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Theoreticai zone sediientaticm patterns Iwe been computed for a variety of mm-cooperative God-mediated, 
macromolecular interactions. The generalization is draw that rapidly equilibrating ligand-me&ted interactions in 
sneral have the potentiality for showk himodal zones irrespective of reaction me&a&m subject to the provisos 

that wemU lip+binding is sufficient13 *trong to generate large gradients of unbound Iigand along the sedimenta- 
tion ~01urmr but that binding to the reactant it&f is not so strong that in effect the system behaves like the ana- 
Iogous nonrn~d~t~ i~te~ction. i\ physic& explanation of the resolution of bimodzd reaction zones is @en. @ati- 
tatively similar results have been obtained for molecular-sieve chromatography. 

1. ~ntr~uction 

Previously (chapters 4 and 5 in ref. [l] , [2,3]), we 
have described the theory of sedimentation of re- 
versrhle l&and-mediated interactions of the type (re- 
action 1) 

mM+nX+b&X,, U) 

in which a macromolecuie, M associates into an m- 

mer, with ffie mediation of a small l&and molecule or 
ion, X, of which a fixed number, n, are bound into 
tbe complex- The theoretical sedimentation patterns 
rev- . that such. interactions can given rise to a well- 
resor ; ,‘ .~odai reaction bo~da~ or zone despite 
instantaneo~ s establishment of equilibrium. Resolu- 
tion of the two peaks depnds apon the production and 
maintenance of concentration gradients of unbormd 
Jigand along the ci?ntrifuge cell by re~~~ra~on 
during differential transport of macromonomer and 
polymer; and the peaks correspond to different equi- 
librium mixtures of monomer and polymer. This is so 
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even for Iigand-mediated dime~zatio~ (i-e_, m = 2 and 
II = 1 or 6) which is in contradistinction to simple 
dimerization (reaction II) 

2M 3 MI, , (JJ) 

which always gives sedimentation patterns showing a 
single peak when re~qu~b~ation is rapid [4-71. Of 
course, at sufficiently high ligand concentration (or 
low centrifugal field) ligand-mediated dimerization 
can also give patterns that show a single peak. In the 
limit where for any reason the concentration of un- 
bound ligand aIong the cent:;fuge cell is not signifi- 
cantly perturbed by the reaction during differential 
~d~entation of the macromolecuIar species, the 
sedimentation behavior of Iigand-mediated association 
effectively approaches that of the simple association 
reactions considered by Gilbert [4, S] in the case of 
analytical sed~en~tion and by Bethune and Kegeles 
[S] for zone sedimentation. 

Subsequently, the prediction of bimodai reaction 
boundaries found experimental verification in studies 
on the reversrble dimerization of New Engfand lobster 
hemocyanin mediated by the binding of 4-6 Ca2* 
and 24 l-J+ which occurs when the pH is lowered 
from above 9.6 to below 9.2 19, lo] and on the di- 
merization of tubulin through the mediation of I vin- 
blastine molecule [ 1 I] . One notes, however, that 
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except for the case in which n = 1, reaction I is co- 
operative with respect to Iigand; and the question re- 
mains whether non-cooper7 3ve interactions in general 
can give bimodal sedirti<, tation patterns. Thus, for 
exampIe, the author was &ed recently: “WiII the 
zone sedimentation pattern of a macromolecule under- 
going the set of sequential and simultaneous inter- 
actions (reaction set III) 

M+X==MX (& )* 

MX + M * M,X (K,), 

2MX=hlzXi (Q’ (III) 

show two peaks?” In order to answer such questions 
a theoretical investigation of the sedimentation be- 
havior of some representative, non-cooperative ligand- 
mediated interactions has been made. In addition to 
reaction set III, the following interactions have been 
examined: the sequential monomer-tetramer reaction 
(reaction set IV) 

M+X==MX (K,), 

&1X = M,X, (K,), 

sequential and progressive tetrametization 

(Iv) 

M+X=+MX (Kl)’ 

2MX * M,X, (!Q 

M2X, + MX=+ M3X3 &) 

M,X, + MX * M4X4 (KJ’ 

K, =K;, =K4 =K 09 

dissociation of a dimer driven by binding of ligand to 
the monomer 

M2 = 2M (Kl )I 

M+X=MX ($), 

and sequen%I isomerization 

M+X=MX (K, ), 

hlX==DX U-Q, (VW 

in which the conformational isomer, DX, has different 
diffusion and sedimentation coefficients than does 
isomer M, either uncomptexed or comptexed with X 
The results of the calculations predict that under 
appropriate conditions each of these rapidly equihb- 

rating interactions can give rise to zone patterns 
showing two peaks. 

2. Theory 

The theory of zonaI transport to be described is for 
rectilinear coordinates and constant driven velocities 
of the various species and is thus valid for zone sedi- 
mentation through a preformed Linear density gradient 
in the preparative ultracentrifuge. This is so because 
macromolecules sediment with constant velocities 
under the conditions described by Martin and Ames 

[I21 f 
Theoretical sedimentation patterns have been com- 

puted by numerical solution of the appropriate set of 
transport equations for constituent macromoIectrIe 
and constituent ligand, The computations are for the 
limiting case of rates of reaction so fast that, in effect, 
there is local equilibrium among the interacting 
species. The salient features of the calcuiation are as 
follows: Suppose the sedimentation column to be 
divided into a number of discmte segments. Given 
the initial equilibrium concentrations of the several 
species in each SC’ ment, we calculate the change in 
the distribution of material during a short interval of 
time, Ar, due to transport. It is assumed that there is 
no re-equiiibration by interaction during At, each 
species migrating independently from its distribution 
at the begbning of the interval. After the concentra- 
tions have ueen advanced, equihbrium is recalculated_ 
That is, for known constituent concentrations of 
macromotecuie and tigand computed from the con- 
centrations of the several species as changed by trans- 
port, new equilibrium concentrations are calculated 
by applying the law of mass action. We then compute 
the change in this new distribution of material due to 
transport over the next At; recalculate the equilibrium; 
and so on, constructing the entire evolution of the 
distribution of material in the sedimentation column 
from the initial condition. 

To illustrate the numerical procedures let us con- 
sider the dimerization reaction set III. In this case there 
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are five sedimenting species including unbound ligand; 
and the simplifying assumption is made that both 
monomeric species, M and MX, have the same diffu- 
sion and sedimentation coefficients and that both 
dimetic species, M,X and M2X2, likewise have the 
same transport coefficients. The molar concentrations 
of the macromolecular species are designated as C’, 
where i = 1 or 2 designates monomer or dimer and 
k = 0,l or 2 designates the number of bound ligand 
molecules (e.g., Ct.-) is the concentration of M; C2,1 
the concentration of M,X; etc.). Their transport co- 
efficients bear the subscript i. The molar concentra- 
tion, diffusion coefficient and sedimentation coeffi- 
cient of unbound ligand are designated as C3,03 
and s3 respectively_ 

The changes in concentration of the four macro- 
molecular species with time, C, and position in the 
sedimentation column, x, during independent traus- 
port are described by the conservation equations 

ac,k 
-vi x if(vj-U)>O, 

(i= 1,2;k=O, 1,2), 

where Di is the diffusion coefficient; and Vi is the 
driven velocity. vi = sla2g in which si is the sedimen- 
tation coefficient; 02x, the constant field strength; 
w, angular velocity and g, an average position. In our 
calculations, ~2: = 2.6056 X lo* cm secS2 which 
corresponds to 60,000 rpm and x = 6.6 cm. The con- 
servation equation for independent transport of un- 
bound ligand is 

ac3 a%, ac3 -= 
al D3s-v 3TG- (lb) 

These equations have been solved in a frame of reference 
movingwith the average macromolecular velocity U = 
$(vl t vz), which introduces the new position variable 
X’ZX- Gf. Eqs.(la) and(Ib) are transformed into 
the moving coordinate system simply by making the 
replacements x’ + x, vi - u+ Vi and v3 - c-+ ~3. 

We now introduce discrete time and position 
variables 

fn =ttAt (n =o, 1,2, . ..). 

x; = IAX’ (f=O, 1,2,-.-L) 

and replace the continuous variables Ci,k(T, s’) and 
C3(t, x’) by the discrete variables ciSk(nAt, IAT’) E 
C&(t,, , x3 and C3(rrAt, 1Ar’) = C3(t,1, x;)_ 
Proceeding as in a previous investigation [ 131 the 
transformed eqs. (la) are approximated by the finite 
difference equations 

in which 

(i = I, 2; k = 0, 1,2), (2a) 

if(vi-_)<O. 

Similarly, for eq. (1 b). Given values Gf C,, and C’, at 
any time t, we can calculate their values at I + At as 

changed by transport using these equations. 
At each time, t,,r+l, new values of the constituent 

concentrations of macromolecular, cSl, and &and, 
C--, are computed from Ci., and C’s as changed by 
transport 

- 
cx=c3+c1*+c,1+2c,, . -9 -,- 

and then re-equilibration is imposed by simultaneous 
solution of the mass action expressions 

(3a) 

134 
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for the equilibrium values of C,,, and C, which, in data, and the values of the equilibrium constants are 
turn, are used to calculate the equilibrium values of cakulated therefrom: 

c 1 , 1 =%C3C1 o- 9 

C 2 1 =qK,c3C:,c), , 
- 

K, =&)/C3(-J, @a) 

To solve eqs. (3a) and (3b) we apply the Newton- 
Raphson method ]I4], using the old equihbrium 
values of Cl o and C, as starting approximations 
except whei the old value of C, o is zero in which 
case 0.5 cbf is used. The new v&es of the equilibrium 
concentrations serve as the starting distribution of 
material for the next time cycle of transport followed 
by re-equihbration; and so on. Given initial conditions 
and boundary values, this recursive calculation 
allows one to follow the evolution of t!e sedimenta- 
tion pattern 

c20 

K2=cz - 
(1 +&I2 

10 R,oU f&O) ’ 

c20 

K3 c2 

&I$1 + &I2 
Z-0 

10 R&U +Rza) - 

PI 

The boundary values are 

The initial conditions are 

C,,(O,x;) =ClO/(’ +RIO)= 

Cr . 1(0,x;) =C,, - Cl 0(0,x;), , 

5J(o.x;) =53m +&I, 

~2#3’4~ =qo - c*,J~o.x;~. 

C3(o,Xi)“C~0(C=L/2-5,...Lf2+5), 

t;I,o(oTx;, =C&4X;) =C*,J(o,X;) 

As stated mathematically by the initial conditions 
given above, the calculations are for unbound ligand 
initiahy distriir_;ed uniformIy throughout the 
centrifuge column. 

= C*,*@, x; I= 0, 

cyo, x;, = C3()(Z f L/Z - 5, . . . L/2 + 5). 

The quantities CIo, C,, and C, are the initial equi- 
iibrium concentrations of total monomer, total dimer 
and unbound Iigand, respectively; and RIO and Rzo 
are the initial equilibrium ratios 

Computations were made on the University of 
Colorado’s CDC 6400 electronic computer. The 
values of AI = 10 set and Ax’ = 0.02 cm used in these 
caIcuIations satisfy the stability criterion employed 
previously [ 131. The computed sedimentation patterns 

are displayed as piots of constituent concentration of 
macromoiecule, (C, + 2C2) 3 FM, against position, x’, 
where C, and C2 are the concentrations of total 
monomer and total dimer, respectively. Two vertical 
arrows indicate where the peaks in the patterns would 
have been located had sedimentation been carried out 
on a mixture of noninteracting macromolecules having 
the same transport parameters as monomer and direr. 

The foregoing mathematical formulation has been 
applied in principle to the other interactions which 
.ve have examined. In each case it is assumed that M 
and MX have the same transport parameters. The nota- 
fion used is as foiiows: 

R I() = Cl, I(09 ~[)lc,,,(O> X[), (4a) 

A,, = c~,2(O’~~)/c2,~~Oo’x~)- (4b) 

ClO, Czu, Csu, RI0 and R,o constitute computer input 

Reaction IV. Cl, C4 and Cs desigante molar con- 
centrations of tota monomer both uncomplexed and 
complexed with ligand; tetramer; and unbound ligand. 
Subscripts lo,40 and 50 designate initial concentra- 
tions. 
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Diffusion and sedimentation coefficients bear the same 
subscripts as the concentrations of the corresponding 
species. RI0 is defined as in eq. (4a). 

Reaction K C,, C,, Cx, C, and C5 designate molar 
concentrations of total monomer; dimer; trimer; tetra- 
mer; and unbound ligand. Initial concentrations and 
transport parameters are subscripted in a manner 
analogous to that indicated above; and R,, is defGed 
as in eq. (4a). 

Reocrion VI. C1. C, and C3 designate molar con- 
centrations of total monomer; dimer; and unbound 
ligand. R 10 is defmed as in eq. (4a). 

Reacrion VX Cl. C2 and C, designate molar con- 
centrations of total isomer M both uncomplexed and 
comvlexed with X; isomer DX; and unbound ligand. 
Initial concentrations and transport parameters are 
subscripted in an analogous manner as above; and R 1O 
is defined as in eq. (4a). 

In the case of reactions iV and V we chose to in- 
crease Ax’ to 0.03 cm in order to insure stability 
while maintaining Ar = 10 set to minimize the amount 
of calculation, rather than decreasing At at Ax’ = 0.02 
cm. This compromise was made at the expense of 
increased truncation error which expresses itself as 

excess spreading ((‘truncation diffusion”) of the peaks 
in the sedimentation pattern [IS] but has no effect 
on their positioning_ The error is not serious and has 
no bearing on the conclusions. Thus, the half-widths 
of the peaks shown by a noninteracting mixture of 
monomer and tetramer after 15 X 104 set of sedimen- 

tation were only about 15% greater than expected 
from translational diffusiOn of the macrom0lecules. 

The theory of molecular-sieve chromatography is 
for small zones 1161 and was formulated for reaction 

set IV in the same way as zone sedimentation except 

that in most cases the l&and was taken to be initially 
present only in the starting zone. Calculations were 
made for the total column frame of reference (171 
with system parameters as given by Zimmerman et 
al. [18] for monomer (17,000 daltons) and tetramer 
on G-200R The “truncation diffusion”, 
I ui - iii Ax’/2, was subtracted from the axial &per- 
Sons of monomer and tetramer in order to eliminate 
this source of error (correction < 10%). The concen- 
tration profiles are displayed as plots of total con- 
stituent concentratior, of macromolecule [CT = 
cl + 464 where, in the notation of Zimmerman and 
Ackers [ 171, the prime designates the total column 
frame of reference] vsx’. 

Fig- 1. Theoretical zone sedimentation Fattern computed for 

the @and-mediated dimerization reaetion set III, 50% di- 

merization with R to = 0.10 and Rzo = l-00; a - plot of con- 
stituent molar concentration of macromolecule (Cl + 2C2) vs_ 

position, x’; b - twice. the molar concentration of dimer (2Cz) 
vs x’; c - molar concentration of monomer (C,) vs x’. The 
folIowing values of the macromolecule concentrations and 
parameters were chosen to approximate the sedimentation of 

a protein of molecular weight 60,000: Cl0 = 7 x 10” 31, _ 
CZo = 3J x LO* hf. s_%= 4S. s2 = 6.35s. D, = 6 x 10m7 cm2 
Set -I. Dz = 4.76 x 10 cm’ sec.? _ For the small ligand 
molecule: C30 = 5 X la” M,sa = O.iS,D~ = 16’ cm* se&’ _ 
Time cf sedimentation. I.5 x LO4 sec. 

