surface of a hemoglobin tetramer as variable if it 
contains a site which is varied by mutation in at least 
one of the set of variants [A, S, C, , KB] and as COU- 
sfanf if it does not contain such a site. The &ch?in 
characteristic of a particular variant is denoted by one 
of the lower case letters a, s, c, or k, and a particular 
tetrameric species is defined by specifying both of the 
&chains. For example, the tetrameric species IY& is 
denoted by aa, and the hybrid species azflAPS in solu- 
tion is denoted by (sa), where the parentheses indicate 
that the order of specification is immaterial. 
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2. Thermodynamics of hemoglobin solubility in bina- 
ry mixtures 

The treatment of this section is based upon the fol- 
Iowing assumptions: 

(1) Ail (tetrameric) hemoglobin molecules in the 
fiber are equivalently oriented in the fiber array. This 
assumption has been made (usually tacitly) in previ- 
ous studies of the structure of hemoglobin fibers [8- 
1 I], and is equivalent to the statement that the small- 
est structural unit participating in every class of inter- 
actions occurring in the array is a single hemoglobin 
molecule. 

(2) Variable surface regions on neighboring mole- 
cules in the microtubular array do not interact with 
each other, but only with constant surface regions. 
This assumption permits us to express the total free 

energy of the array as a sum of energies associated with 
individual molecules, and is probably valid if al: mole- 
cules in the array are equivalently oriented as assumed 
above and in the literature 18-l I] _ 

(3) The gross three-dimensional conformation (ter- 
tiarylquaternary structure) of non-associated hemoglo- 
bin molecules in solution is largely unaffected by the 
presence of amino acid substitutions at the surface of 
the tetramer. Moreover, the gross three-dimensional 

conformation of constituent hemogIobin molecules in 
the microtubular array is largely unaffected by the pres- 
ence of these substitutions and changes in intermolec- 
u!ar interactions arising from them. These assumptions 
permit zhe definition of internal energies associated 
with hemoglobin molecules in the solution and con- 
densed (fiber) phases. The chemical potential of a mo- 
lecular species in the microtubuie array may con%- 

qrently be represented by the sum of its internal and 
interaction energies. 

In the following formulation the two components 
of the binary mixture are designated P and Q and their 
@chains p and q. Non-associated hemoglobin will con- 
tain the tetrameric speciespp, qq, and (ps). If the to- 
tal hemoglobin concentration is in excess of the solu- 
bility, these species wiil also be found in the condensed 
phase (fiber). Since the hybrid species (pq) lacks the 
two-fold symmetry of pp and qq, it may assume either 
of two distinguishable orientations in the micntubular 
lattice, denoted by PQ and QP_ We shall proceed by cal- 

culating the chemical potential of each species in the 
condensed phase and in the solution. The solubility will 

then be determined by the equilibrium condition that 
the chemical potential of each species be the same in 

both phases. 

2. I. Condensed phaie 

We may write a partition function F for a microtu- 
bular array consisting of NPP tetramers of species pp. 

NW tetramers of species PQ, and so forth, which is val- 
id providing N = Npp f Np4 f Nqp + Ns4 is large in the 
thermodynamic sense. 

r = gdVPP g%4 
PP P9 %P 

N4P g34 (fv!/1Vpp!Np4 !1v4P!1v44!) 

X exp [-(NppavPP + NP4\vM + Ngp’vqP 

+ N44wq$lkTl 1 (1) 

where the gij are internal partition functions and the 
lvij are lattice interaction energies associated with each 
of the indicated species, k is Boltzmann’s constant and 
T the absolute temperature. We may define the inter- 
nal energy of a tetramer in the condensed phase as 

PC’ f -kT In g.. 
11 ‘I’ 

c($’ may be written as the sum of two terms 

(2) 

PC’ 
11 

=$ +J, (31 

where ~~7 is the sum of the standard state chemical po- 

tentials of the isolated amino acids in a molecule of spe- 
cies ii, and JL’ is the free energy of assembling these am- 
ino acids into an isolated hemoglobin molecule with the 
conformation found in the fiber. According to assump 
tion 3 above, ,u’ is species independent. If we denote by 
& the chemical potential of species ij in the condensed 
phase, then 

p;/kT = -aIn l-$3Nii = (wij f pt: f .u’)/kT f In $, (4) 

where fij = Nii/N_ 

2.2. Solution phase 

If we denote by P$ the chemical potential of non- 
associated species ij in the solution, then in the ideal 
approximation 

(5) 
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where cij is the concentration of species ij in solution 
in units of g/d& and # is a standard state chemical 
potential of &! at a concentration of 1 gldl. psi may be 
written as a sum of terms 

$I= c. f 0 
ij P,Zj Pij* (6) 

where $ is the sum of standard state chemical poten- 
tials of the isoiated amino acids in a molecule of jpe- 

ties ii and P$ is the free energy of assembling the iso- 
lated amino acids into an isolated hemoglobin mole- 
cule in solution. The hybrid species (pq), lacking the 
two-fold symmetry of pp and 44, has accessible to it 
in solution twice as many distinguishable rotational 

quantum states as either of the two homogeneous spe- 
cies. From this consideration [ 121 and from approxi- 
mation 3 above, it follows that 

0 0 0 
pPP “%Q =%Q) 

+kTh 2-p’. (64 

The assurn+ion of equilibrium between the homoge- 
neous species pp and qq on one hand and the hybrid 
($4) on the other hand imposes the condition 