3. Results and discussion 

Let us first consider the dimerization reaction set 
III according to which the binding of a single ligand 
molecule to the macromolecule mediates formation 
of two kinds of dimer-one containing a single ligand 
molecuIe and the other containing two l&and mole- 
cules_ As for mechanism, it could be that the monomer 
conformation that favors formatiqn of dimet is 
stabilized by the binding of a Iigand mokcule as might 
obtain, for example, in an allosteric interaction. As 
illustrated by curve a in fig_ 1 for 50% dimelization 
such an interaction CM give a well-resolved bimodal 
reaction zone even though reequiiibration Is rapid. 
The individual distributions of diner and monomer 
are shown by curves b and c, respectively. In contrast 
to dimer, the monomer is bimodaYy_distributed - a 
fact which would have to be borne in mind if the 
pattern of biological activity were to be measured 
through the zone. The slower peak in the zone is com- 
posed largely of monomer, while the faster one is a 
mixture of dimer with an appreciable amount of 
monomer. Consequently, the slower peak migrates 
only slightly faster than monomer, whiIe the faster 
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Fig. 2. Plots of molar concentration of unbound Iigand (CJ) 

vs positior, x’: a. b, c and d pair with the cor:xspondingly 

designated macromolecular patterns displayed in fig. 3C;pat- 
tcm a aIso pairs with the macromolecule pattern presented in 
fig. 1. Horizontal line represents the initially uniform distribu- 
tion of unbound ligand throughout the sedimentation column. 

one migrates rather slower than dimer. The macro- 
molecule contained in the faster peak is about 60% 
dimerized even though the overall extent of dimeriza- 
tion throughout the spreading zone has decreased to 
about 35% due to mass action. 

The distribution of unbound Iigand is given by 
curve a in fig. 2. We see that as the zone migrates down 
the sedimentation column ligand is swept out of the 
upper part of the column and concentrated in the 
region corresponding to the position of the faster peak 
In the pattern of macromolecule_ Comparison of the 
macromolecuIe and @and distributions (figs. I and 2) 
with the aid of the mass action expression, C,,l/Cl,O = 
K3C3, shows that, whereas less than 3% of the monomer 

contained in the slower peak is complexed with ligand, 
more than 30% is compIexed in the faster peak- It is 
immediately apparent that resolution of the bimodal 
reaction zone depends upon the production and 
maintenance of concentration gradients of uneound _ 
ligand along the centrifuge column by resquilibration 
during differential transport of macromonomer and 
dizer; and that the peaks correspond to different 
equilibrium mixtures_ 

The mechanism of resolution is as Follows: Because_ 

of the transport of ligand bound into dhner the back 
half of the sedimenting zone is almost depleted of 

X’ 
- 

Fig. 3. Factors governing the shape of the theoretical zone 
sedimentation pattern for the dimerization reaction set III. 
A-Dependence of shape on C, for 50% dimerization with 

R ‘0 = 0.10 and R 20 = 1.00: pattern a - C 
b- 1 x 10-6;c -P 

=5 x 16’ h-I; 
-1.7X LO-6;d--5X 10 ;ande-2X 

16’. B - Dependence onRzo for 50% dimerization with 
Rro=O.lOandC~ =5 X 1Ci’M: patterna -Rzo -0.10; 
b- 1.00 and c - 10.00. C - Dependence on R_~o for 50% 
dimerization with R20 = 1.00 and COO = 5 X 16 hl: pattern 
a--RIO= 0.10; b - 0.25; c - 050; and d - 1.00. 
D - Dependence on percent dimerization at fixed K t = 

1 X ld M-'.K2 =4.32x l$M-t andK3=4.32 x LO’M-‘: 
pattern a - 23% dimerization, total iigand concentration 
2.49 X 1 OJ” M; b - 50%. 5.99 X lo+; and c - 75%, 
10.80 X 10‘5. C,, + 2Czo = 14 X lOA M;other param- 
eters as in fig. 1. 

ligand. Consequently, the remaining monomer in this 
region is deprived of the dimerrization-mediating srnal! 
molecule and thus lags behind to form a second peak. 
At the same time the fast peak is enriched in ligand to 
an extent which more than compensates for dilution 
of the macromolecule in the spreading zone. As a re- 
sult, the macromolecule in this peak is actually more 
highly dimerized than in the starting zone*_ The t.vo 
peaks never completely resolve, however, because the 
association reactions are reversible. With only minor 

* I7Ie redistribution of rigand during sedimentation of macro- 
rnoIecule is particularly striking. From the thermodynamic 

point of view the decrease in entropy accompanying these 
processes is at the expense of centrifugal work. Mechanistical- 
Iy, the sedimentation velocity of the &and is increased by 
almost two orders of magnitude as a result of binding into _ __ 
the duner. 
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modification of details this argument is expected to 

apply to any ligand-mediated interxtion which leads 
to a change in sedimentation coefficient of the macro- 
molecule provided that the overall binding of ligand 
is sufficiently strong (i.e., ratio of bound to free con- 
centration sufficiently large) to generate large gradients 
of unbound ligand along the sedimentation colurnrr; 

but binding to the reactant itself must not be so strong 
&hat the sedimentation behavior of the system ap- 
proaches that of the analogous nonmediated interaction_ 
A survey of the factors governing the shape of reaction 
zones follows. 

These factors are delineated in fig. 3 for the dimer- 

ization reaction set III. The families of patterns dis- 
played in figs. 3A, 3B and 3C for 50% dimerization at 
fmed macromolecule concentration show how the 
shape of the zone dependsupon the strength of ligand- 

binding as adjusted by systematic and independent 
variation of each of the parameters [C3,-,, R,, and Rzo; 
see eqs. (4a) and (4b)] which determine the values of 
the three equilibrium constants [see eqs. (5a)-(5c)]. 

The family of patterns in fig. 3A was computed by 
varying C3u at fmed values of RI0 = 3.10 and RZO = 
I-00. At the lowest value of C30 the bimodal zone is 
well resolved. Increasing C,, (i.e., decreasing the 
strength of overall ligand-binding by decreasiiig K, at 

fwed K, and KS) causes progressive loss of resolution 
untfl ;* ,..c ticiently high CSo the two peaks have co- 
alesce, _ on-n a skewed unimadal zone whose apex 
migrates with a velocity only slightly greater than 
the weight average velocity of monomer and dimer. 
This is so because redistribution of unbound ligand 
along the sedimentation column becomes progessively 
weaker as the limit is approached in which the initial 
uniform distribution cannot be significantly perturbed. 
In this limit the sedimentation behavior approaches 

that of the simple diierization reaction II. 
The strength of ligand-binding can be increased at 

a fmed low value of Cxo by increasing either R I~ or 
R,, with differing effects on resolution because here 
the controlling factor is the change in proportions of 
ligand bound to the different macromolecular species 
rather than the increased strength of overall binding. 
Thus, increasing R20 (i.e., increasing the proportion 
of ligand bound into the dimer M,X,) enhances 
resolution (fig. 38) because in the limit of very large 

R,, and small RI,-, the reaction set III collapses to the 
cooperative interaction 

2M +2X==MaX, , (VIII) 

whose equilibrium position is more sensitive to the 

concentration of unbound hgand than in the case of 
the noncooperative interaction. Consequently, the 
macromolecule in the faster peak is more highly 
dimerized In contrast, 
increasing R 10 (Le., increasing the proportion of 
ligand bound to monomer) causes progressive loss of 

resolution (fig. 3C) * because the redistribution of 
ligand along the sedimentation column becomes 
progressively weaker (fig. 2) as the fraction of mono- 
mer initially complexed with ligand increases_ 

The set of patterns presented in fig. 3D illustrates 
how the shape of the reaction zone depends upon the 
initial percent of dimerktion as Determined by total 
ligand concentration at constant macromolecule 

concentration and fixed equilibrium constants. The 
zones for 25% and 50% dimerization are bimodal, and 
the faster peak grows at the expense of the slower 
one as the percent of dimerization increases_ l-low- 

ever, the distribution of macromolecule between the 
two peaks does not faithfully reflect the initial com- 
position, the amount in the faster peak being Gis- 
proportionally large. The disparity increases progressive- 
ly with increasing percent of dimerization until reso- 
lution is completely lost at 75% dknerization. This 
behavior is due to progressive increase in both the 

fraction of monomer initially complexed with ligand 
and the initial concentration of unbound ligand. As 
we have already seen, either factor when taken alone 
leads to eventual loss of resolution. Finally, the velocity 
of the faster peak in the bimodal zone increases with 
increasing percent dimerization; as dimerization is 

* It is interesting that both fatdies of psttcrns displayed in 
figs. 3B and 3C exhibit a stationary point remtiiscent of an 
isosbestic point in absorption spectra except that the con- 
stituent macromolecule concentration at the stationary point 
decreases with time of sedimentation_ Ott the other hattd 
the point moves at a constant velocity different from the 
local velocity which indicates that it is a pro;lerty of the 
equilibrium equatians rather th3n the tmnsport eqUatiOnS 
pm se. The analogy to an isosbesdc point holds only insofar 
as the amount of monomer contained in the zone is the same 
for each pattern in a given family_ This is so within the error 
of the ealcuhtion; e.g., only a 4% drift over a LO-fold range 
of R to-values for 75 x 10’ set of sedimentation and 8% for 
1.5 x lo4 see which is consistent with the fact that the trun- 
cation error is propagated in time_ 
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driven to completion, the velocity of the apex of the 
unimodal zone approaches the velocity of the dimer. 

Although the foregoing results are for zone sedi- 
mentation, the same behavior can be expected of 
analytical sedimentaiton in which case bimodal reac- 
tion boundaries are predicted for essentially the same 
conditions. 

The several factors delineated above for reaction 
set HI also apply to other ligand-mediated interactions 
as illustrated, for example, in fig. 4 for the tetra- 
merization reaction sets IV and V. Even progressive 
tetramerization (fig. 4B> can give bimodal zones (e-g., 
pattern a) in which the slow peak is composed largely 
of monomer and the faster one is an equilibrium mix- 
ture of monomer, dimer, trimer and tetramer. The 
leading edge of the zone is hypersharp because of the 
strong dependence of reversible higher-order poly- 
merization reactidns _on macromolecule concentration; 
as higher-order polymers are differentially transported 
into the fresh solution immediately ahead of the 
advancing zone they dissociate into slower sedimenting 
species which lag behind. Increasing either the initial 
concsntration of unbound ligand (CT,,) or RI0 leads 
to ioss of resolution_ Ln the first instance this is due 
to decreased strength of overall &and-binding, while 
in the second case the limit is approached in which 

ail of the monomer is complexed with ligand so that 
the system in effect behaves like the nonmediated 
progressive tetramerization renction 

During the course of these cakulations it was noted that a 
good approximation to zone sedimenta&n could be made 
Ly (I) timsporting total macromonomer and total dimer 
without distiuguishiilg between species mntaining different 
numbers of &and molecules; (2) assuming that the ratios 

Rl = CI,I/Ct,~ ad R2 = C2,2/C2,1 do not changesignS- 
cantly during transport over a small t!me interval, dt; 
(3) GIklllating at time, rn;l, the concentrations Cik from 

CI,O + CI,I and C2,1 + CZ,2 as changed by transport using 
the old vhues of R 1 and R2; and (4) caku!ating new values 
of R 1 and Rz after re-equlbtation. For ease af c&uktion 
this approximation has been used to compute analytical 
sedimentation patterns employing a modification of the 
computer program developed by Goad (Chapter 5 in ref. 
[ 11) for reaction I_ The major mtification in the program 
is a stew Subroutine EquiL The computed sedimentation 
behavior is strikingly similar to that shown @I fii 3 for zone 
sedimentation. 

M, + M = M, (K3), 

K, =K, =K,. W9 

I&and-mediated dissociation and isomerizaiton 
can aiso give well-resolved bimodal reaction zones. In 
the case of the dissociation reaction set Vi resolution 
is enhanced by increasing the proportion of monomer 
complexed with ligand (i-e., increasing Rio) because 
in the Limit of very large R,, the system collapses to 
the cooperative interaction 

x 

Fig. 4. Factors govekng the shape of the theoretical zone 
sedimentation pattern for I&and-mediated tetramerization. 
A - Reaction set N, 50% tetramerization with Rto = 0.10 
for patternsa, b. c and d and R 1,~ = IO.00 for pattern e: pat- 
tern a - Cs0 =5x lo-‘Mb-2x lO*;c-5 x 1c6:d- 
7x iO*;ande-5 x 10+-B -ReactionsetV.S(i%as- 
so&&ion wirh R fO = O-10 and K = 1.72 X 10’ I&’ for patterns 
a,b,canddandRlo= lO.OOandK~S.lOX 103M? for 
&?atteme:patterna-Csu=5X lO+M;b-2X IO*;c- 

5X10-6;d-5X10-5;ande--5X10-5_Initialconsti- 
Lent concentration of maaomokcule equals 14 X lo-' 

MS, 
cm2 

= 4s. s, -= 6.359. s, = 8.32s. s4 = 10.08S,Da= 6 x lo-’ 
set-‘,D, = 4.76 x lo-’ cm’ see-‘,D, = 4.16 x IO-’ 

G* 9ec-*,D4 =3_78 x lo-' cm* set-t.Otherpamneters 
asinfq.1. 
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L 
Fig. 5_ Theoreticalzone sedimentation patterns computed For 
the &and-mediated isomerization ~~%W~OII St VII for SW_, 
isomerization. P_attern a - s, = SS. S2 = 4s. Da = 7.5 X 10 
cm2 set?, D2 = 6 X IO-’ cm2 se?, and 3 X IO4 set of 
sedimentation. Pattern b - $1 = 6.35s. q = 4.5 DI = 
4.76 x 16’ cm* set?, & f 3 X 16’ cm* se?, and 
1.5 x lo4 sec. Cl0 + c,, = 14 x lo-5 M;Cm = 5 x to- 

, 
M 

and RI0 = 0.10; other parameters as in fig. 1. 

Ma+2X=+2MX (x) 

The patterns for 50% dissociation with C,, = 
5 X lO-7 MandRIo = 1.00,2.50 or 5 .oO are similar 
to although better resolved than patterns c, b and a in 
fig- 3C, respectively_ Not only does the shape of the 
zone show a dependence upon f2to which is opposite 
to that for diierization; but the redistribution of 
ligand along the sedimentation column is also op- 
posite in sense, i.e. ligand is concentrated in the upper 
portion of the column and depleted in the region nf 
the faster peak of the pattern of macromolecule. 
Finally, bimodal reaction zones computed for the 
isomerization reaction set VII are displayed in fig. 5. 

‘IT&s, the forementioned generalization seems 
justified that rapidly equilibrating l&and-mediated 
interactions in general have the potentiality for 
*owing bimodal sedimenting zones irrespective of 
reaction mechanism provided that overall ligand- 
binding is strong but that the product of the interaction 
binds ligand more strongly &an does the reactant_ We 
recognize the second condition as characteristic of 

0 2 3 A 
X’ 

Fig. 6. Factors governing the shape of the molecular-sieve 
chromatographic profiIe computed for reaction Set IV on 
Sephadex GZOOR, 50% tetramerization. A - Dependence of 
shape on R 10 for flow rate F = 1.2 ml/hr: a - R 10 = 0.10; 
b - 10.00. B - Dependence of shape on F for R 1o = 0.10: 
a - 1.2 ml/br; b - 5 ml/% E - 9.6 ml/hr- Ligand initially 
present only in starting zone; where tested (conditions in A) 
virtually the same profiles were obtained when unbound 
l&and was initially tiistributcd throughout the chromara- 
graphic cohmnn. The times are such that the volume passed 
(V = Ft) is 5 ml for ail curves. C;o i- SC;, = 14 X lti5 $1; 
c;, = 5 x LO-’ M. 

allosteric interactions. Nor, as shown previously 121, 
need the ligand be initially distributed ttrroughout the 
sedimentation column for resolution to occur; virtual- 
ly the same bimodal pattern was obtained for co- 
operative ligand-mediated dimerization (reaction I 
with m = 3 and )I = 6) when ligand was initiaily present 
only in the starting zone. Since the generation of bi- 
modal zones is not unique for any one reaction 

mechanism, it is imperative that appeal be made to 

the combined application of zone sedimentation with 
one or more other physical methods such as sedimen- 
tation equilibrium and light scattering in order to 
elucidate the mechanism of reaction. 