PPP 44 
s +jls =2$ 

@Q)’ (7) 

Substitution of relations (5) and (6) into (7) yields 

2 =4c 
%q) PP cQQ- (8) 

The total concentration of hemoglobin present, c, and 

fraction of component Q, x2, are given by 

c = CPP + C(pq) -+ cqql 4-1 x2 = rcqg 2 c& /c- (9) 

Combining relations (8) and (9) we obtain 

‘PP 
= c (1 -x2)2, 

c@4 = 2cx2 (l-x& (10) 

“QQ 
=cx t * 

Substitution of relations (6) and (10) into (5) yields 

Hzp/kT = j.$$kT +p’/kT+ f.nc f 2ln( I-x2), 

&,/kT = pr @4,/kT+~o/kT+lnc+ln[x2(l-x2)].(11) 

p&‘kT = &tQikT +#lkT+ hc + 2Lnx2. 

2.3. Equilibriuttz between sohrtiott atzd corldertsed 
phases 

At equilibrium 

$kT = ,$/kT. (12) 

By substitution of relations (4) and (11) into (12) and 
rearrangement we obtain 

Inc+2ln(l -x~)=(w 
PP 

+~‘-~“)/kT+-infpp,(13a) 

In c + In [x2( 1 -x,)1 = Crrpg f y’ - p’)/kT f In fp4 

(13b) 
= ( \vqP + .u’ - p’)/kT + in fqp, 

In c + 2 In x2 = (lvqq f p’ - p’)/kT f Infq4, 
(13c) 

(134 

where c and fjf now specifically denote the va!ues of 
c and fq at equilibrium_ 

The solubility of pure species P, denoted by co, is 
given by eq. (13a) evaluated for x2 = O,& = 1: 

In co = (wPP + &i - JP)/H-_ (14) 

We define the following lattice interaction parameters 

W,, = (‘vpq - rvpp)/kT, 

K’21 2 (wqp - \vPp)/kT, (15) 

IVL2 = (wqq - wpp)/kT_ 

By subtracting eq. (14) from eqs. (13a-d) and making 
the substitutions indicated in (IS). the following set 
of relations is obtained 

ln(c/co)i-2ln(l -x2)=lnfPp, U6a) 

In (c/c,) f In [x2(1 -x?)] = Wl, + Infpcl (16b) 

= fV2t + lnf-,,, (16c) 

In (c/c,) f 2 In x2 = FVz2 f In fqq. 

The definition of& [eq. (4)] is equivalent to the ex- 
pression 

fpp +fpq +fqp ‘fqq = 1. 07) 

Given the values of co,x2. Wl,, W21, and W22, rela- 
tions (16) and (17) constitute a set of five equations 
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which may be solved for the remaining five unknown 
variables: 

by the set offii . c is expected to be nearly equal to 
the viscosity-defined MGC. 

c=cJ(A +B+c+D), 

fp* =A/@ +l?+c+Lq, 

fqq =Bf(A +B+C+D), 

fpq =C/(A+B+C+D), 

f 4p =D/(A +B+C+D), 

where 

(I8a) 

(I=) 

(184 

(184 

(18e) 

3. Analysis of gelling data 

A ‘(1 -rZ)*, 

B s’x$ exp(-W,,>, 

CsxJl -x2) exp(-Wt,), 

Relations (18), in particular (18a), are the main results 
of this section and will be utilized subsequently in the 
analysis of experimental data. It will therefore be help- 
ful at this point to group together and restate the de- 
finitions of the variables appearing in these relations. 

Bookchin et al. [24] have measured the viscosity- 
defined minimum “gelling” concentration (MGC) of 
the binary mixtures S f A, S f CH, S f KB, CH f A, 
and C, f KB as a function of mixture composition. 
According to the results obtained in the preceding sec- 
tion, the composition dependence of the solubility (or 
MGC) in a single binary mixture may be interpreted 
in terms of the three interaction parameters W,,, IVZ1, 
and Wz2, totalling fifteen parameters for the five bina- 
ry mixtures. In this section we shall show that these 
fifteen parameters may be expressed as functions of 
a considerably smaller number of independent incre- 
ments of lattice interaction energy which are asso- 
ciated with particular amino acid substitutions or com- 
binations thereof_ For reference, the amino acid sub- 
stitutions corresponding to each tetrameric species 
found in the condensed phase of one of these five bi- 
nary mixtures are listed in table 1. 

Input: 

co - the solubility of component P in homogeneous 
solution; 

x:! - the fraction of component Q in the binary mix- 
ture P+ Q; 

iv22 - the energy of interaction of species 44 with 
its neighbors in the microtubular array, relative to that 
of pp (units of k;r3; 

IV12, IVZ1 - the en er gi es of interaction of two dis- 
tinguishable orientations of the hybrid species (pq) 

with their neighbors in the microtubular array, relative 
to that of pp (units of k7+). 