The above results for zoce sedimentation also apply 
to zone electrophoresis when the mobility of the 
associated macromolecule happens to be greater than 
the monomer, and as illustrated in fig. 6 , a qualitatively 
similar behzvio: Is predicted for molecular-sieve 
chromatography on Sephadex or other gel-permeation 
supports. It is particularly interesting that increasing 
the flow rate (fig: 6B) causes progressive coalescence 
of the two peaks in the broadening reaction zone. This 
is due to progressive increase in the axial dispersions 
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of the several species especially the increase in the axial 
dispersion of the ligand which tends to smooth its 
concentration gradients through the zone.* Although 
the chromatographic patterns were computed for the 
total column frame of reference and are thus directly 
related to the column-scanning mode of data ac- 
quisition [16], the elution profile will show the same 
features, Accordingly, the same precaution that was 
emphasized previously for electrophoresis and sedi- 
mentation (chapter 6 in ref. [l] ; i2,19]) also applies 
to gel f&ration; namely, fractions must be rechromat- 
ographed to see if they run true. Otherwise bimodality 
due to interactions could be misinterpreted in terms 
of inherent heterogeneity. 

Finally, it is anticipated that the concepts elab- 
orated in these investigations will find application to 
a variety of biochemical reactions such as the inter- 
action of enzymes with cofactors and ailosteric 
affecters. A recently reported practical application 
of the mass transport of interacting systems is the 
determination of the equilibrium constants for the 
binding of complementary tetranucleotide to t-RNA 
and proflavin to chymotrypsin from acrylamide gel 
electrophoresis [20]. 

References 

[ 1) J-R. Cann, interacting macromolecuIe_c. The theory and 
practice of their electraphoresis, ultracentrifugation, and 
chromatography (Academic Press, New York, 1970). 

PI 
131 

[41 
VI 
[61 
[71 
@I 

[91 

[lOI 

1111 

1121 

[131 
El41 

PSI 

1161 
1171 

WI 

WI 
r201 

J.R &XIII and W-B. Goad, Science 170 (1970) 441. 
3-R Cann and W.B. Goad, Arch. B&hem. BiophyL 153 
(1972) 603. 
G.A. Gilbert, Dis. Faraday Sot. 20 (1955) 68. 
G.A. Gilbert, Proc. Roy. Eoc. A250 <1959) 377. 
E-0. Field and J.R.P. O’Brieo. Biochem. J. 60 (1955; 656. 
E-0. Field and A.G. Cgston. biochem. J. 60 (1955) 661. 
J.L. Bethune and G. Kegeles, J. Phys. Chem. 65 (1961) 
433. 
K. Morimoto and G. Kegeies, Arch. Biochem. Biophys. 
142 (197 I) 247. 
M. Tai and G. Kegeles. Arch. Biochem. Biophys. 142 
(1971) 258. 
R-C. Weisenberg and S.N. Timasheff, Biochemistry 9 
(1970) 4110. 
R-G. Martin and B-N. Axles, J. BioL Chem. 236 (2961) 
1371. 
J-R Cann and W-B. Goad, J. BioL Chem. 240 (1965) 148. 
B. Camaheo, H.A. Luther and J.O. Wilkes, Applied 
numerical methods (Wiley. New York, 1969) p_ 3 la_ 
W.B. Goad and J.R. Cann, Ann N.Y. Acad. ScL 164 
(1969) 172. 
GX. Ackers, Adv- Protein Ciiem. 24 (1969) 343. 
J.K. Zimmerman and GX. Ackers, J. Biol. Chum. 246 
(1971) 1078. 
J-K. Zimmerman, D.J. Cox and G.K. Ackers, 3. Biol. 
Chem. 246 (1971) 4242. 
J.R Cum and D.C. Oates, Biochemistry 12 (1973) 1112. 
J. Eisinger and W. Blumberg, Fed. Proc. 32 (1973) 662 
Abs. 

* Decreasing the centrifugal Geld has an analogoti effect on 
the analytical sedimentation patterns for &and-mediated 
dimerkation (chapter 4 in ref. [ 11). 



BIOPHYSICAL CHEMISTRY l(l973) 11-17. NORTH-HOLLAND PUBLISHiNG COMPANY 

RELATIONSHIP BETjWEEN HILL PLOTS WITH VARIABLE EXPONENTS 
AND DEI’ERMINATION OF AVERAGE FREE ENERGY OF INTERACTION PER SITE* _. 

Magar E. MAGAR and Paul W. CHUN** 
Deportment of Biochemistry, College of Arts arrd Sciences, 

University of Florida, Gainesville. Floridn 3.7601, USA 

Received 10 January 1973 

The Hi plot has been used by many investigators in protein ligand equilibria_ Asa general ruIe, it is used with a 
single exponent. In this paper, we propose the use of the Hill equation with an exponent that varies with the ligand 
conoentraYon. Since Wyman [ l,-21 has shown tbis exponent is related to free energy of interaction of the site, 
computing the exponent as a function of ligand concentration provrdes a history of the conformational changes that 
occur with increasing Bgand concentration. 

1_ Introduction 

It has long been known that cooperative effects 
p-63 in the binding of oxygen by hemoglobin follow 
a sigmoid saturation curve which differs from the typi- 
cal Michaelian saturation character [7]. 

-it is clear, however, from a multitude of recent 
studies, that many enzymes display sigmoid saturation 
dependence, and such behavior may be affected by 
cooperactive interaction [S- 171. Work by Perutz et 
al. [18,19] on the structure of hemoglobin suggests 
that the interaction between hemes or binding sites is 
indirect, resulting from conformational changes when 
the molecule binds oxygen. 

The recent emphasis on such cooperative confor- 
mational effects suggests the view that ail allosteric 
enzymes are composed of subunits and are thought to 
possess distinct stereospecific binding sites. The bind- 
ing of ligand to its site produces a specific conforma- 
tional change in the protein (an allosteric transition)_ 

Since the concept of allosteiic protein was intro- 
duced by Monod et al. (201, four representative models 
for allosteric phenomena have heen proposed in recent 
years; (1) the two-state model [21] ; (2) the induced- 

* This work was supported by Nation& 8eience Foundation 
Grant GB 28223-A*-1 and in part by the Department of 
Health, Fkrcation, and Welfare Grant DL 05784-07(TOl). 

** Reprint requests and att correspondence to: Dr. Paul W. 
Chun 

fit or square model [22] ;(3) the probability Isiag 
model [23] ; and (4) the model of progressive change 
in ligand interaction 1241. These models, which are 
equivalent, all pay attention to the mechanism of 
binding and may be derived using Adair’s expression, 
as described by Magar and Steiner [ 17]_ Wyman 
[ 1,2] has shown that Hill’s coefficient (n) [4] may 
be used as an index of the interaction that occurs in 
the cooperative binding process. 

The interaction parameter, formally defined by 
Wyman [2eX 251 as c s dIn@ 1 -F)/dln x. whereF 
is the degree of saturation and _Y is the ligand concen- 

tration, is related to the average free energy of inter- 
action of the sites designated as M=_ By convention, 
AF, = RT lnx. dAFX measures the effect of a 
graduat change by d_v in the fractional saturation on 
the free energy-Then, d~,fd~=PTdInx/d~. When 
no interaction occurs in the system, dU,/d> = 0 and 
when there is interaction, daF,/dv f 0. Thus, at any 
given value of dF with fractional saturationy, AF” is 
defmed as the free energy of interaction at a given 
saturation. When n > 1, the interaction is a stabilizing 
one, where LF= gives the stabilizing energy per site 
for the system as’s whole at nturltion [2]. Wyman 
derived the following equation for Lu;;,: 

m- =RT j (rz - Qdlnx 
x=0 

(1) 

for fixed exponents of n. 
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The Hill plot ha; been extensively used by Wyman 
[21, as well as by Antonini et al. [26], Brunori et al. 
[27], and Banejee and Cossaoly [28] in studies on 
the oxygenation of hemoglobin to obtain the average 
free energy of interaction per site. This procedure 
has been disputed by Saroff and Minton [29], who 
claim that HZl plots can only yield the difference be- 
tween the free energies of interaction between the 
first and last sites. Saroff and Yap [30] further con- 
clude that the relationship between the value of n and 
the interaction energy is meaningless without the 
appfcation of a model. Whatever the precise inter- 
pretation of the quantities yielded by the Hill plots, 
it is clear that the analysis to date indicates the value 
of n is not, in fact, constant throughout the binding 
curve, but is a function of hgand concentration. 
Therefore, a single, constant n value is not sufficient 
to describe the cooperative binding process which 
occurs_ 

in this communication, we propose the use of the 
Hill plots with a variable exponent which varies as a 
function of ligand concentration. This new procedure 
permits a more detailed evaluation of the thermo- 
dynamic parameters oi protein-&and interaction_ 

2. Theoretical considerations 

A.V. Hill [4] proposed an empirical equation 
which describes the oxygenation of hemoglobin: 

- 

yy =k”. (2) 

The linear transform of this equation yields the param- 
eter n, that is, lnfi/l -F) versus Inx. When the sites 
are all identical and independent of each other, then 
this plot gives a straight line with n = 1_ If cooperative 
interaction exists, i.e., n > 1, then the Hill plot will no 
longer give a straight line. 

Wyman [I] derived the stabilizing free energy of 
binding per sitz at saturation x, given by: 

This equation (3) can also be expressed as: 

(3) 

A&x =RT f (n - I)dInx. 
0 

Mounting studies in the literature indicate that a 
constant value of n is not suitable to describe the 
binding process. In work on hemoglobin, Saroff [3 I] 
has asserted that a fved exponent n characterizes only 
a limited region of the binding curve, neglecting 
regions at high and low saturations of oxygen. 

In order to assess the firll range of cooperative ef- 
forts, n must be considered as a function of liga,rd 
concentration, and therefore variable. 

In this paper, Hill’s exponent will be designated 
G(X) to distinguish it from n defined as the number 
of binding sites, as it often appears in ihe literature_ 
Thus, Wyman’s expression would be written as: 

A&X =RT s” [#(xx)- l]dlrrx. (4) 
0 

In eq. (4), xH is the highest ligand concentration at 
which 9 (x) # 1. Since, when ti (x) = 1, then I$ (x) 
-1 = 0, and there is no contribution to the average 
stabilizing free energy. 

In order to compute $(x) as a function of ligaud 
concentration Q(X) can be represented as a poly- 
nomial in x, thus: 

G(x)=1 +$r, (5) 

where q are constants t.2 be determined. Using Hill’s 
equation at a given &and concentration xi, we obtain: 

Tj = k$ @..I/( 1 + /&-; c”i’) + &, (6) 

where 6j is the experimental error in making a mea- 
surement. Substituting G(X) into eq_ (6) gives: 

-= i~~j [kx- cl+x~l=&)] + 8j_ 
I 

The experimental error &j can be written as: 

(7) 
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whose sum can be experessed as a function of the 
parameters k and the cyi (written collectively as a) as 
follows: 

We note from eq. (8) that we are trying to determine 
k and u, so as to minimize +he sum of the squares of 
the experimental error or the function, 

Once we find the values of k and Q that determine that 
minimum, we can compute G(X) and, using eq. (4), 
we can compute L\F,, as a fimction of concentration_ 
Lyster’s results on horse hemoglobin quoted in ref. 
[32] and the results of Antonini et al. (331 on 
Spirographis chlorocruorin hemoglobin were used to 
make the computations. 

3_ Computational procedure 

There are a number of methods for obtaining the 
minimum of $(k, 0~) [34]. In this manuscript we used 
the non-linear least square procedure, BMD-OIR 
(UCLA Biomed program of Dixon [35]), which em- 
ploys a modified Gauss-Newton method. This is a 
widely used method available at many computing 
centers. For our particular application we recommend 
that all initial estimates of the constants of k and all 
the cr’s be set equal tu zero_ Failure to do so results in 
an overflow, since the magnitude of the first 
derivatives is quite large. Having put in the initial 
estimates, the computer program makes continuous 
changes in the parameters, with each iteratioh re- 
sulting in successiveiy smaller mean square deviations 
of the observed r values with respect to x for the 
curve generated at that stage. The procedure is con- 
tinued until the mean square deviation is negligible 
and provides the best fit to the data. For our purposes, 
we fit the curves in sections, since it is clear that if 

9(x) = 1 f $5 cY$, 
j=l - 

i 
0.4 

I I I 1 

10 20 30 40 50 

PO2 

Fig. 1. Nonlinear bast square analysis of the oxygenation of 
horse hemoglobin. The black circles (0) represent horse- 
hemoglobin data (Lyster, quoted in ref. [32] ); the dotted line 
is based on eq. (8) where k = 0.085; and the solid line. on 
eq. (10) wherek = 0.033. 

then d&s at lower ligand concentrations myst be 
eliminated from the fit. At such low concentrations, 
a plot of&($/l -y) versus lnx is a straight line with 
a slope e%ua! to unity. Such a straight line cannot be 
fitted with a polynomial function unless oli = 0 for al: 
i> 1. In this region of low concentration, the con- 
tribution to the average free energy of interaction per 
site is negligible. A fit at low concentration was made 
using the expression of eq. (I 0): 

where the exponent of x is unity. At higher concen- 
trations we made fits with variable exponents. 

4. Results 

In fg. 1, we see the effects of such a fit for data on 
horse hemoglobin (Lyster, quoted in ref. [32]). The 
parameter k = 0.033 describes the region x = 0 to 
x = 125. Fromx = 12.5 to x=45, k was found to be 
0.085 and 
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Fig. 2, Regeneration of the curve for9 as a function of pOz 

I I 1 
from a Hill pIot of logF/(l -3 versus 1ogP. Data on Spiro- 

5.0 7.5 10.0 
graphis chfwocnrati~ taken from the results of Antonini et 

PO2 
aL [331 as plotted by Wyman (21. Here again the solid line 
is a fit of eq. (10) and the dotted line is a fit using eq. (8). 

4.1 - 
I 

Spirographis chlorocruorin 

Q(x) 

6.5 7.5 8-5 9.5 10.5 

PO2 
Horse hemoglobin 

I I I I I I I 

12.5 
J 

17.5 22.5 27.5 32.5 37.5 42.5 47.5 

POP 

Fig. 3. A plot of G(x) versus ~02 for Spirographir c&wocruorin ad horse hemoglobin Data on SptimphiE @ken from the re- 
sults of Antonti.et al I331 as_pIotted by Wyman [2]. Lyster’sdata on horse hemoglobinas &toted in Montid et at (321. 
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1, AF=RT(5-1)0.5=2RT 
2. AF=RT(3-l)l.O=ZRT 
3. AF=RT(7/3-1)1.5=2RT 

4. &F=RT{2-1)2_0=2RT 

, 5. AF=RT(1.5-1)1+(2.5-1)1=2RT 
/ 

/ 
/ 

I i I -1520 0.0 0.5 1.0 - . - . 

In x 

Fii. 4. Demonstration of the fact that, irrespective of tke shape of the Hill plot, the Wyman equation R rj<zz - I jd in x always 
gives the same f&e energy for the same dinancz between the asymptotes_ Curve 5 sl~.xs that even if we have several different 
p;lopes on the same curve, we also have the same vaiue for free energy between the same asymptotes. It ah can be proven that the 
same energy is obtained if a curve is broken up into an infhite number of slopes. 

G(X) = 1 f 0_0113~x + 0.00145~~ - f6.11 l lo-‘)x3 

+ (6 66 - lO-‘)x4 . 

for horse bcmoglobii. 
In fii. 2, on S~~~~~F~~ c~~ro~~~~, the param- 

eter k = 0.3362 describes the low-concentration region, 

x=Otox=3.6.Fromx=3.6tox=10.6,k= 

0.00235 and 

I,&(X) = 1+ 1,65x - 0307x2 i-(2-27 l W2)x’ 

- (6 01 I l 104)x4 

for ~~o~~~r~o~~. A plot of I# (x) versus x for horse 

hemoglobin and Spirographis chiorocruorin is 
shown’in fig. 3. 

5. Discussion 

The relationship of Hill’s parameter n to the free 

energy of interaction makes it a good indication of 

coope~ti~~_ The use of #(x) as a variable exponent 
rather than a single vaIue of n permits continuous 
characterization of the cooperativity at all l&and 
concentrations, compiting a more complete *‘history” 
of the Iigmd binding. 
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It is important to note that the AK,, for the entire 
&and range can be computed by Wyman’s equation 
(1) by taking the distance between the asymptotes of 
the Hill plots, irrespective of the value of II and even if 
II is not constant. This is demonstrated geometrically 
in fig. 4. However, if one requires a “history” of 
Mxr as a function of x, then JI(x) must be used. 