In the context of the present analysis, a model is 
defined as a set of assumptions relating the structure 
and orientation of a tetramer in the microtubular ar- 
ray to the free energy of interaction of that tetramer 
with its neighbors in the fiber (lattice interaction en- 
ergy). We shall present three such models, beginning 
with the simplest (Le., requiring the smallest num- 
ber of independently variable parameters), and deter- 
mine which of the proposed models are capable of 
accomodating the published observations. 

output: 
A7 - the fractional abundance of species Q in the mi- 

crotubule in equilibrium with non-associated hemoglo- 
bin. 

c - the solubility of a mixture of hemoglobins P and 
Q, composition denoted by x2, with respect to the for- 
mation of a condensed phase of composition denoted 

(a) Model I: Let @ represent the increment of 
lattice interaction energy associated with an amino 
acid substitution at the site pi in local environment 
j. Assume that the increment of lattice interaction 
energy associated with each of the four variable sites 
is independent of lattice interactions involving any 
other variable site. This model is characterized by 
the four independent parameters u&l), ~$13, ui*‘, and 
U$$ In table 2 are Iisted the lattice interaction ener- 
gies of each species relative to aa (hemoglobin A) and 
to pp (the first-specified component in a binary mix- 
ture), caIcuIated according to Model 1. 

An additional constraint, which is modei-indepen- 
dent, is provided by the measurement of the MGCs 



Table 1 
Amino acid substitutions (relative to hemo&obZn A> characterizing tetmmeric species occurring in gelling binary mixtures of 
the hemoglobin variants A, S. CH, and KB. The superscript index refers to one of two possibly non-identical local environments 
for the &chain in the microtubuk array 

Lattice interaction energies (units of kT) 

of homogeneous solutions of hemoglobin S (24.Z5 

g/dl under the experimental conditions employed by 
3oakchin et al. C2-41) and herno~~b~ C, (36.2 
g/d1 under the same conditions). These two solutions 
correspond to the compositional extremes x2 = 0 and 

X2 = 1 respectively of the binary mixture S f CH_ 
Substituting the valuesx2 = fzq = f into eq. (I6d) 
we obtain the following completely general expression 
for the interaction energy of cc relative to ss: 

tv22 = In (c/co) = In (MGC C,/MGC S) = 0.401. (19) 

AS shown in table 2, this result reduces the number 

of independently variable parameters in Model I to 
three. 

Upon examination of table 2 we observe that ac- 
cording to Model 1, the energy parameters W12, W2t, 
and W22 are identical for the two binary mixtures 
S f A and C, f !XB. According to relation (ISa) the 
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I 

nrx 
32 - 

tG/OLI 

I 22 0 
1 

.s I -0 

x2 

Fig- 1. MCC versus composition for the binary mbttures S + A 
and CH + KB. Data points are from refs. [2-41_ (A) data, S + 
A; (4 data. C, + KQ_ (--- 1 qua&tic curve fitted to &ta. 
S+A;(---- ) quadratic curve fitted to data, CH + KB; 
(- - -) curve for S + A assuming composition dependence 
equivalent to that of CH + KB (Model I). 

dependence of c/c0 upon x2 should therefore be iden- 
tical for these two mixtures. The data presented in 
fig. 1 show that this is not the case. We may there- 
fore conclude that the lattice interactions associated 
with the p6 and fi73 positions are not entirely inde- 
pendent as postulated in Model 1. 

Table 3 
Lattice interaction energcs calculated according to Model iI 

(b) Model N: According to the X-ray model of de- 
oxyhemogiobin [13, 141 the 6 and 73 positions on 
a single P-chain are relatively close together (-18 IL) 
and separated by a considerably greater distance 
(> 40 A) from the 6 and 73 positions on the other 
/3-&ain. It is tfierefore reasonable to postulate that 
the lattice interaction associated with a site on one 
@chain is independent of lattice interactions involv- 
ing sites on the other p-chain, but is not independent 
of lattice interactions involving sites not far removed 
in space on the same &-chain. This model requires the 
addition of two parameters to the four dread en- 
countered in hlodel I (~2’7, u ‘I, LC ‘I, and z$))- The 
two additional parameters, ~6, 3 and uk2d3, represent tii 6 
increments of la&e interaction energy ksociated 
with a double substitution a* sites 6 and 73 on the 
same P_chain in local environments 1 and 2 respec- 
tively_ “Interaction” between the 6 and 73 positions 
on the same &chain will be expressed as non-additiv- 
ity of the lattice interaction energy increments: in 
general u$,$) will not be equal to r@) f ujk)_ Lattice 
interaction energies calculated for this model are list- 
ed in table 3. 

Because of the constraint given by eq. (IS)) the 
number of independently variable parameters in Mod- 

J_attice interaction energies (units of kT) 

relative to aa 
p+Q 
(Pp) (44) fVPjj lVP9 WqP ww 

--__ 
relative to pp 

w12 I”21 w22 

S+A z$LU~2) Cl) 
% 

(2) 
u6 0 _ rl&’ _uil’ _u8’_,i*) 

s+cH (1) (2) 
u6 .+ %,73 

(2) 
h:h + u6 

(2) 
‘% f ‘6 3 . 73 

=H + A 
(2) 

“::3 + ‘6.73 0 - *& El) 
I - u6.73 

CH + KQ u& c ug$ f& + u::’ u$$’ f u& u;;’ f u$;’ 
(2) (2) 

93 -U6,73 
(1) (1) 

% - U6.73 
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Fig. 2. hIGC versus composition for the binary mixtures S + A. 
S f CH, and S t KEL Data points are from ifs. [z--41. CUrVeS 

are calculated from Model II using best-8t parameter Va!UeS 
given in legend to table 4. (A, .--)StA,(n;----_)S+CW. 

~+;----)StKB. 

el II reduces to five. These five parameters were var- 
ied so as to obtain the best least-squares fit of eq. (Ha) 
to the data of Bookchin et al_ for all five binary hemo- 
globin mixtures simultaneously. Only one well-defined 
set of parameter values yielded a fit which could be 
judged satisfactory. The results obtained using this set 
of best-fit parameter values are shown in figs. 2 and 3 
listed in table 4. 