As defined in eq. (4): 

“H 

AFn =RT .r 1$(x) - I] d In-r, 
0 

a plot of [G(x) - I] versus lnx yields the average 
stabilizing free energy whenever [G(x) - I] > 0. Such 
a plot provides an idea of the free energy of inter- 
action with changing ligand concentration. The area 
under the [Q(x) - I ] versus Inx between the two 
figand concer.trations thus provides a sort of “history” 

of the conformational changes as the ligand concen- 

tration increases. 
Saroff [36] , in his work on hemoglobin, has 

emphasized that n is not constant, although he stops 
short of advocating a solution for that problem. 
Furthermore, a variety of single exponents can be 
shown to fit the data. For example, he has shown 
that a given set of data can be fitted with a series of 
X: and n values, withn varying from 2-6 to 3.2 for a 
given portion of the Hill p!ot. 

His results serve to emphasize the point that unless 
the whole range of the I&/l -7) versus lnx curve 
is fitted, -many single values of n are possible, de- 
pending on which portion of the curve is fitted. We 
feel that the plot of 3/(x) versus x is a more faithful 
reproduction of the cooperative binding which is 
taking place. 

Our plot of a(x) versus ligand concentration (fig_ 
3) for horse hemoglobin approaches a maximum value 
of 1.6 for the region x = 12.5 to x = 45 in contrast to 
a value reported by Wyman [2] of approximately 
n = 3 for one portion of the Hill plot. Because our 
results were considerably lower than the slope of the 
Hill plot reported by other researchers, we attempt 
enumerable fits, always obtaining a result close to 1.6. 

Thus, we must conclude that the maximum vaIue 
of rl (x) = 1.6 for this particular region. This conclu- 
sion reinforces the point that any two or three points 
on the Hill plot will yield many different slopes, 
particularly when the data is tising so steepiy. Linear 

least square analysis, however, yields the best fit for 
all points on the Hill plot (fig. 1). 

Also to be noted in fig. 3 is the fact that the cutve 
of 9 (x) versus x for horse hemoglobin does not reach 
a maximum and start to decline again as would be 
expected because n = I at both extremes of the Hill 
plot. That # (x) does not decline inthe case of horse 
hemoglobin can be attributed to the data being 
analyzed. It is a truism that data analysis methods are 
only as good as the data they seek to analyze. As re- 
corded by Wyman [2], Lyster’s unpublished data 
show that at high ligand concentration, the Hill plot 
had yet to approach a slope of unity. Once a slope of 
unity is approached at high concentration, a fit using 
equation (10) may be entertained, as there is no 
contribution to the average free energy of interaction 

of the site in this region. 
Because of the empirical nature of the plot, the 

computation of the average free energy of interaction 
per site, it should be emphasized that plots of $ (xx) 
versus x are not to be extrapoIated beyond the ligand 
concentration for which they were computed. 

The use of a polynomial to express the variability 
of the Hill exponent is not tie only device to a&eve 
that end. If an investigator feels that other functions 
are appropriate or even more suitable to oh tain good 
fits, they could be employed_ In particular, sin-e we 
are fitting the saturation curves piecewise, spline- 
function iri:erpolation may be used [37];. 

Since the occurrence of negative cooperativity in 
L-threonine deaminase has been reported by Changeux 
[38] and in digested hemoglobin by Brunori et al. 
[27], as well as in other systems (bfoncd et al., [32]), 
we feel that an additional advantage of our procedure 
is that, in those rare instances where the free energy 
of interaction at the site may fluctuate from positive 
to negative at a range of ligand concentration, use of 
G(x) offers additional information over earlier pro- 
cedures. Careful analysis using the variable 9 (x) may 
reveal the magnitude of cooperative interaction 
operating in these systems, and the nature of the 
delicate regulatory mechanism which centrals it. 
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Appendix 

For the convenience of investigators who wish to 
employ function optimization techniques which use 
the first derivative, we have the following derivations: 

or 

aF(k, a) = F(k, a) 

aclri [ 1 x _ q-1 
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hiatrix rank analysis, a method extensively used tc enumerate interacting species or components in various bio- 
logical systems, has been compared with the more readily available technique of factor analysis. Data previously 
analyzed by matrix rank analysis has been subjected to factor analysis. The results show that there are someagree- 
ments and disagreements between the two methods. The sources and nature of the disagreements are discussed_ Our 
work itldicates that factor analysis may be preferable to matrix rank analysis 

I. Intrtiuction 

Matrix rank analysis, a tee-hnique to determine the 
number of linearly independent components, has had 

many applications in biochemistry and molecular 
bioIogy_ It can be applied to determine the number 

oi components in a mixture of absorbing species [ 1, 
2] to analyze the optical rotatory dispersion of 
tobacco mosaic virus 131, anti to determine the num- 
ber of interacting species in fluorescent spectroscopy 
[4, S] _ It has also been applied to the kinetics of the 

oxidation of hemoglobin derivatives [6], to gel filtra- 
tion data 171, and to the determination of interacting 
spedes from a diffusion experiment in the ultra- 
centrifuge [8]. 

Factor analysis and component anaiysis, two long- 
recognized techniques, have beer. suggested as alter- 
natives to the method of matrix rank analysis [9] _ 

Fundamentally, the question asked of matrix rank 
anaiysis and these two methods is: given a matrix 
array of numbers resulting from one or the other of 

the’ analytical techniques mentioned above, how 
many linearly independent components Or interacting 
species produce &is array? One has to ask this question 
because from a matrix array of essentia!ly experimen- 
t&numbers one cannot determine the rank of,;he 
matrix by simply determining the smallest nonzero 

* To whom to address correspondence. 

minor. It is manifest that since the matrix elements 

are experimental quantities (and hence subject to 
error), such a procedure will not do_ In fact, because 
of experimental error, it is probably that the entire 
data matrix under consideration is nonsingular. In 
what follows, we briefly descriie both methods of 

determining the number of components, apply com- 
ponent and factor analysis to examples in the Jitera- 
ture in which matrix rank analysis has been used; 
and, lastly, compare results. 

2. Comparison of methods 

Consider a matrix array whose elements xii are the 
result of a set of measurements. To f= the idea and 
show the applications we pick the analysis of absorp- 
tion spectroscopy as an exampfe. Here, the index i 
would run over wavelength and the indexj would 
identify the solution under various conditions of pH, 
ionic strength, etc., cr conditions that purportedly 
alter the contributions of the various components- 
Thus, in the case of Wallace [ 13 , a solution of indicator 
was measured at different plavelengths and at different 
pH. McMullen et al. [3] measured the ORD of a solu- 
tion of tobacco mosaic virus RNA at various condi- 
tions of temperature and ionic strength_ Ainsworth 
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and Bingham [6] measured the initial velocity of the 
combination of various concentrations of partially 
oxi&zed hemoglobin with carbon monoxide at dif- 
ferent pII’s, and so on. 

To determine the rank of the matrix, Wallace [l] 
first suggested that the values and the probable error 
of all the determinant minors of the data matrix be 
computed and compared. There is some merit to this 
procedure and it has been extensively applied to- 
biclogical systems. Its merits and applications will be 

detailed in the discussion. Unfortunately, it was felt 
to be too tedious and was abandoned by Wallace and 
Katz [2] in favor of another method. This method 
took the original data matrix and applied a series of 
elementary transformations (which do not change the 
rank of the matrixj to produce an upper triangular 
matrix. These transformadons were performed in such 
a way that the largest element in the rows of the 
transformed matrix was on the principal diagonal. 
Schematically, this may be represented as: 

elementary 
transformation 

l . . * 
_-m- 1) 

mn 

Reduced data matrix 

with the (m -- 1) elements x;t and xT2 being larger 
than all other elements on their corresponding rows. 
In a similar fashion, another matrix whose elements 

are the standard errors of the corresponding elements 
of the original matrix is subjected to a series of ele- 
mentary transformations to a reduced error matrix 
[2]. The reduced error matrix is also upper triangular_ 

Elements of 
this matrix 
are standard 
errors of 

data matrix 

elementary 
transformations 

! 

I 
Oiiginal eiror matrix Reduced error matrix 

To determine the number of components or inter- 

acting species, one compares the (m - 1) elements of 
the reduced data matrix with those of the reduced er- 

ror matrix and comes to a conclusion as to how many 
components there are. This last step is best illustrated 
for the reader by showing two actual examples as to 
how it was done. In a case analyzed by Wallace and 
Katz [Z] , the diagonal elements for the reduced data 
matrix were: 

1.015 0.414 0.060 -0-O 16 

0.005 0.005 0.006 0,004, 

and for the reduced error matrix they were: 

0.003 0.003 0.004 0.005 
0.006 0.010 0.017 0.021. 

From these data Wallace and Katz [2] came to the 
conclusion, and we qtiote, “The results show the 
deftite existence of three colored components and 
perhaps a fourth, since the element 4,4 i.e., -0.016 
in the reduced matrix is three times its estimated 
error, i.e., 0.005”. In the case analyzed by Ainsworth 

and Bingham 161, the elements for the reduced data 
matrix were: 

2.22 0.3968 -0.2 150 0.0808, 

and the elements of the reduced error matrix were: 

0.120 0.0900 0.157 0.1682. 

The authors *hen came to the following conclusions 
regarding the number of components: “Comparing 
the principal diagonals of the two reduced matrices 

3.22 0.369 0.2150 0.0807 
0.120 0.090 0.157 0.1682 

indicates the existence of at least two variables. The 
possibility that a third independent variable might 
exist receives oniy slender support; thus, the ratio of 

element 3,3 to its estimated error is 1.4”. 
The exact statements of the authors are inserted 

to give the reader a feeling for what has been involved 
in estimating the number of components. Ideally, 
there should be a specific statistical test giving a cer- 
tain probability level that one can use in order to 
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determine the number of interacting species, and we 
presume that Wallace and Katz [23 and Ainsworth 
and Bingham [6] were using one. However, no such 
probabilitjr or confidence statements were @en by 
those authors, a matter that is taken up later. 

With respect to factor analysis, the method can be 
outlined as foIiows: 

Factor analysis can analyze any system which can 
be written in the form 

The various xi’s are samples thought to te made up of 
m components denoted by Sk (k = 1,2 . _ . rn); Qik is 
the quantitative contribution of the kth factor to the 
jth sample; and ei stands for the errors. In previous 
papers we advocated the use of maximum likelihood 
estimates to determine the Qik and the of (which are 
the variances of the set of ei)_ Once those values are 
obtained, a statistical test proposed by Bartlett [IO] 
was suggested to determine the number of components. 
In this paper we apply a much simpler criterion to 
determine the number of components, using the data 
of Wallace and Katz [2] and Ainsworth and Bingham 

[61- 
There are several reasons for using this simpler 

method. First and foremost, as fai as we know, most 
computer centers have only programmed packages using 
the simpler criteria, which are therefore readily acces- 
sible_ The extensively distributed UCLA Biomed 
package (which we used) and the University of Wiscon- 
sin factor analysis package do not use the test based on 
maximum likelihood estimates, but rather a simpler 
one. Second, and we discuss this in greater detail, the 
criteria adopted for determining the number of factors 
or interacting species in those programs, as a practical 
matter, have proven very useful. 

This k not to say that the maximum likelihood 

methods are not to be preferred. On the contrary, the 
fact that they emanate from a sound statistical basis 
would, in the eyes of many, make them preferable. 
However, since our Dbjective is to sim$fy matters for 
the working chemist, biochemist and molecular biolo- 
gist, and since questions and canned programs associated 
with maximum likelihood solutions are still in a state of 
flux [ 11, 121, we will use the simpler criteria. 

For this method, we proceed as follows. The data 
matrix, call it X, is transformed into its s_aqdard form, 
given by the matrix Z as follows. Defme the sample 
variance of+ by 

The elements of 2 are given by 

zii = xiil”i- 

From the matrix 2, the matrix of observed correla- 
tions, which is given by 

R = ZZ’/n ) 

is obtained. In the above equations, Z’ is the transpose 
of 2. The eigenvalues of R are then found, cafl them 

~1re2r--. 8,, and there are as many significant fac- 
tors as there are eigenvaIues greater than unity. For 
the data of Wallace and Katz [2] the correlation ma- 
trix was found to be as in table 1 and the eight eigen- 
values of ihis matrix were: 

6.36461 I A3065 0.00296 0.00 142 

0.00022 0.00013 0.00001 0.00000, 

accounting (respectively) for the following proportion 
of the total variance: 

O-79558 099941 O-99978 099995 

0.99998 1.00000 LOCKloO 1 .ooooo. 

In the case analyzed by A&worth and Bingham 
161 the correlation matrix was found to be as in 
tabie 2. The eigenvalues of this correlation matrix 
were: 

3.68502 I.49854 0.49854 
0.3275 I 0.00000 0.00000, 

which in turn accounted for the following cumulative 
proportion of the total variance: 

O-61417 0.86393 0.94541 l.OCJOO 1_~~~. 
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Table I 
Correlation nntriu of Wallace & Katz (1964) 

1 2 3 4 5 6 7 8 

l.OOOOQ 
0.99858 1.00000 
0.997 39 0.99826 uJil000 
O-997 13 099495 0.994&l 1.00000 
O-94498 0.93222 0.93595 0.96346 l.00000 

-0.19808 -0.23567 -0.22189 -0.13772 0.13t73 l.OOOGO 
-0-74682 -0-17277 -0.7619G -0.70572 -0.49077 O-79851 1.00000 
-0.85601 -0.87563 -0.86703 -0.82305 -0.64159 0.67553 0.98305 1.00000 

Using the criteria of eigenvalues of one or greater as 
representing the number of interacting species, we 
fmd that in the case analyzed by Wallace and Katz 
[Z] , according to this analysis cnly two components 
were present; and in the case analyzed by Ainsworth 
and Bingham [6], our analysis yields two components, 
which is roughly the same conclusion that Ainsworth 
and Bingbam came to. 

3. Discussion 

The test used here to determine the number of in- 
teracting species is a simple rule of thumb, and as such 
commends itself to investigators involved in biological 
problems such as those mentioned in the introduction_ 
There is, however, more to justify it than mere simpli- 
city_ There are a number of techniques used over the 
years by factor analysts to determine the number of 
factors [13, 141. Statisticians, as a rule, would be in- 
clined to favor tests of significance, and in this respect 
it appears that the method of using maximum likeli- 
hood estimations [IO, 15, 161 in statistical tests 
would be best. On the basis of a wide use of factor 

analysis and after considering statistical significance, 
algebraic necessity conditions and other criteria, 

Kaiser [17, 181 came to the conclusion that eigen- 
value one criterion is one of the “best” methods avail- 
able_ This criterion has gained wide popularity among 
factor analysts [14]. It is not infrequent that empiri- 
cal criteria sometimes yield results which are just as 
useful as more formal criteria. Speaking of this prob- 
lem in the domain of factor analysis, Harman [ 131 
has stated, “It has been found by a number of 
workers that empirical tests of significance used by 
factor anaiysts frequently Iead to about the same re- 
sults as the more proper statistical tests”. 

Perhaps the biggest drawback of this simple crite- 
rion is the problem posed when one has eigenvalues 
close to unity_ For example, it does not appear alto- 
gether proper to retain an eigenvalue of 1.03 and 
drop a subsequent one of 097, or to consider that an 
eigenvalue of 0.989, for example, dues not belong to 
a factor contributing signif’icandy to the result. In 
such instances, other empirical criteria or perhaps 
rigorous statistical tests may be useful to supplement 
the analysis. The examples analyzed here do not pose 
this problem. 

Table 2 
Correlation matri.. of Ainsworthand Bingham(1968) 

1 2 3 4 5 6 

1.00000 
057669 1.00000 
059778 0.719OL 1.00000 
0.65424 056354 0.90744 1.00000 
0.60740 0.22901 0.35830 0.7007A 1.00000 
0.27492 0.02390 0.16171 054816 0.93066 1.00000 
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Compa&rg the results obtained by factor analysis were only two components in his system. Later, 
ar,d matrix rank analysis, we find that we obtained analyzing the same system with the new method, 
only two components for the absorption spectra data Wallace and Katz came to the conclusion noted at the 
of Wallace; and Katz [2]. This is in contrast to the beginning, and they believed that the more recent 
authors’ statement of at least three or four compo- analysis was better, partI:: because Wallace had to 
nents. In the case of Ainsworth and B&ham’s data restrict the size of the matrices he had analyzed the 
163, these authors felt that there were two factors, fast time, and partly because Wallace and Katz felt 
possibly three. We found two. In view of those dif- that they were confirming the result of Reilley and 
ferences, it is pertinent to look at the procedure of Smith [lV] , who found three components by 
matrix rank analysis. anofier method. 

The current procedure of rank analysis due to 
Wallace and Katz [2] was suggested in preference to 
an earlier procedure by Wallace [II. In the earlier 
procedure, Wallace decided to use an elementary 
statistical criterion to determine rank. His argument 

. runs as follows: The probabIe error of a function $ of 
severaf variablesxl,x2, . . . xn, written as 
~(+~2,--. x,,), is given by: 

A wo13 of caution is in order with respect to the 
remark sometimes made by matrix rank anafysts to 
the effect “that other experimentai evidence shows 
that there are more components in the system”. A 
biological system could well contain other interacting 
species detectable by experimental (as opposed to 
mathematical) means. But if matrix rank analysis and 
factor analysis are used, then these methods determine 
in principle only Iineariy independent componenrs or 

species. All linearly dependent components appear as 

one componenr. 

whereP,,,PX2, . . . P,__ are the probable errors of 

X~,X2,---5, respectively, where the derivatives are 
evaluated at the mean value of the measured variable. 
Since a determinant of a square matrix is a function 
of ali its elements, the standard deviation of a deter- 
minan t is: 

c x(probable error of av)2 X 
i j 

. 

Since the derivative of a square matrix with respect to 
any of its elements is its cofactor, then the standard 
deviation of the determinant CT,~, is 

oiA,= 
E 

~~(probableerrorof~ij)2 
i i 

1 
L 

X (cofactor Q[~)~ ' - 

.If the Q- or the standard deviations of the individrnal 
elements are known, one can compute Old, and tire 
probability that a matrix is singular can be determined 
from the ratio IA(/uIAI by consulting sta.tistical tables. 
In his first paper Wallace applied this test to ah the 
minors of increasing order and conciuded that there 

Wallace’s older method is based on a f‘airly rigorous 
statistical test, md despite the large number of 
computations that one may have to make, the test is 
conceptualfy easy to understand. it is possible to 
devise more sophisticated tests for Wallace’s older 
method. 

On the other hand, there are a few things about 
the newer method of Wallace and Katz which need 
clarification. It is not clear that a series of elementary 
transformations will yield a unique upper triangular 
matrix, but it is true that in the absence of experimen- 
tal error any series of elementary transformations 
which yields an upper triangular matrix will have the 
same number of nonzero rows as the rank of the 
matrix. Here we have experimental error, and the 
question of uniqueness is of some import. If we do 
not have uniqueness, then there would be several 
possiiIe diagonal elements that must be compared 
and no &ear choice as to what should be done. 

Another point that must be noted is that workers 
using matrix rank analysis seem to have decided that 
comparison of the etements on the principal diagonal 
of the reduced data matrix and the reduced error 
matrix is all that is required to come to a conchrsion 
regarding the rank of the matrix. This state of affairs 
seems to have originated with Wallace and Katz. Al- 
though these authors stated quite explicitly that the 
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entire raw of the reduced data matrix has to be zero, 
they only compared the elements on the principal 
diagonals of the pertinent matrices. Ainsworth and 
Bingham followed that procedure. Since it is clear 
that we have to compare all elements of a given row, 
the question arises as to what would happen if, 
having selected a certain criterion for termination, 
we fmd that some elements of the rows satisfy this 
criterion, while others do not. 

As indicated earlier, the authors have not given the 
probability level by which we are to accept termiua- 
tion. The statements (already noted) by Wallace and 
Katz and by Ainsworth and Bingham, regarding 
termination criteria, are rather loose; and only 
Codschalk states clearly that whenever a matrix ele- 
ment (in the data matrix) after a reduction step falls 
below its error value (ii the error matrix) is it con- 
sidered zero. 

Wallace’s first paper presumably uses a Student t 
test to give a probability level, and we suppose that 
it was the intent of Wallace and Katz and of Ains- 
worth and Sir&am to do the same when they com- 
pared an element with its error_ Whether or not we 
can actually do that using the newer method of 
Wallace and Katz depends on a clarification of the 
precise transformations one uses in their methods. 
Factor analysis as used here does not use a statistical 
test, but once procedures for making maximum 
likelihood estimates become readily available, a 
statistical test will be used. The criterion used here 
for the number of factors is the Kaiser rule of eigen- 
value unity. This criterion has undergone extensive 
comparisons with statistical tests and other criteria 
with favorable results. Accordingly, because of the 
coincidences between results using this criterion and 
statisticai testing, it has emerged as one of the mo@ 
popular criteria of factor analysis. 

Our preference for factor analysis insofar as we 
wish to determine the number of factors stems from 
the fact that its foundation and methodoIogy have 
undergone extensive scrutiny over the last sixty-five 

years [ll, 13, 14]_ This, however, is not to say that 
we will be unable to achieve the same results in 
enumerating interacting species with matrix rank 
analysis as with factor Laiysis. It is probable that the 
method will be made more rigcirous and statistical 
tests will be found so that several quantities are simul- 
taneously compared. 
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Absorbance melting curves of the double-stranded (CA) - (rU) helix, made with fractionated homopoIynucIeotides 
of matched length, have been obtained over a IS-fold range of INa+] and SO” range of temperature. An exallent tit 
of the observed profiles was obtained with theoretical curves calculated on the bcsis of the simplest interpretation 
for the occurrence of particular equilibria [l-3]: the complete molecular partition function being evaluated by *he 
power series method developed by Applequist [4-61. The stability constant was evaluated from literature values 
for the calorimetric enthalpy. The loop closure exponent was best represented by 2.22 f 0.04 for the mismatching 
loop mode of melting and 1.22 for the matching mode and was independenl of [Na+] and temperature. Assuming 
the applicability of the nonintersecting random walk value of 1.9 f 0.1. these results would suggest a slight bias 
toward matched loop formation during melting of homopdynucleotides that -might bc expected to form only mis- 
matched loops. The value of the stacking parameter at 60°C was only -6% higher than that at 30-C, 0.0221 (0.0184 
for the matching case). Calculated melting curves indicate the occurrence of a fiith-order phase transition when the 
mean helix length is only -13 base-pairs, or about one full turn of the helix. 

1. Introduction 

In order to gain a more detailed appreciation of the 
moiecular dynamics of DNA, it is desirable to know the 
equilibrium concentrations of individual base-pairs in 
the various conformational states as a function of 
temperature. Such information may provide some in- 
sight into the molecular mechanisms by which infor- 
mation encoded in DNA or double-stranded v%ai RNA 
is expressed at temperatures far below their transition 
temperature. 

Difficulties associared with fulfilling assumptions 
of the statistical thermodynamical analysis in melting 
studies on DNA 3r viral RNA’s are compounded by 
the presence of two different base-pa& A l T(U) and 
G - C. Not only do they have different H-bounding 
stabilities, but they probably exhibit differences in 
stacking energy with each of the 14 possible nearest 
neighbors. To avoid some of these complexities, we 
have made a detailed study of the melting behavior 
of poly (rA) - poly (rv) ((rA) - (rv)) composed of 
two simple homopolymers. 

* Present address: Department of Biochemistry, Hitelmer 
Hall, University of Maine. Orono, Maine 04473, USA. 

The average equilibrium concentration of a particu- 
lar intermediate in the course of polynucleotide 
melting is determined in terms of base-pair ‘stability’ 
and loop ‘interruption’ constants [l-7] for each of 
the N residues in a chain. The sum over their 
statistical weights for all states in the chain then 
specifies the complete molecular partition function 
Z,_ Various methods have been developed to evaluate 
the molecular partition function; that found most 
convenient for extracting the various paramete; 
from our expetientaf data is due to Applequist’s 
application [4--61 of the Lifson-Zimm power 
series method [8.9]. This method states that in the 
limit of very long chains Z#“approaches p, the 
radius of convergence of the sum E&1 Z~fl; which 
occurs in the same interval as the sum Es1 [sG@)r; 
where for the case in which loops that occur in 
complementary chains are restricted to equal numbers 
of residues (‘matched’): 

c@)q+E qy+ 11-Q p”’ (1) 
i=l 

= l/s =p(l - br) •t- 6, I_& @) (matching case). 
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Liafi @) is the polylogarithm of order CI~ [6, IO], 6, is 
the “stacking pararneter,“j is the number of non- 
bonded residue pairs in a disordered loop segment, s 
is the stability constant, and a is the ‘loop closure 
exponent’. ZN is related to an experimentally meas- 
urable quantityf, the fraction of bases that are paired 
through tLe relationship (e.g., refs. [5, aI): 

f=(llN)(alnZN/alns)bt =-(alnplalns)6,_ (2) 

Eqs. (1) and (2) then lead to the following expression 
for the melting of the theoretical model in the matching 
mode [6]: 

f = [sp (1 - b l) + b I s Lia 1 _ I @)] - 1 (matching case). 

(3) 

The melting behavior of polynucleotide helices is ti.us 
associated with the properties of a polylogarithm func- 
tion. In the calculation of theoretical transition curves, 
p is eliminated as an explicit variable through eq. (1). 
Similarly, for melting with mismatched loops: 

f = :sp(l - Ta2b2) 

+ lrZb$ [Lia2_2@1/2)-La2_1@1’2)])-1 (4) 
(mismatching case)_ 

VariabIes subscribed by 1 or 2 specify the variable 
as being applicable to the matching or mismatching 
mode of loop formation, respectively. Expressions (3) 
and (4) serve in the fit to the experimental melting 
profiles for @A) - (rv). 

A tractable analysis of helix-coil equilibria requires 
the assuinption that the stability constant be in- 
dependent of the length of the helical segment. Con- 
sequently, forces that extend beyond the nearest 
neighbor boundaries of a given base-pair are ignored. 
Significant long-range electrostatic forces may exist, 
however [l 1,121; such a possibility would be assessable 
from an examination of the melting profile over a wide 
range of concentrations of-counter-ions that screen 
the coulombic forces between neighboring phosphates_ 
Consequently, the melting properties of (rA) - (ru) 
were investigated over a 15fold @a+], the mahum 
practical range. 

Due to the potential for total binding or sliding 
degeneracy, homopolynucleotides such as (rA) - (ru) 
would be expected to form ‘mismatched loops’, that 

is, loops of equal probability with regard to size in 
either chain. Applequist has suggested [B] that long- 
range electrostatic forces of repulsion between the 
negative_ charges on opposing chains might lead to a 
bias toward the formation LT matched loops during 
the melting of homopolynecleotide helices. A bias 
toward matched loops could result in an intermediate 
situation for which a theoretical values for the Ioop 
closure exponent [ 13- 161 would not be applicable_ 
For this reason the exponent shall be regarded -ts an 
adjustable parameter. Since it is to be determineti 
over a wide range of [Na+], the effects of charge 
screening on a possible bias toward matched Ioops 
can also be evaluated_ 

2. Materials and methods 

2.1. Polynucleorides 

Poly (rA) and poly (ru) were synthesized with 
polynucleotide phorphorylase [ 171 by J.R. Fresco 
and purified and fractionated as previously described 
[ 181. The poly (rU) had an Szo, ,,, of 7.6 corres- 
ponding to a residue length N = 1000 (mol. wt. = 
340,000) [19,20]. The UV sedimentation boundary 
of the sample was extremely sharp; the distribution 
indicated that > 90% of the polymer chains fell 
within 5% of the average length, but was skewed to 
the long side. The poly (rA) had a sedimentation 
coefficient indicating a chain length the same as that 
for the poly (rv) 12 1,22]_ 

2.2. Prepartztimz of rhe pdy (rA) - (t-U) complex 

The (rA) - (rv) complex was prepared according 
to Blake and Fresco [18]_ There was no eviderlce of 
any three-stranded (rA) - 2 (rv); it is estimated; that 
as little as 3% (rA) - 2 (rv) could be detected. In the 
range of ionic strengths of the experiments below 
(rA) - 2 (rv) would always melt at a lower temperature 
than (rA) - (iv)_ Nucleotide residue concentrations 
were determined from the molar extinctior cocf- 
ficients [23]. 

2.3_ Solvents 

The solvent contained 0.0010 M cacodylats (Na+), 
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pH 7.1, plus NaCl to give the desired ma*]. The ma+] 
was determined within ?z 0.5% of the nominal value 
by conductivity. 

2.4. Melting curves 

The meitGy of (rA) - (rv) at 6.5 X 10m5 moles 
total nucleotide concentration was monitored by the 
loss of hypochromicity at 259 m& The fraction of 
base-pairs remaining at temperature 7’, contiguous to 
(2~ ) stacked nearest neighbors, is calculated from the 
expression: 

f * u-3 = r-4” - ww[~” - API 3 (5) 

where AU is the upper and A, the lower limiting ab- 
sorbancies, linearly extrapolated from short (-3”) 
temperature regions immediately above and below 
the transition region respectively, as illustrated in the 
example of fig. 1. It is assumed that the fractional 
loss of hypochromicity originates only from nearest 
neighbor interactions and is therefore related to the 

true fraction of base-pairs remaining f (2”) according to 
the expression (e-g., ref. [SJ): 

On the basis of results Wow, it was found that the 
difference between f and f* never becomes truly 
significant, that is ?I l%, before melting is finished. 

Melting was conducted in a Gilford Model 2000 
spectrophotometer equipped with an automatic sam- 
ple changer and nulling device. Temperature was in- 
creased iinearly at a rate of 3.2O/br- with a synchronous 
motor attached to the thermoregulator. This rate is 
- 17O/hr. less than that at which adeviation between 
thermal and chemical equilibrium was found to become 
significant. The temperature is estimated to be 
within f 0.2” of absolute. 

Absorption data were recorded at 0.02” intervals, 
smoothed (not averaged) over 0.1” intervals and cor- 
rected for thermal volume change using KeU’s empirical 
expression for the temperature dependence of the 

T-T’.% 
-Is -10 --5 0 +.5 

li”‘y”4 

36 

Tempemturs ,*C 

Fig. 1. Melting curve for (rA) _ WI obtained in 0.10 M-Na+/l. The sigmoidal (dotted) curve illustrates the adog output of the 
‘spectrophotometer. The line through open circles represents the derivative of the fraction of base-pairs rem,ain& m the ab- 

solute tempe=tUIc, Sf*/6(1/7). The upper ordinate is defiied by the temperature at which the line bisecting the de&&z profile 
intersects with it 3t [6fL!6 (I/z-) ] ‘. 
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specific volume of water [24 1. Processing was on a 
Hewlett-Packard 2 116B mini-computer. 

2.5. Theoretical tmnsitions 

The calculation of theoretical melting transitions 
based on eqs. (3) and/or (4) were carried out on an 
IBM 360/91_ The program that evaluates polylogarithm, 
zeta and gamma functions was kindly supplied by I. 
Applequist, whose 1969 paper [6] gives full details of 
all computations. 

3. Results 

3. I. Experimental melting curves 

The sigmoidal curve in fig_ 1 represents a direct 
tracing of the melting transition. Results are corrected 
for volume change and sloping boundaries in the com- 
putation of the fractionf* of base-pairs remaining ac- 
cording to eq. (5). The slope of the upper boundary is 
caused by the continued break-up of some residual 
stacking in the single-stranded (rA) chain after being 
released from helix_ The lower plateau is virtually flat, 
i.e., 5(* 1) X low4 A,,/*C. 

It was found more convenient to work with the 
derivative profile [8p/S(l/T)], for several reasons- 
A much greater sensitivity to subtle changes in melting 
behavior is exhibited; and a convenient reference tem- 
perature 7’ is p:esented, corresponding to a maximum 

in [sryls(Ilr31 or inflection inp. Though a higher 
order derivative would be more sensitive, the demands 
on the quality of the data became unusuaUy severe. 