As judged by the magnitude of the sum of squared 
residuals (denoted by F), the fit appears to be fairly 
good. For comparison, a quadratic polynomial of the 
formc(x2)=AI +Azx:2fA3Xi(withAI f=edat 
either 24.25 or 36.2 as appropriate) was fitted to the 

Table 4 

Values of the lattice interaction energies in hlodel II calcu- 
lated using the foilowing set of best-tit panmeter values: 

~2” = 0.068, u&’ = -0.692. ~‘4) = 0.437, ~(4) = -0.244. 

G!h =U.938,rr~2j3=-lJ67 
t 

Lattice interactions energies (units of kT) 

P +Q 
relative to pp 

@PI (WI q2 W2r w22 

S+-A 0.692 4).06S 0.624 
S+CH -0.475 0.876 (0.401) 
s+KB 0.447 0.375 0.822 
CH+A 1.167 -0.93d 0.229 
c,cKB 0.922 -OS01 0.42 1 

,,L____ 
0 .s 1.0 

X2 

Fig. 3. hlCX versus composition for the binary mktures CH f A 

and CH + KEL Data points are from refs. [Z-4] _ Curves are cal- 
culated from Model II using best-tit panmeter vnlues given in 
legend to table 4. (a;--- )CH+A,(~;----)C~+KB. 

data set for each binary mixture individualiy. For the 
set of five binary mixtures, a minimum value of F = 
20.2 (g/d1)2 was obtained with ten independently vari- 
able parameters. By simultaneously fitting the five bi- 
nary mixtures using Model II, a minimum value of F = 
34.5 (g/d1)2 was obtained with only five independent- 
ly variable parameters. An attempt was made to obtain 
a simultaneous fit of eq. (1Sa) to al1 five data sets with 
the additional constraints uL’) = ui2), u$$’ = u$$), and 
~(st7’~ = @j3, but this was not possible. 

(c) MudeiIIr: If no assumptions are made regarding 
additivity or equivalence of interactions associated with 
the P6 or 1173 sites, then a total of fifteen different en- 
ergy parameters becomes possible - four for single sub- 
stitutions, six for double substitutions, four for triple 
substitutions, and one for a quadruple substitution. 
This number may be reduced somewhat by assuming 
that microscopic environments 1 and 2 are equivalent. 
Then the following energy increments may be defined: 

U61 K73~U6,67 u73 73, r&l23 (both substitutions on 
same &chain), ui2?3 (sudstitutions on different @-chains), 
u6,6,73, u6,73,73,‘and a6,6,73 73_ The interaction ener- 
gies calculated according to &is model are listed in ta- 
ble 5 The constraint imposed by eq. (19) reduces the 
number of independently variable parameters in Mod- 
el III by one to a total of eight. 

In view of the large number of independently vari- 
able parameters in this model, there can be little doubt 
that a satisfactory fit to the data may be achieved_ How- 
ever, for the same reason, the numerical significance of 
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Table S 
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Lattice interaction energies calculated according to Model III 

P +Q 
(PP) (44) 

S+A 

s+cH 

S+KB 

CH+A 

CH+KB 

Lattice interaction energies (units of ICT) 

relative to 38 

IVPP wP4 = lV4P ‘VW 

u6,6 u6 0 

u6.6 u6,6,73 u6.6.73.73 

%,6 
(2) 

u6,73 U73.73 

u6,6,73,73 
(1) 

‘6.73 0 

“6,6.73,73 u6,73,73 u73.73 

relative to pp 

WI2 = ‘v21 

u6 - u6,6 

uf$73 - u6,6 

%.73 -“6,6 

‘gh - “6,6,73,73 

u6,73.73 - %,6,73,73 

W22 

-“6,6 

‘6.6,73,73 - ‘6.6 ‘“‘401) 

“73.73 - u6.6 

- u6,6,73,73 

93.73 - u6,6,73,73 

best-fit parameter values which would be obtained 
through a least-squares fitting procedure would be high- 
ly doubtful. It is likely that many combinations of pa- 
rameter values would yield approximately.equaI local 
minimum values of F, and therefore we will not pursue 
the numerical aspects of this model further. 

4. Discussion 

We have shown that the experimentaIly observed de- 
pendence of the MGC upon composition in five binary 
mixtures of four hemoglobin variants may be satisfac- 
torily accounted for ivy a straightforward solubility 
analysis together with simple models relating structural 
features to the free energy of fiber formation. It is im- 
portant to stress that because of the simplified physic- 
al picture upon which the thermodynamic treatment 
is based, and because of approximations made in the 
treatment itself (most notably the neglect of nonide- 
ality), quantitative conclusions may not be drawn with 
any degree of confidence fram the results reported in 
section 3. On the other hand, the major qualitative fac- 
tors appear to be properly taken into account, permit- 
ting the following qualitative conclusions to be drawn 
from these results: 

(1) Changes in the interaction energy between hem> 
dobin tetramers in the microtubular array due to amino 
acid substitutions at &j and/or p73 are of the order of 
kT or smalier. 

(2) In view of the large degree of non-additivity ob- 

served for interactions associated with the 6 and 73 po- 
sitions on the same &chain, it is probable that both of 
these sites are involved in a single constellation of in- 
teracting groups at one interface between neighboring 
tetramers in the microtubular array. 

(3) The simplest interpretation of the mixture geUing 
data (Model II) suggests that the environment of the two 
@-chains in the microtubular array are non-equivalent. 
This suggestion contradicts two recently published spec- 
ulations about the orientation of hemoglobin molecules 
in the fiber [9, IO], but is consistent with the orienta- 
tional constraints imposed by recent measurements of 
the linear dichroism of sickle-cell hemoglobin fibers 
[ 1 I]. The equivalence of the two &chain environments 
cannot be ruled out on the basis of the present solubil- 
ity analysis, but such an interpretation (Model III) 

would require the invocation of a substantially more 
complex set of interactions between surface sites on 
different P-chains as well as on the same khain. 

(4) The final point to be made is so tentative as to 
be more in the nature of a speculation than a conclu- 
sion, and derives from the observation that according 
to the simplest satisfactory model accounting for the 
mixture data (Model II), the interaction energy incre- 
ment associated with one of the two fl, sites is ten 
times as great as that associated with the other 06 site. 
This may conceivably indicate that one of the two & 
sites does not directly participate in an interaction be- 
tween neighboring tetramers in the fiber, as suggested 
by Book&in and Nagel[4]. 
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ERRATUM 

R.J.M. Tausk, J. van Esch, I. Karrniggelt, G. Voordouw and J.Th.G. Overbeek, Physical chemical studies of short- 
chain lecithin homologues. Ii. Micel!ar weights of dihexanoyl- and diheptauoyllecithin, Biophys. Chem. l(1974) 
184. 

On page 198 an error was made in eq. (25). This equation should read: 

~=54_8+26_9X2Xn~~. (25) 

All calculations performed with the help of this equation are also slightly in error. 
The following corrections should be made: 

page 198: 2nd column, 1st line: u = 296.4 A3 should read v = 323. A3; 
2nd column, 7th line: 11.2 A should read 10.9 a; 
fig. 12: 42 A and 3.5 A should read 46.8 A and 3.1 A respectively; 
legend to fig. 12,2nd liner 6.8 monomers should read 6.2 monomers; 

page 200: 7th line from below: Q = 2. I and Q = 2.0 respectively should read Q = 2.2 ancl Q = 2.06 respectively_ 
The corrections for nonideality based on model II are somewhat too small (figs. 13-15 and 17). The largest 

errors occur at high concentrations of diC7- lecithin. The average micellar weight at 17 mg ml-’ and R = 19 A 
for instance should be 9% higher than given in fig. I5 (curve III). At R = 16 A the plotted result at the same con- 
centration is 7% too small (curve II). 



AUTHOR INDEX TO VOLUME 1 

Ackermann, T., see D. Bode 
Adams, Jr., E-T., see CA. Weirich 
Adams, Jr., E-T., see W-E. Ferguson 
Auchet, J.C., see D. Genest 

Baiikowski, E. and WM. Mitchell, Human procoliagen I. An anionic tropocollagen 
precursor from skin fibroblasts in culture 

Barlow, G-H., see CA. Weirich 
Barlow, G-H., see W.E. Ferguson 
Bauer, E., H_ Berg, G. Lijber, K_ Weller, M. Hartmann and Ch. Zimmer, Studies on the 

structure of chemically methylated DNA 
Bauer, P.-J., see G. S&wan. 
Berg, H., see E. Bsuer 
Bernhard, S., see F. Seydoux 
BiaseUe, CJ. and D.B. Millar, Interaction of 1 ,N6-ethenoadenosine3’,5’monohydrate 

(E-C-AMP) with solvents and biological receptors 
Birshtein, T-M., A.M. Elyashevich and L.A. Morgenstern, Conformational transitions 

in a model polymer chain with secondary and tertiary structures 
Blake, R.D., Helix-coil equilibria of poly (rA) - poly (rU) 
Bode, D., LJ. Schernau and T. Ackermann, Calorimetric investigations of the helix-coil 

conversion of phenylalaninespecific transfer ribonucleic acid 
Bresler, SE., see V-M. Chernajenko 
Bretz, R., A. Lustig and G. Schwarz, Self-association studies of two adenine derivatives 

by equilibrium ultracentrifugation 
Eucci, E., The reversible titration of tyrosyl residues in human deoxyhemoglobin 

Cann, J-R., Theory of zone sedimentation for non-cooperative ligand-mediated interactions 
Chantot, J-F_, see J--P. Leicknam 
Chauvelier, C., see J.-P. Leicknam 
Chernajenko, V.M. and SE. Breder, Study of the interaction of polynucleotide chains 

with oligomers by means of chromatography. II. Effect of magnesium ions and 
noncomplementary bases on the stability of complexes 

Chi Chen, G. and Jen Tsi Yang, Some hydrodynamic and optical properties of 
polyribonucleotides 

Chun, P-W., see M-E. Magas 
Chun, P-W., see M.E. Magar 
Chun, P-W., W.P. Herschleb, D.J. Downing and M.L. Krista, Enumeration of interacting 

species and sedimentation properties of fd-DNA at low ionic strength 
Crescenzi, V., see F. QuadrifogBo 

De Bruin, S-H., see L-H-M. Janssen 
Dolar, D., I. Span and S. Isakovic, Transport phenomena and ion binding in solutions 