The derivative inky is taken over (l/T), *K- t so 
that curves obtained at different temperatures can 
be compared directly. Operationally I’ represents the 
temperature atwhich a line bisecting the derivative 
curve intersects with it at [sf*ls(l/T)] ‘. (The primed 
variabie everywhere specifies its value at the inflection 
point in the melting curve.) 

Some of the energy needed to dissociate the helix 
preexists in the mutual repulsion of anionic charges 
on the backbone phosphates_ The addition of Na+ 
counterions reduces this energy, resulting in a net 
increase in thermal energy needed to dissociate the 
helix. Extensive investigation has shown that ‘I’ 
(Celsius scale) increases linearly with the logarithm of 
the [Naf]; for (rA) - (rv) [23, L&--28]): 

T’ = 19.8 log [Na+J.+ 769*C _ (7) 
For these studies (rA) - (rU) was melted in the pre- 

sence of various pa’] within the range 0_008 - G-12 

M-Na+, corresponding to T’ - 30-60°C. These bound- 
aries represent practical limits of investigation. Above 
0.15 M-Na+ (7’ = 61°C) (rA) - (rU) does not melt 
directly, but rearranges to the (rA) - 2 (rl_l) helix 123, 
261; while below 0.005 M-Na+ the transition becomes 
particularly sensitive to low concentrations of con- 
taminating multivalent cations whose effect on T’ is 
very much greater. (Melting was always conducted 
in lo- 3 M-NaEDTA.) 

With 7’ as a temperature of reference, an internal 
{T-7”) scalz was established for each experiment. 
That for the derivative profile in fig. 1 is given along 
the upper horizontal scale. It was found that the frac- 
tion of base-pairs remaining at the temperature of in- 
flection f, showed no dependence on [Na+] or tem- 
perature. Thus, from a least squares plot,f = 0.25 + 
0.02 at f = 30°C (5 mM-Na+) and the same at 60°C 
(0.15 M-Na+) (cf. table 1). Since r occurs at con- 
stant f ‘, the (T-r) scale serves as a convenient basis 
for comparing profiles of different experiments ob- 
tained at different [Na+] and temperature_ Fig. 2 il- 
lustrates how three values for [Sf*/S(l/T)] at the 
same (T-p) temperature are related by @a+] and 
temperature. Results of a point-by-point comparison 
at O.lO” intervals across the entire profile are sum- 
marized in fig. 3, where the open circles represent 
values taken near 30°C from the best straight line 
through the full range of data such as that in fig. 2. 
The diameter of each open circle reflects the 
standard deviation at different temperatures from 
least squares lines such as those in fig. 2. 

A derivative melting curve thus averaged at T’ = 
30°C (fig. 3) clearly reflects the characteristic 
asymmetric melting profile with a value for [6f*/ 
6(1,Y)] ’ of 6.29 (i 0.11) X l@, and that - 90% 
of the transition occurs within two degrees. The 
shape of the profile is the same, whether obtained 
by an increasing or decreasing temperature through 
the transition region. 

3.2. Evaluation of the stability constanf. s 

Having the properties of an equilibrium constant, 
s is determined from the standard thermodynamic 
relationship: 

s=exp [F(*-&)I , (8) 



28 

Table 1 
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Thermodynamic parameters for the helix-coil equilibria of (rA) - (rU) 

Matching Mismatching 

ret, f 
*r vvwmIr/to4 TJO 

“B’t 
AHa) Ash) oI bl+ 42 b2* 

(base pairs) (cal/mol) (e-u.) 

30.00 0.254 + 0.18 6.29r 0.11 30.84 13.1 -6607 -21.79 1.22 0.0184 2-22 0.0221 

60.00 0.262iO.20 7.43 i 0.15 60.84 12.2 -8397 -25-22 1.22 0.0197 2.22 0.0236 

a)~~=-59.8 T(T)-4813 caI/mot 
b) As = AH/[ TeK) - 1.321 

oc 
30 40 50 60 

Tarpemtu:s:C 

Fig. 2. Representative variations in the va&e observed for 
Sf+/a(l/T) at constant T-T with temperature. The upper 
scale shows the relationship to the secondary variable, 
[Na+l. asgiven by eq. (7). 

where AH is the enthalpy for formation of a mole 
of base-pairs and where T,, the temperature at which 
s = 1, is given-by the relationship: T.‘. = 2” (“K) - 
1.32O. This slight difference between T’ and T, is 
due to the effect of loops on the overail equilibrium 
between bonded and non-bonded bases, as found below. 
Calorimetric determinations of AHare available from 
the work of Rawitscher et al. [29], Neum& and 
Ackzrmann 1301 and Krakauer and Sturtevant [28]_ 

Those from the latter two groups were obtained from 
measurements of the dependence on temperature 

of the release of excess heat capacity on passing through 
the region of the helix-coil transition_ The profiles 
that result resemble the derivative melting curves of 

figs. 1 and 3; though from the one &skated example, 
the melting of (rA) - (rv) in the calorimeter occurred 
over 2 l/2 times the breadth in temperature of that 
in fig. 1, achieving the same change in state. (The 
likelihood is that this greater breadth is due to chain 
length heterogeneity.) In any case, the temperature 
of maximum release of excess heat will not vary 
greatly from f of the optical results above. Fig. 4 
shows a plot of the integrated calorimetric enthalpies 
obtained as a function of I’. As with the optical 
melting curves herein, this latter dependence was 
achieved by varying ma+] over the range indicated 
by the upper horizontal scale in fig. 4 (cf. fii. 2). A 
linear rtzlationship exists between T’ and [Na+], as 
indicated by eq. (7), as well as with the electrostatic 
repulsive component of the free energy per base- 
pair [9,27]. Therefore, the dependence of AH for 
base-pair fomzation on 2” must likewise be linear, 
and is defined on the Celsius scale by the relationship: 

AH= -59.8 7’ CC) - 4813 calories (91 

from a least squares analysis of the results in fig. 4. 
Since AC = 0 at T’ - 1.32O. eq_ 9 serves in the 

determination of the unitary conformational en- 
tropy per (rA) - (ru) base-pair according to the 
relationship: 

AS = AH/if (%) - 1321. (10) 

The dependence of AS on fl is indicated in fg. 4 by 
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t 

Ml -O.OOSMn 

AH --65m*Kxal/M 

AS = -ix73 eu 

a -2.20 
4 t&o020 

T O~l”““‘~“~“““~“.“~l 
29 30 

TempvaturePC 

Fig- 3. Observed and theo:etical derivative melting curves of (IA) - (rUJ. The variable diameter of the open circles represents the 
standard deviation from the indicated value at 0.005 hi-Na*/l and ‘I’ = 30°C for 6p/6 (l/T) taken from linear least squares lies 
through experimentally observed results obtained over a 30” range of temperature, as illustrated in t$. 3. The lines represent the 
variation of theoretical p d(l/n with temperature with three triil values for the loop closure exponent and stacking parameter 
for which 

d 
[dP/d(l/T]‘/lO = 6.29, &H = -6570 ? 10 cal/mol. and AS = -21.79 e-u. 

-&H 

9- 

- 24 

- 23 

7L,‘.“....‘....‘...‘1 
40 K) 60 

7:-C 

Fig. 4. Variation of calorimetric enthalpy (kcafs) and entropy 
(e-u.) on association of one mole of (rA) - (ru) base-pairs with 
temperature and [Na+J. Data from Krakauer and Sturtevant (0); 
from Neumann and Ackerman (v). The Ieastsquares line is given 

by eq. (9). 

the right-hand-side vertical scale. For the most part, 
this variation reflects the release of an increasiugty 
less structured poly (rA) component with increasing 
rr’, as does much of the change in AH with T’ (e.g., 
ref. [27]). Additional contriiutions to an apparent 
change in heat capacity of -60 cal per moledegree 

(eq. 9) are due to the increase in interphosphate 
charge screening with increasing @a+], the decrease 
in bulk dielectric constant with temperature (both 
effects anticipated in eq. 7), ‘solvophobic effects’, 
etc. 

3.3. Evaluation of the loop closure exponent a and 
stacking parameter b 

The variation inf with temperature for the 
theoretical model is calculated from eqs. (l), (8) 
and (4) [or (3), depending on the loop mode] where 

IS, 61: 

f = fsp = l/G’ @) . 01) 

The derivative off is taken over s: 

@f%lns), .z = f *3 P G”@) , (13 

where b* = bs. From the van ‘t Hoff equation: 

afva(l/~=+plarns) AH/R , 03) 

which is required for direct comparison of observed 
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Fig. 5. Variation in the theoretical fraction of base-pairs re- 
maining at the temperature of the melting curve inflection 
point with loop closure exponent The dashed line re- 
presentsa plot of eq_ (14). and is independent of bz only 
when the htter is 5 0.005. For bi > 0.005, the dependence 
ofaa onf was determined from eq. (11) where [dfr/ 
d(l/TJ]‘/104 = 6.29, AH= -6600 f 20 calfmoi, T = 30 = 
1°C and the value of b? given by the upper scale. The point 
represents the experimental value forp’ between 3040°C 
for (rA) - (rU). 

and theorcrical curves. The remaining adjustable 
parameters a and b, are evaluated by fitting to the 
experimental curves. 

AppIequist [6] has shown that when b is sufficiently 
small, its variation is accompanied by virtuaiIy no 
change in the value of a. On this basis he proposed a 
convenient means for approximating the latter- The 
sole requirement is an experimental value for the 
fraction of base-pairs remaining at the temperature 
of inflection: 

a2 = Z * [( 1 - 3f)/(2 - 3f’) ] . 04) 

A plot of this function (14) is shown in fig. 5, re- 
presented by the dashed line; and indicates a value 
of a2 = 2.2 whenf’ ==f’ = 0.25 (cf. table I). With 
this approximate value for a2, some trial derivative 
melting curves were calculated for which [af*/a(l/Z)]‘/ 
IO4 = 6.29; shown in fig. 3. That for a2 = 2.2, re- 

Fig. 6. The best fit of theoretical to observed derivative 
and 

T = 30°C for Sp/6(1/7) taken from the ieast squares fines 
through data at constant T-T over a range of temperature 
(cf. fg. 3) (0); results at 0.150 M-Na+/l and T = 60” similarly 
obtained (0). Circle size defines the standard deviation. The 
tines represent theoretical restdts calculated with values for 
the required parameters as given in the fg. Heavy arrows in- 
dicate phase transition temperatures. 

presented by the solid line, clearly exhibits the closest 
fit to the observed results over most of the transition. 
An identical family of curves is obtained for the 
matching case when: 

al _ =cI, - 1 

and 

(15) 

~~=~~[5(02-~)-S(a2)-2-~*‘211[S(a2- I)- 11,(16) 

where r(x) is the Riemann zeta function. 

Expression (14) seems to hold well only for b2 5 
0.005. The value for a2 was refined from the depen- 
dence off(=P’) on c12, given by the solid line in 
fig_ 5. This line was computed from eq. (11) for dif- 
ferent values of b2 > 0.005 (upper horizontal scale), 
when [i.lf*/a(I/T)]‘/104 = 6.29. The placement of the 
experimentally observedp’ on the line indicates a 
value for a2 = 2.22 and b$ = 0.022; which actually 
led to the best fit of theoretical to observed transition 
curves (cf. table I), illustrated in frg. 6. The upper 
half of fig_ 7 then shows the dependence on tem- 
perature of the fraction of base-pair remaining through 
the transition region. Both observed and theoretical 
curves are represented by the solid line, since they 
are virtually indistinguishable. For reference, the de- 
pendence on temperature of the stability constant is 
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also given (upper horizontal scale)_ Note that the 
temperature at which s = 1, T, is lower than T’ by 
1.32”; while the temperature at whichp = 0.5, (7’,) 
is lover than T’ by 0.37”. _ 

By a similar routine a best fit was obtained at T’ = 
6O”C, shown in fig. 6. Values for the various param- 
eters are again given in table 1; the stacking parameter 
is increased by only 6% of that at 30”, but otherwise 
there is no change in P. 

Thus, a region of the helix-coil transition most 
sensitive to subtle changes in melting parameters 
has been examined over a moderately wide range 
of ma”] and temperature, with no significant effect 
of these variables. It could be that the mean helix 
length (QB) does not become sufficiently short over 
this pa&cular region of the transition to reveaI any 
depency on length of the stability constant, as might 
be anticipated from the effects of electrostatic forces. 
Similarly, the mean loop size (PA) may be so large 
that matched-loop biasing forces no longer exert 
a very sign&-ant influence. 

3-d. Evaluarion of mean sequence lengths 

The mean helical segment length is given by [S-7 1: 

IQ,)= I/(1 - sp) _ j17) 

The dependence of (Qn) on temperature, calculated 
with parameters given in table 1 (irrespective of the 
loop mode), is plotted in the lower half of fig_ 7 (on 
a logarithmic scale for convenience)_ It can be seen 
that by the temperature at the inflection point, (Qn) 
has dropped to an average of 20 contiguous base-pairs 
per helical segment, which is still a considerable length. 
The mean loop size, calculated as a function of 
temperature from [6]: 

<Q,> = (Q,) (1 -n/r, W 

is also plotted in fG_ 7. CQ,> reaches 50 residue pairs 
by 7”. This value &ems rather large to experience a 
significant coulombic bias and is parhaps the reason 
why an ionic strength effect was not observed. 

Fig. 7 shows very different rates of change of loop 
and helix sizes_ While the average helical segment 
length is dropping from 50 to I7 base-pairs between 
27O and 30.5”, the average loop size is rising from 
5 to 800 residue pairs. Applequist [6] has found this 
behavior to characterize melting when 2.15 a2 5 3. 

AH - -6607c&trd 

26 27 26 29 30 Y 

Termrm~.=C 

F<_ 7. The curve in the upper half represents the variation in 
both observed and tfieoretical fraction of (rA) * (rU) base- 
pairs remaining with temperature; the tatter being calculated 
with the same values for parameters as used in fii. 6. viz.. 
a2 = 2.22.6; = 0.0221, Afi= -6607 cal/mol and AS = 

-21.79 e-u. Curves in the tower half represent the theoretical 
variation in mean helix length, (PBl (base pairs), and mean 
loop size, (PA) (residue pairs), with temperature. calculated 
from eqs. (19) and (20) respectively_ (W is plotted on a 
logarithmic scale only for convenience_) 

Since loops are increasing in size at a much greater 
rate than helix lengths are decreasing, they must be 
doing so at the expens of numbers of helical seg- 
ments, implying that hehcal segments have some cri- 
ticai minimum length. 

3.5. phase transition 

The’requirement for a true phase transition is a 
discontinuity in a derivative of the molecular partition 
function with temperature_ The unusual structural 
feature of nucleic acid helices that leads to this con- 
dition is the occurrence of iong-range interactions, par- 
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ttculady within the disordered loop regions of the 
chain. Large closed loops, as appear late in melting, 
constitute weak, long-range entropy effects, it was 
shown by Poland and Scherasa 131 ] and by Applequist 
[4] that i n  the lindt o f i n ~ t e  ~ i n  leng~ s u ~  in, 
teracti0ns give ~ to  a d ~ n t i n u i t y  tn the function 
(~mlnp/ain~) (el. eq~(2 where the order of 
the phase transition, ha  function of the loop closure 
exponent a. 

Applequist [61 has demonstrated that ira I > I, a 
solution for eq. (I) exists only for s > s t, where: 

s t = 1/[I - b t + bt~at)! (matching case) (19) 

fulfilling the condition for a phase transition. The 
order of the transition is then determined from the 
precise increase ofa ! above unity: 

! +ml___<al < i + l 
m - | "  

The temperature at which the phase ~ransition occurs, 
T t, is obtained by setting s = s t in '~I (8) and solving 
for T t, The fraction of base-pairs r~maintng at T t is 
determined from eq. (3) by setting p = I and s = s t . 

Likewise. ifa 2 > 2, then: 

st=l/(l+b2[~2 - I) - ~a2) - 2 " :  D (20) 
(mismatch  case). 