I (1974) 214 
l(1973j 35 
l(1974) 325 
I (1974) 266 

1(1973) 73 
1 (1973) 35 
1 (1974) 325 

1 (1974) 338 
l(l974) 257 
I (1974) 338 
l(l974) 161 

1(1973) 51 

1(1974) 242 
1 (1973) 24 

1 (1974) 314 
l(l974) 277 

l(l974) 237 
l(l973) 97 

1(1973) 1 
l(l973) 134 
l(l973) 134 

1 (1974) 227 

l(l973) 62 
l(l973) 11 
l(l973) 18 

l(l974) 141 
1 (1974) 3 19 

l(l973) 130 

397 



398 Author incfer 

of sodium polystyrenesulphonate 
Downing, D-J., see P-W. Chun 

1(1974) 312 
l(l974) 141 

Eiyashevich, A.M., see T.M. Birshtein 

Ferguson, W-E., C.M. Smith, E.T. Adams, Jr. and G.H. Barlow, The temperature-dependent 
self-association of adenosine5’triphosphate in 0.154 M NaCl 

Ferry, J-D., see W.W_ Roberts 
Frackowiak, D. and D. Wrbbel, Energy transfer between chlorophyll c and chlorophyll a 

Genest, D., Ph. Wahl and J.C. Auchet, The fluorescence anisotropy decay due to energy 
transfers occurring in the ethidium bromide-DNA complex. Determination of the 
deformation angle of the DNA helix 

Giancotti, V., see F. Quadrifoglio 
Gray, B.F. and N.A. E&wan, Growth rates of yeast colonies on solid media 
Greenberg, A., see J.F. Liebman 
Guschlbauer, W., see J.-P. Leiclcnam 

Hartmann, M., see E. Bauer 
Herschieb, W.P., see P.W. Chun 

Isakovic, S., see D. Dolar 

Janssen, L.H.M. and S-H. de Bruin, Some aspects of cooperativity in human hemogIobin 
Jen Tsi Yang, see G. Chi Chen 

Karmlggelt, J., see R.J.M. Tausk 
Karmiggeh, J., see R.J.M. Tausk 
Kegeles, G. and M--S. Tai, Rate constants for the hexamer-dadecamer reaction of 

lobster hemocyanin 
Kinvan, N-A., see B.F. Gray 
Kramer, O., see W.W. Roberts 
Krista, M-L., see P-W. Chun 

Lapanje, S., I. skerjanc and M. Vozelj, Dilatometric studies of the denaturation of 
immunoglobulin G by guanidium chloride 

Leicknam, J--P., C. Chauvelier, J.F. Chantot and W. Guschlbauer, Nucleoside conformations_ 
12. An infrared study of the polymorphism of guanine nucleosides in the solid state 

Leighton, S-B., see 1. Rubenstein 
Liebman, J.F. and A. Greenberg, The origin of rotational barriers in amides and esters 
Limber, G., see E. Bauer 
Luisi, P.L. and M. Zandomeneghi, A mechanical model for the half-cf-the-sites 

reactivity of oligomeric enzymes 
Lustig, A., see R_ Bretz 

Magar, M.E. and P-W_ Chun, Relationship between Hill plots with variable exponents 
and determination of average free energy of interaction per site 

Magar, M.E. and P.W. Chun, Comparison of methods for enumeration of interacting 
species in a biological system 

l(l974) 242 

I (1974) 32s 

I(1974) 152 
l(l973) 12s 

l(l974) 266 

1(1974) 319 
1 (1974) 204 
I (1974) 222 
1 (1973) I34 

1 (1974) 338 
l(l974) I41 

1 (1974) 312 

l(I973) 130 
l(1973) 62 

l(l974) 175 
l(l974) 184 

l(l973) 46 
l(I974) 204 
l(1974) 152 
l(1974) 141 

1(1974) 308 

l(L973) 134 
l(l974) 292 
l(l974) 222 
1(1974) 338 

l(l974) 358 
l(l974) 237 

l(l973) 11 

l(l973) 18 



Author index 

Mar&C, S., see G. E’ifzt 
hlillar, D-B., see CJ. BiaselIe 
Minton, A.P., Solubility relationships in binary mixtures of hemoglobin variants. 

Applica:ion to the “gelation” of sickle-cell hemoglobin 
Mitchell, W-M_, see E. Bankowski 
Morgenstern, L-A., see T.M. Birshtein 

Nestler, F.H.M., see W.W. Roberts 

Ortoleva, P. and J. Ross, A chemical instability mechanism for asymmetric cell differentiation 
Oudshoorn, C., see R.J.M. Tausk 
Overbeek, J.Th.G., see R.J.M. Tausk 
Overbeek, J.Th.G., see R.J.M. Tausk 

Pifat, G. and S. Mari&ic’, A proton magnetic relaxation study of ferrimyoglobin in aqueous 
ionic solutions 

PWchke, D., Thermodynamic and kinetic parameters of an oligonucleotide hairpin helix 
Privalov, P-L., see EL Tiktopulo 

Quadrifoglio, F., V. Crescenzi and V_ Giancotti, Calorimetry of DNA-dye interactions 
in aqueous solution. 1. Proflavine and ethidium bromide 

Roberts, W-W., 0. Kramer, R-W. Rosser, F.H.M. Nestler and J.D. Ferry, Rheology of fibrin 
clots. I. Dynamic viscoelastic properties and fluid permeation 

Ross, i., see P. Ortoleva 
Rosser, R-W., see W.W. Roberts 
Rubenstein, 1. and S.B. Leighton, The influence of rotor speed on the sedimentation 

behavior in sucrose gradients of high molecular weight DNA’s 

Schernau, U, see D__ Bode 
Schwarz, G., see R. Bretz 
Schwarz, G. and P.-J. Bauer, Structural flexibility and fast proton transfer reflected by the 

dielectric properties of poly-L-proiine in aqueous solution 
Seydoux, F. and S. Bernhard, On site heterogeneity in sturgeon muscle GpDH: 

A kinetic approach 
Silber. H-B., Chemical relaxation studies on bovine serum albumin. I. Reactions of the 

imidazole groups at pH 6 to 8 
~kejanc, J., see S. Lapanje 

Skerjanc, I., Heats of dilution of polyacrylic acid at various degrees of ionization 
Hatter-y, C.W. and D.F. Waugh, Cation binding to @casein. A comparison of 

electrostatic models 
Smith, CM., see W-E. Ferguson 
span, J_, see D_ Dolar 
Spegt, P., C. Tondre, G. Weill and R. Zana, NMR and density study of Cot+ site binding 

by polyelectrolytes 

Tai, M.-S., see G. Kegeles 
Tausk, R.J.M., I. E&mi~elt, C. Oudshoom and J_Th_G, Overbeek, Physical chemical 

1(1973) 

l(1973) 

1 (1973) 
l(l973) 
1 (1974) 

1 (1974) 

1 (1973) 
1 (1974) 
1 (1974) 
1 (1974) 

1 (1973) 
l(l974) 
I(I374) 

l(1974) 

l(1974) 
I(l973) 
1(1974) 

l(l974) 

l(I974) 
l(f974) 

1 (1974) 

1 (1974) 

1 (1974) 
1 (1974) 
1 (1974) 

1 (J973: 
1 (1974) 
l(l974) 

l(1973) 

L(1973) 



studies of shortchain lecithin homologues. I. Influence of the chain length 
of the fatty acid ester and of electrolytes on the critical micelle concentration 

T’ausk, R.J.M., I. van Esch, I_ Karmiggelt, G_ Voordouw and J.Th.G. Overbeek, 
Physical chemical studies of shor&hain lecithin homologues. II. Micellar weights 
of dihexanoyl- and dieptanoyllecithin 

Tausk, R.J.M., J. van Esch, J. Karmiggelt, G. Voordouw and J.Th_G. Overbsek, 
Physical chemical studies of short-chain lecithin homologues. II. Micelh:r weights 
of dihexanoyi- and diheptanoyliecithin, Biophys_ Chem. 1 (1974) 184. Erratum 

Tiktopulo, E-1. and P-L. Frivalov, Heat denaturation of ribonuclease 
Tondre, C_, see P. Spegt 
Tondre, C., see R. Zana 

Van Esch, J., see R.J.M. Tausk 
Veis, A., see L. Yuan 
Voordouw, G., see R.J.M. Tausk 

Vozelj, M., see S. Lapanje 

Wabl, Ph., see D. Genest 
War@, D-F., see C.W. SIattery 
Weill, G., see P. Spegt 
Weirich, C.A., E.T. Adams, Jr. and G.H. Barlow, Sedimentation coefficients of 

self-associating species. I. Basic theory 
Weller, K., see E. Bauer 
Wrhbel, D., see D. Frackowiak 

Yuan, L. and A. Veis, The characteristics of the intermediates in collagen-fold formation 

Zana, R., see P. Spegt 
Zana, R. and C. Tondre, Ultrasonic study of the kinetics of counterion site binding in 

aqueous soiutions of polyl?lectrolytes 
Zandomeneghi, :.I., see P-L. Luisi 
Zimm, B-H., Anomalies in sedimentation. IV. Decrease in sedimentation coefficients 

of chains at bigb fields 
Zimmer, Ch., see E. Bauer 

1(15/4) 175 

1(1974) 184 

l(l974) 396 
I (1974) 349 
1 (1973) 55 
l(l974) 367 

l(l974) 184 
l(l973) 117 
1 (1974) 184 
1(1974) 308 

l(I974) 266 
I(l973) 104 
l(1973) 55 

l(l973) 35 
l(l974) 338 
1(1973) 125 

l(l973) 117 

l(l973) 55 

1 (1974) 367 
l(l974) 358 

l(I974) 279 
I(l974) 338 



SUB.JECT INDEX TO VOLUME 1 
Euch page number refers ~9 the fimr page of a given reference 

Adenine derivatives, self-association of, 237 
Adenosine 5’ triphosphate, 325 
Amides, rotational barriers in, 222 

B-casein, cation binding to, 104 
Bovine serum albumin, 300 

Calorimetry, of DNA-dye interactions, 3 19 
Calorimetry, of helix-coil conversion of t-EWAphe, 

214 
Calorimetry, study of heat of dilution of poly- 

acrylic acid, 376 
Casein, see &as-em 
Cation binding, to @casein, 104’ 
Cell differentiation, asymmetric, 87 
Chemical relaxation, study on bovine serum 

albumin, 300 
Chlorophyll, I25 
Chromatography, study of polynucleotide interac- 

tion with oligomers, 227 
Collagen, formation of collagen-fold, 117 
Conformational transitions, in a model polymer 

chain, 242 
Cooperativity, in human hemoglobin, 130 
Critical micelle concentration, 175 

Denaturation, of immunoglobulin G, 308 
Denaturation, of ribonuclease, 349 
Density study, binding of CoZt by polyelecttoiytes, 