The order for the mismatching model is determined from: 

2+ ! < a 2 < 2 +  ! m - - ' : T "  ' 

On the basis of these conditions (rA)" (rU) would 
appear to undergo af'q'th-order transition (inespective 
of loop mode) at T t = 30.84"t2 and 60.84*(: (table !)  
for the lower and hisher temperantre curves in fiB. 6, 
respectively (indicated by the heavy arrows), l~e  mean 
helix length at the phase transition temperature (Re)t, 
would be ",. 13 base-pain (d'. table ! and fig. 7) from 
eq. (17). it is to be noted, however, that such an ana- 
lysis does not tmrovide a direct e:q~erimental deletmi. 
nation of the order of the transition. 

4. D i ~ n  

4. L Applicabi~, of tie theoretical model for melting 

The obviously good fit of theoletical to expertroen- 
~al melting curves over a large part of the transition 

would seem to give considerable support to Zlmm's 
simplex munditiis model [ 1 ]. Many qualifications to 
this model have been proposed, but their relevance 
appears to be restricted to regions of the melting 

bound- 
ofone 

mniempld~ and ~ o  adJumble theoretlcal param- 
eten to e ~ d m e n t a l  data is a necemW but not suf- 
ficient criterion to test the applicability of the basic 
model. 

There is a hierarchy in the precision with which 
various parameters are determined. Anumin8 its in- 
variance with helix length, x is presumed known to 
approximately + 2% from calodmotflc measurements 
of the enthulpy. The foresoing assumption has, how- 
ever, been challenged recently on the grounds that 
at low ionic strength 'long.range' electrostatic forces 
make a .qgnificant contribution to the net energy 
per base-pair. Such forces are likely responsible for 
the greater relative stability of the shorter oligomer 
helices [3, I 1 ]. Such helices have also been demon- 
strated to exhibit an increase in the dependence of 
(at .  la P,r"D  with tram,ares h e . x  le,mth, am, rap- 
totically approaching that for the polynucleotide. On 
the bash of such results Elmn et al. [I ! ] l~Oposed 
an 'effective' stability constant: 

- s .  exp ( I/RT, (2t)  

where [ ~ / -  ~P' (N) ]  represents the difference in 
total energy between the infinite polymer and olisomer 
helix, respectively, averaged over the chain length. The 
magnitude o f | ~ H -  AH*(N)] increases with de- 
creas/~ olignmor length due to the truncation of 
disruptive 'long' r ~  coulomblc forces. (By a similar 
aqlument, the penultimate bue-paira of the finite 
po~nucleotide helix would be expected to be more 
ruble.) However, the quantitative relevance of an 
'effective' stability constant computed on the baals 
of results from short helices to the short helical seg- 
ments of a partially melted polynucleotide is 
questiomble. The proximity of charge density from 
disordered loop sesments in the partially melted 
polynucleotide cannot be totally ignored in the sum- 
mation of net electrostatic energy for a given base. 
pair. For example, in helices with extrahelical non- 
complementary residues there is a contrasting 
deoeme in (STm/B [M+ D with increasing mean 
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helical segment length between loops of noncomple. 
mentary residues asymptotically approaching that 
for the homo. homopolynucleotlde [32l. Since 
the coordinates for all pairwise coulombic interaction. 
between ph~plmtcs in discretely localized bonded 
and statistically localized nonbonded segments of the 
chain cannot be defined in any simple geometric 
fashion, a more pertinent s*(N) cannot be readily 
computed. In any case, it does not seem necessary, 
since the average helical length in the critical inflec- 
tion region of the melting curve is > 20 base-pairs, 
and ce!tainly not less than 13 (the critical minimum 
length), The former helix length would seem to be 
beyond the range ofstgn~tcant length-dependent 
sensitivity to intramolecular coulombic forces. More- 
over, the analysis above was quite insensitive to a 15- 
fold increp.~e in ['r4a +] that presumably provides a 
greater screening of the couiombic forces of repulsion 
between ~O~ groups on opposing backbone chains. 
it is con eluded, therefore, that a value for s indepen- 
dent of helical segment length serves as a reasonable 
approximation for analyses of  helix-coil equilibria of 
polynucleotides. 

4.Z Loop formatlon 

not observed, since a coulombic bias probably in- 
fluences a predominance of matched loops early in 
melting. The scrcenint, ,,t coulombic forces between 
opposing phosphates ix ,or complete within the 
IN= +] range examined [Na + ] < 0.12 M, so that the 
later growth of larger matched loops may also be 
unable to form in either chain with an equal pro- 
bability with regard to size. This would explain the 
slightly high value observed for the loop closure 
exponent. 

The value found herein for the exponent, a 2 = 
2.22, falls in the range of empirical values from 
other laboratories. For (rA-H+) • (rA-H+): 2.5 > a 2 
> 2.3 (ref. [61), and a 2 = 1.8 (Hennage and Crothers, 
quoted in ref. [359; for (dA)" (dT): 1.9 > a 2 > 1.5 
and for (dA-T) • (dA-T): 1.7 > a  > 1.5 (ref. [36]). 
The reason for such a range of values for a is not clear, 
that is, it may not simply represent experimental un- 
certainty. It could, for example, be a reflection of the 
effects of differing finite chain lengths. The theore- 
tical melting curves are calculated on the assumption 
that end effects are nonexistent; that the polynucleo- 
tide chains are of effectively infinite length. The ex- 
tent to which experimental melting curves reflect 
the effects of  finite length is not known at present. 

The interpretation of the value measured for the 
loop closure exponent depends upon the precise mode 
of loop formation in these homopolynueleotides, 
which is unknown. On the assumption that loops on 
opposing chains occur in mismatched fashion, the 
value observed, 2.2, is fignificantly greater than that 
calculated, 1.9 ± 0.1, from theoretical random walk 
studies for non-intenecting chains [13-16].  This 
would suggest the occurrence of  forces leading to a 
bias toward matched loop formation. Alternatively, 
it could mean the inapplicability of  the random 
walk calculation. Recent theoretical and experimen- 
tal results raggest that the weighting function for 
loop clon~re mmewhat underestimates the true 
value for small loops, from which the latter derive 
a greater relative stability [3, 33, 34]. A dependence 
of the loop weighting function on loop size was not 
detected iti this analym due to the intensitivtty of 
theoretical melting curves to rather widely different 
values of  a at T '  - T ~  1.5 ° (cf. fig. 3), that is, 
when (£ A) ~< 10 residue pairs. Perhaps for the same 
reason, a dependence of a upon ionic strength was 
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Under the same solution conditions, the apparent weight average ~dimen~tia~ coef~~ent, swa, and some quan- 
tities obtained from it can be combined with the eqt.iIibrium constant or constants, Kj, and the monomer conoen- 
tration, ct , obtained from sedimentation equilibrium, light scattering or osmotic pressure experiments on the same 
seIf-associating soIute. so that the individual sedimentation coefficients, si, of the self-associating species, and also 
the hydrodyn~ic concentration dependence parameter,g or g, can be evaluated Using two different mod& for 
the hydrodynamic concentration parameter, four different methods are presented for the evaluation of the sj’s. 
Methods for e?raluatingg erg, once the si’s are known, are presented. A method for obtaining the number average 
sedimentation coefficient, sN, and its application to self-associations is presented. Methods are shown for the 
evaluation of 2 average properties, x,c , as well as number average properties.wNc, of a self-associating solute from 
its weight average properties, xwc. 

Self-associations are reactions of the type 

“Pt ZPn, ?z=2,3,..., 0) 

and related self-associations. Here P represents &he 
self-associatin~ solute. These reactions are quite wide- 
iy encountered, and they can be studied by a variety 
of techniques [ 11, including sedimentation equilibrium 
[2-S] and sedimentation veiocity experiments [l, 
9-i3j. 

Whiie there is great interest in self-associating 
solutes, it is only in the last twenty years that real pro- 

* This paper is based in part on the thesis submitted by 
Charlotte A. Weirich to the Graduate College of Texas 
A % hf University in parts fulfillment of the requirements 
for the degree of Master of Science CAugust 1972). 

** Phase address aIi correspondence regarding this paper to 
Dr. E.T. Adams, Jr., Chemistry Department, Texas A & hl 
University, College Station, Texas 77843, U.S.A. Part of 
this material was pterented at the 16th Annual Meeting of 
tk Biophyskat Society, Toronto, Canada, Feb. 24-27, 
1972. 

gress has been made in the analysis of self-associations. 
Steiner [14-161 was the first to apply a thermo- 
dynamic analysis that allowed the evaluation of the 
~u~brium constant or constants for a variety of self- 
associations_ His methods were restricted to ideal, 
dilute solutir 1s and wer: developed individually for 
light scattering and osmotic pressure experiments. 
Rae and Kegeles [ 171 extended the Steiner analysis 
to the Archibald expzriment. They developed some 
novel methods for tk.e analysis of a monomer-tt-mer 
self-association. The first attempt to analyze a non- 
ideal self-association was done by Adams and Fujita 
[2], whose procedure was restricted to a monomer- 
dimer self-association_ This restriction was removed 
by Adams [42, who also established the interrelation 
between average moiecular weights [4,7]. Since 
then much progress has been made in the analysis of 
self-associations, and newer and much simpler methods 
have been developed for the analysis of various self- 
associations [S, 8] _ 

Transport methods have also been used extensively 
for the analysis of self-associations [l] . Much of the 
pioneering work in this area was done by Gilbert and 
his associates [9-121. While the Gilbert method did 



36 C.A. Webich et d, Sedimentation cuefficienfs of seifussocbritg species 

have some limitations, the most serious being that the 
ctitinuity equation when self-associations exist could 
not be solved if diffusion were included, it nkrthe- 
less did stimulate much interest in the analysis of self- 
associations_ More recently Goad and Cann [18], 

using sophisticated computer methods, have been 
able to include the effects of diffusion and solve the 
continuity equation when self-associations are present. 
Cox [I91 has developed some elegant methods for 
simulating sedimentation velocity experiments on seif- 
associating solutes; he has been able to show how 
variation in the vaIues of several parameters (the equi- 
librium constant or constants, the sedimentation co- 
efficients, the hydrodynamic concentration depen- 
dence parameter) affects the concentration gradient 
(schlieren) patterns. Codshak [20] has developed a 
method for the evaluation of diffusion coefficients 
from a series of sedimentation velocity experiments at 
different speeds; he has proposed a matrix rank ana- 
lysis method to enumerate the number of associating 
species present, if this be unknown beforehand_ Very 

recently Kegeles [21] has developed a method for 
obtaining the z average sedimentation coefficient, sz, 
for self-associating solutes; he has proposed some 
ways to estimate the sedimentation coeffkients in a 
monomer*-mer self-association. 

Generally these developrkents in sedimentation 
equilibrium and sedimentation velocity experiments 
on rt:lf-associating solutes were done separately, uld 
no attempt was made to combine the two experiments. 
The first attempt to combine sedimentation velocity 
data with sedimectation equilibrium data on the 
same self-associating solute, so that the sedimentation 
coefficients of the associating species and also the 
hydrodynamic concentration dependence parameter 
couid be evaluated, was done by Kakiuchi and 
Williams [22]. This procedure was also used by Iso 
and Williams [23]. Vnfortunately their method in- 
volved extrapolation from a region of high solute 
concentration for the evduation of the desired quan- 
tities. 

The purpose of this paper is to show some new 
ways of combining sedimentation velocity and sedi- 
mentatioa equi&&m data to extract as much in- 
formatian as possible &out the self-associating sys- 
tem under investigation. Two models for the hydro- 
dynamic concentration dependence parameter will be 
proposed; we can generate s&era1 independent equa- 

tions for the evaluation of the sedimentation coeffi- 
cients of the associating species. We will also show 
how the hydrodynamic concentration dependence 
parameter can be obtained from the data with either 
model. In addition we will show how szc can be ap- 
plied to this problem. We will also show that if any 
weight average property of the system, xwc, is avail- 
able experimentally for a self-association, then it is 
a simple matter to obtain the z average property; here 
x could represent a sedimentation coefficient, a 
partition coefficient, a diffusion coefficient, etc. We 
wiU also show how to obtain the number average 
sedimentation coefficient, sNc. The methods used here 
can be extended to obtain other number average 
properties, xNc, of the associating system. Knowledge 
of the sedimentation coefficients of the associating 
species may lead to insights into the shape of the 
associating species, as well as how the associating 
species are joined into n-mers. Values of the sedimen- 
tation coefficients and the hydrodynan:’ - -oncentra- 
tion dependence parameter may be usef~ ir testing 

various methods for simulating sedimenta, :*n velocity 
schlieren patterns for self-associating soluteri they 
could also be used to help test various theoric s 
regarding self-associations and sedimentation velocity 
experiments. The sedimentation coefficients (ould 
also be used>for the evaluation of translationA dif- 
fusion coefficients of the associating species 

2. Evaluation of the weight average (s,,) of apparent 
weight (s& average sedimentation coefficient 

In order to proceed further it is necessary to make 
the following assumptions. 

(1) The natural logarithm of the activity-crefficient, 
yt, for each self-associating species can be represented 
by the expression 

In yi = ~~~ C, i=l,2 ,..‘. (2) 

Here c is the total solute concentration on the gram 
per liter (or other weight over volume concentration) 
scale; for a monomer-n -mer self-asso&tion c is 
given by 

c=ct +K& (3) 
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as a consequence of eq. (2). The quantity f3Mt in eq. 
(2) is known as the second virial coefficient_ 

(2) Sedimentation equilibrium, light scattering or 
osmotic pressure experiments have been performed 
on the self-associating solute under the same solution 

conditions so that cl, the monomer concentration, 
and K,, the association equilibrium constant, are 
known. 

(3) The third assumption is that interacting flows 
are absent; this is an assumption that has heen made 

by all the workers in this field so far, [9-12, 19-231. 
When a self-association is present, the weight average 

sedimentation coefficient, swC, is defined [ 131 by 

ClSl + Gc2% Sl + fc,cy- ‘s, 
swc = = 

CL +Kn4 1 +Kncp 
(4) 

for a monomer-n-mer self-association; analogous equa- 
tions can be written for other types of self-associations. 
The subscript c in eq. (4) indicates that a self-associa- 
tion is present; note that as c + 0, s, + sl, whereas 
asc+Qo,s,C + sn _ Studies on nonassociating solutes 
have established the existence of a hydrodynamic 
concentration dependence parameter,g; this was the 
reason for the use of the term sedimentation coefficient 
in place of sedimentation constant. Thus with non- 
associating solutes one encountered the following 
empirical expressions to describe the observed con- 
centration dependence of s: 

s =sO(i -gc) 

or 

(5) 

s = SO/(1 +gc)_ (6) 

Here so is the value of s at infiite dilution of the sedi- 
menting solute. 

When hydrodynamic concentration dependence is 
present, and this is usually the case, we wiU use the 
term SW, the apparent value of swC, in place of swc_ 
Two models for defining s,, will be used here. One 
model which we have proposed defines swa by the 
reIation 

1 -= 
swa 

L+, 
Swc - 

(Model I). (7) 

In this model, which we will call Model I, the hydro- 
dynamic concentration dependence parameter is 
designated by g; generally this model is simpIer to use 
mathematically in the treatment that follows_ The 

other model for swa, -hich we will call hlodel II, is 
given by 

(Model II). (8) 

hiodel II was first used by Gilbert [g-13] and is the 

model for s, that was used by Kakiuchi and Williams 
[22] and by Iso and Williams 1231. Here the hydro- 
dynamic concentration dependence parameter is 
designated by g. 