55 
Deoxyhemoglobin, human, 97 
Dielectric properties, of poly-L-proline, 257 
Diheptanoyllecithin, 184 
Dihexanoyllecithin, 184 
Dilatometry, study of denaturation of immuno- 

.gIobulin G, 308 
DNA helix, deformation angle of, 266 
DNA, interaction with proflavine and ethidium 

bromide, 3 19 
DNA, properties of fd-, 141 
DNA, sedimentation behavior of, 292 
DNA, structure of chemically methylated, 338 

Electrostatic models, for cation binding to @-casein, 
104 

Energy transfer, between chlorophyll c and a, 125 
Energy transfer, in zthidium bromide-DNA complex, 

266 
Equilibrium ultracentrifugation, self-association study 

of adenine derivatives, 237 
Esters, rotational barriers in 733 , -__ 
1,N6-Ethenoadenosine 3’,5’ monohydrate 

(E-C-AMP), interactions with soIvents and bio- 
logical receptors, 5 1 

Ethidium bromide-DNA complex, 266,3 19 

Ferrimyoglobin, proton magnetic relL.uation of, 1 I 2 
Fibrin, I52 
Fluid permeation, of fibrin clots, 152 
FIuoresce;lce anisotropy decay, of ethidium 

bromide-DNA complexes, 266 

GPDH, of sturgeon muscle, 16 1 
Growth rates, of yeast colonies, 204 

Hairpin helix, 381 
Half-of-the-sites reactivity, of oligomeric enzymes, 

358 
Heat of dilution, of polyacrylic acid, 376 
Helix-coil conversion, 214 
Helix-coil equilibrium, 24 
Hemocyanin, rate constants for hexamer-dodecamer 

reaction of, 46 
Hemoglobin, cooperativity in human, I30 
Hemoglobin variants, solubility relationships in 

binary mixtures of, 387 
Hexamer-dodecamer reaction of hemocyanin, rate 

constants, 46 
Hill plots, 11 
Hydrodynamic properties, of polyribonucleotides, 62 

hnidazole groups in bovine serum albumin, 300 
Immunoglobulin, 308 
Infrared study, of guanine nucleosides, 134 
Instability mechanism, for asymmetric cell differen- 

tiation, 87 

401 



402 Subject index 

Interacting species, of fd-DNA at low ionic strength, 
141 

Interacting species, enumeration in r. biological 

Rheology, of fibrin clots, 152 
Ribonuclease, heat denaturation of, 349 
RNA, see t-RNA 

system, I8 Rotational barriers, in amides and esters, 222 
Ion binding, in polyelectrolytes, studies by ultra- 

sonics, 367 Sedimentation behavior, of high molecular weight 
Ion binding, in solutions.of sodium polystyrene DNA, 292 

sulphonate, 3 12 Sedimentation coefficients, decrease at high fields, 
279 

Kinetics, of hairpin helix, 38 1 Sedimentation coefficients, theory for self- 

Lecithin homologues, 175 

Methylated DNA, structure of chemically, 338 
Micellar weight, 184 

associating species, 35 
Sedimentation, of fd-DNA at low ionic strength, 141 
Self-association, of adenine derivatives, 237 
Self-association, of adenosine 5’ ttiphosphate, 325 
Self-association species, theory for sedimentation 

coefficients of, 35 
NMR, binding of Coz+ by polyelectro;ytes, 55 
NMR, proton magnetic relaxation of ferrimyoglobin, 

112 

Sickle-cell hemogIobin, gelation of, 387 
Site heterogeneity, of sturgeon muscle, 161 
Site interaction, 11 

Nucleosides, 134 Structure, of chemically methylated DNA, 338 

Oligomeric enzymes, 358 
Optical properties, of polyribonucleotides, 62 

Thermodynamics, of hairpin helix, 381 
Titration, of tyrosyl residues in deoxyhemogLobin, 97 
Transport properties, of sodium polystyrenesulpho- 

Poly-L-proline, 257 
Poly(rA) - pdy(rU), 24 
Pclyacrylic acid, 376 
Polyelectrolytes, NMR and density study of Co2+ 

nate, 3 12 

binding, 55 

t-RNA, phenylalaninespecific, 214 
TrGpocollagen, 73 
Tyrosyl residues, titration in human deoxyhemo- 
globin, 97 

Polyelectrulytes, ultrasonic study of ion binding in, 
367 

Polynucleotides, interaction with oligomers, 227 
Polyribonucleotides, hydrodynamic and optical 

properties of, 62 
Polystyrenesulphonate, Na, 3 I2 
Procollagen, 73 
Roflavi.ne-DNA, complexes, 319 
Proton transfer, fast, 257 

Ultrasonic relaxation, of polyelectrolytes, 367 

Viscaelastic properties, of fibrin clots, 152 

Yeast, 204 

Zone sedimentation, theory, 1 


	141-151.pdf
	152-160.pdf
	161-174.pdf
	175-183.pdf
	184-203.pdf
	204-213.pdf
	214-221.pdf
	222-226.pdf
	227-235.pdf
	237-241.pdf
	242-256.pdf
	257-265.pdf
	266-278.pdf
	279-291.pdf
	292-299.pdf
	300-307.pdf
	308-311.pdf
	312-317.pdf
	319-324.pdf
	325-337.pdf
	338-348.pdf
	349-357.pdf
	358-366.pdf
	367-375.pdf
	376-380.pdf
	381-386.pdf
	387-395.pdf
	396.pdf
	397-400.pdf
	401-402.pdf