There are two ways that swa can be evaluated. With 
refractometric optics (Rayleigh and schlieren optics), 
swa can be evaluated from the rate of movement of 
the square root of the second moment of the boundary 
gradient curve, F, since 

dlnF 7 
dt 

=w s,. (9) 

Here w is the angular velocity of the rotor and is given 
by w = 2s(RPM)/60_ The quantity F is defined by the 
general equation [24,25] 

Here cm is the value of the concentration of solute at 
the air-solution meniscus, rm, and cp is the concentra- 

tion of solute in the plateau region, the region of con- 
stant concentration_ The quantity rp is the radial posi- 
tion from the center of rotation at which the plateau 
region begins. In order to calculate i it is necessary to 

know c,.,, and cp_ Kegeles and Rao [26] showed that 
c,,, can be evaluated for self-associations from the 
equation 

cm = co - (I/r:) r” t* 2 dr. 

rrn 

(11) 

The concentration at the plateau, cP, can be obtained 
from 

cp=cm+ (12) 
rm 
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When c, = 0, then eq. (IO) reverts to the form ob- 
tained by Goldberg [27]_ 

With absorption optics one can use the continuity 
equation to evaluate swa_ In the plateau region it is 

easy to show that 

(13) 

Thus swa can be evaluated from the slope of a plot of 
ln cp vs. f. 

3. Elimination of the hydrodynamic concentration 
dqendeuce parameter 

The key to the evaIuation of the sedimentation co- 
efficients of the associating species lies in the elimina- 
tion of the concentration dependence parameter. When 
this is done one obtains an equation containing only 
sedimentation coefficients, si, the monomer concen- 
tration, cl, and the equilibrium constant or constants, 
K,. Note that the Si, i = I, 2, _ _ _, are the true ~WS 

of the sedimentation coefficients of the associating 
species. We will illustrate the procedure for eliminating 
the hydrodynamic concentration dependence param- 
eter with a monomer-n-mer self-association, and then 
the arguments will be extended to other self-associa- 
tions. With nonassociating solutes one can easily 
obtain g, the hydrodynamic concentration dependence 
parameter, by simply plotting s or 11s vs. c. For 
instance, from eq. (6) one notes that 

_= _!_+E 1 
S So So- 

(14) 

Thus one notes that lun,,, (I/s) = (I/@ and thz slope 
of a plot of 11s vs_ c isg/so. With seif-assoc-mtions the 
situation is more comphcated, With model I one notes 
that 

ka 
liltl- 
c-+0 dc 

whereas with model IL we note that 

%?3 ci!s 
limx =- 
C-0 @l+ ( > -5 r=* 

If one used Model I and made a plot of l/swa vs. c, 
the intercept would be sl, but the limiting slope 
would beg - si2(dswC/dcjC=o. Thus we cannot ob- 
tain g or g from plots of l/s,, vs. c, and we must 
look for alternative methods when dealing with self- 
associations. Fortunately it is easy to obtain these 
alternatives, and four different methods will be used 
to eliminate g org. Model I will be used first. 

In all of the four procedures to be described below, 
a monomer-n-mer self-association will be used as an 
example. Since it is assumed that c1 and K, are avaii- 
able from light scattering, sedimentation equilibrium, 
or osmotic pressure experiments on the self-associating 
solute, and since 

(17) 

the elimination ofg, the hydrodynamic concentration 
dependence parameter for model I, leads to an equa- 
tion in one unknown, s, . One can then use successive 
approximations to obtain the value of sn_ 

Method I: 
Here one uses l/swa and d( l/s,)/dc to eliminate 

,8, smce 

1 d 1 1 

swa -% (3 c 

For a monomer-n -mer association 

and 

(18) 

(19) 

(n - l)K,c;-2(s1 - sn) 

=@I +K,cp,)2(1 +nK p-l)- 
(2a> 

n i 
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Kegeles [21] recently pointed out that one could 
obtain the z average sedimentation coefficient, szc, 
from the equation w- 

+C 
l)K&;-*(s, - s1) 

cw 
s1 +K,c+)2(1 + N&;-Q - 

Method 2: 
Suppose the plot of L/SW, vs. c has a minimum’at 

c=c,, then 

(27) 

For a monomer-n-mer self-association 

SI + ?.?&cy ‘s, 
szc = 

1. +!z&$-r - 

Now note that with model 1 sz3 is given by 

(22) (28) 

(231 

dfcs,) 
%a = - = s,,/( I + gcs,)2. dc (29) 

and 

1 1 -=- 
swa %vc 

(24) 
From the definition of s, given by model I (see eq. 
7), one can obtain 

The insertion of eq. (19) and eq. (20), evaluated at 
c = c*, leads to an equation with one unknown, sn_ 

Swc 
1 +gcs,,= c. (30) 

Method S: 
Eke we note that 

With model 1, swa is written as 

dc 1 2 = dc --- -=--- 
S S wa wc C s 

- . 
S 

(25) 

0 
WC 

The insertion of eq_ (30) into eq. (29) followed by a 
rearrangement leads to For a monomer&mer association one C;L~ show that 

1 2 c& 
s 

1 +K*Cl 
--- -= 
%a = () %a s1+K2Cls2 

For a monomer-rr-mer self-association, eq. (3 1) can be 
written as 2 1 

1 -1 ( 
3Sl 2s; Sl + K2ClS2 

-c -- 
Kpz. S2 

> ln 
9 

+2 ( ‘5 
s1 / 

(32) 

Eq. (32) has only one unknown, s, . 

The only unknown here is s2, and it is obtained by 
successive approximations. The integrals necessary for 
the evaiuation of l, de/s, for n = 2 to 4 are found 
in tables of integrals; when n > 5 one must use a reduc- 
tion formula to evaluate the necessary integrals [28] _ 

Model II: s,, = swc/ 1+ gc. 

Again a monomer-n-mer association will be used as 
an example. It will be assumed here also that sl, cl 
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and K, are already known so that the elimination of 
g leads to an equation in one unknown, So, which we 
can solve for by successive approximations. The 
methods described in the previous section for model 
I can also be tried with model II, but in this case the 
mathematical relations are somewhat more compli- 
cated. 

Method I 

Here we note that 

1 
- =s$ (1 +gc). 
swa 

(33) 

When model II is used eq. (33) can be used to obtain 
an expression for d( l/s,_Jdc, and this can be used to 
obtain an expression forg. Doing this we obtain 

swc c dCw%d + J_ *w, 
dc -1 2 dc 

swc LT= - 1 c %vc em- s, dc 
The substitution of eq. (34) into eq. (33) leads to 

1 

swa 

(34) 

1 
S-f 

SWC 

When eqs. (19 and 20) are substituted into eq. (35), 
one obtaizs an equation in one unknown, s,. 

Method 2: 

Ifs,, has a minimum at c = c, or if l/s, has a 
maximum at c =c,, then one can show that 

%Kl~ 
g= 

ds 
(36) 

WC 
swc --c ( > dc 

c=c* 

SWC 
swa = 

ds,,ldc 1 - 
(37) 

1+-C 
swc-C(ds,,w1,=~* 

When a monomer-n-mer association is present the sub- 
stitution of eqs. (19 and 20) into e.q. (37) leads to an 
equation containing only one unJcnc-.l;n, sn _ 

This method can be used in 3 different form; here 
we note that 

hc cl J -= 
SWZi 

/ 
0 0 

S,, (I -J-gc)dc. (38) 

Solving for g one obtains 

=dc 
s 

’ dc -_ 
S s s, 

g=Owa Q _ 

c cdc 
(39) 

I 
0 s,, 

One can insert eq_ (39) into eq. (33), and then use eq_ 
(4) to obtain an equation in the unknown, sn _ 

Method 4: 

When model II applies, Kegeles 1211 showed that 

d(cs& szc - gs, 
S z-c 
za dc 1tgc - (40) 

With a monomer-nmer self-association one can use eq. 
(40) to obtain an equation in onw unknown, sn, using 
the following steps: 

SwJSwa = 1 +gc, (41) 

g=c<-1)/c, 

and 
and 

s= _s== 6, - sa - 
swa fWC =WC 

(42) 

(43) 
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The substitution of eqs. (4 and 27) leads to an equation 
in one unknown, sn_ 

4. Evaluation of g or g 

Since we have shown that one cannot obtain g erg 

from the slope of a plot of l/s, vs. c (see eqs- 15 or 
16), we must use another approach. The simplest pro- 
cedure is to calculate swc first; this can be done once 

the sedimentation coefficients of the self-associating 
species have been obtained (see the preceeding section). 
Then with model Kg can be obtained from the fol!ow- 
ing equation: 

1 1 --_ =gc * (44) 
%a Swc 

A plot of (l/s,,) - (l/s,) vs. c will have a slope of& 
If method 2 applies one could also use eq. (23) to 

evaluateg, or one could also use eq. (30) for this 
purpose. 

When model II applies and when swc is known, eq. 
(33) can be rearranged to give 

1 --- 
swa 

S;c =&/s,)- (45) 

Thus a plot of (I/s,) - (I/s,, ) wiq have a slope of g. 
Alternativelyg cotrId be evahrated from eq. (41), 
since g is the slope of a plot of s&, vs. c. Eqs. (34 
or 36) could also be used for obtaining g 

5. Extension of these methods to other self-asociatiuns 

5. I. Monomer-dimer-mher assoc&ztion 

For this association the expression for swC becomes 

(46) 

Since sl, Kg ,K, and cl are known, we are left with 
only two ~~nknowns to solve for, s2 and s3 _ AU of the 
previous methods can be used to eliminate g or_g, but 
we are faced with the necessity of evaluating the two 
unknowns. Note that method 3 can be used here since 

the integrals necessary for this method can be found 
in a good table of integrals. However, it may be more 
difficult to apply method three to other associations, 
such as a monomerdirner-tetramer self-association. 

With a monomer-dimer-trimer self-association we 
would have enough equations available to solve for 
s, and s3, but admittedly we would have messy algebra 
to do this. One way to obtain s2 and s3 would be to 
use an iterative procedure, such as the Gauss-Seidel 
method or a curve crawling procedure [29] or we 
could use Monte Carlo methods [30]. These procedures 
could be carried out on a computer or on some pro- 
grammable calculators. The only restriction here would 
be that s3 > s2 > sl. Another but mere restrictive way 
to attack this problem would be to assume that the 
three sedimentation coefficients are related by an 

equation of the type 

Si= K(iMLja* i = 1,2,3_ (47) 

Here K is a constant whose value depends on the tem- 

perature and the combination of solvent and solute 
used. If eq. (47) were valid, then s&r = 20L and 
s3/s1 = 3a, so that eq. (46) can bc written as 

swc = 
SI( 1+ 2=K2CL f 3”IK3c;) 

1-F K2ct + K& 
(48) 

The quantity Q is the only unknown in eq. (48)_ So 
we couId use eq. (48) along with @her required quan- 
tities in the methods previously described for both 
modets for swa, but here Q instead of sz or 53 would 
be evaluated,.by successive approxiinations. The dis- 
advantage of this procedure is that all of the 

si(i = 1,2,3) must obey eq. (47), whereas the other 
iterative method mentioned in this section does not 
have this restriction_ In principle one could evaiuate 
s2 and s3 first without assuming that they are related 
through eq. (47):Then we could see if they are inter- 
related, since if this were true then 

hdS2/Sl) ws3/9) 
Q= 

-log2 = log3 * (49) 

If all of the self-associating species were spheres, then 
a = 2/3; and if alI the self-associatS rg species were 
random coils, then a = l/2. 
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5.2. Indefinite self-association 6. Discussion 

Here the self-association reaction can be written as How do our methods differ and what is their ad- 
vantage over the Kalciuchi and Williams 122,301 

?lP, z qP2 +mP3 +... . method? Consider a monomerdimer-trimer self-asso- 
ciation. in the Kakiuchi and Williams method model 

It appears that the only way to treat this case is to as- II swa was used; they irrade an attempt to evaluate s2 
sume that eq. (47) applies. When one does this, then and g from a plot of f :3= vs. c. The first point to note 
one notes that sj/Si = j, where j = 2,3, . . . . The ex- is that Kakiuchi and Mlliams used the wrong equation 
pression for swc becomes for +a. lilstead of using eq. (4) for s,,, they used 

Sl( 1 + P’fiCI + 3nftIc2c; + . . .) 
(sic) 

S 
= 

WC 
(1 + 2kC1 f 3k2C; + . . .)2 

Sl +k+sz 
swc = 1 +K2C * (5 1) 

= q( 1 + F+lkCI + 3”*lk2?; + . _ _)( 1 - kC1)‘, 

The error here is the use of c, the total solute concen- 
(50) tration, instead of ct , the monomer conzmtration, 

l&e correct expression for s, is given by eq. (4). 
if kCI < 1. Here k = 1000K/M1 is the intrinsic equf Qkivchi and Williams then proceeded to write swa as 
Iibrium constant_ In arriving at eq. (49) we have used . (sic) 
the reIationship 

_. . s1 t-K&C 

1 + 2kC + 3k2C2 + = I/(1 - kC,)2, 
s_= 

(1 +KlC)(I +gc) ’ (52) 
1 1 -.- 

when liC, < 1. Note that Cl is the monomer concen- when model IL applies. The correct expressFort for swa, 
tration in g/ml. At present the sum of the series in the when model II applies, is 
numerator of eq. (49) is not known. Since the sum of 
the series in the denominator of eq. (SO) is (1 - kC,)w2 s1 +KZClS2 
for kc, < 1, we might be able! to truncate the series in %a = (1 +K2CI)(1 +gc) - (53) 

the numerator after the fifth or sixth term. Just where 
to truncate it would depend on the magnitude ofkCl The Kakiuchi and Williams equation (eq_ 45) can be 
and on the expected experimental error in the values rewritten as 
of s, or s,,,. Assuming that the truncation is justifiable, 
one c&d u& eq. (50) and thk other necessary quan- 
tities in the four methods previously proposed for the 
elimination ofg org and the estimation of the Si from 
either model for s&, except here one would obtain LY 
by succor-sive approximations_ Note that the series in 
the numerator of eq. (50) has the sum of 

(I +kCI)/(l -kC1)3 

and 

for&= 1, 

(I + 4kC1 + k’C$(1 - kC# for a = 2. 

Thus one could see whether a is less than one.or if its 
value lies between one and two. 

1 -= 1 ‘gc 

SWi3 
(54) 

s2 

[ 

I+ Sr-S2 
sz(l +J&c) 1 

If this equation were correct then as c becomes large, 

eq. (47) approaches the form 

(55) 

Eq. (5.5) is linear in c, and if the tangent to a plot of 

‘/& vs. c is taken at large values of c, one obtains 
g/s2 for the slope and l/s2 for the intercept at c = 0. 
One can justify this procedure by using eq. (53); which 
is the correct equation. Here one obtains 
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(56) 

If K2cL gets large as c gets large, then eq. (56) can be 
reduced to eq. (55). 

The disadvantage of the EMciuchi and Williams 
method [22,3 l] is that the experiment must be carried 
out to large values of c, the plot of l/s, vs. c should 
be linear at these high values of c, and the results 
depend on how the tangent to the plot of l/s, vs. c 
is drawn. At very high concentrations other hydrody- 
namic concentration terms might have to be included. 
The main advantage of this method is its simplicity. 

Our methods, while somewhat more complex, do 
offer a possibility of evahrating s2 (or s,J and g org at 
several different concentrations. Thus we can obtain an 
average value for these quantities, whereas the Kakiuchi 
and Williams procedure is a one shot method. Also we 

have available several ways to evaluate s2 (or sJ and 
g erg, whereas they do not have this versatility. 

We can extend the methods described here to any 
other weight average property, xwc, of an associating 
system; here x could be a translational diffusion co- 
efficient, a partition coefficient, a partial specific 
volume, etc. As long as a physical method gives xrvc, 
where xwc is defied by 

XWC =C C&C * i=l,2,_.., (57) 
i 

then it is possible to obtain xr, the z average value of 
x, and &o XN, the number average vahre of x. If these 
physical properties exhibit some type of concentration 
dependence, then one can use models, analogous to 
models I or iI for swa, to define xwa, the apparent 
xwc, and the ;gdividual xi for the associating species can 
be evaluated from xwa using methods analogous to 
those described in this paper. Note that xzc is defined 

by 

C c$Upi C iC&Si 

-%= ‘&C& = &- 

(58) 

i- i 

since 

and 
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(59) 

(60) 

dc/dcl= I+2K~cL+3K~c~+...=(I/c~)~ici.(6?) 
i 

How do we obtam the xwc ? Ackers [32] has shown 
that the weight average partition coefficient, uwc, can 
be obtained from analytical gel chromatography exper- 
iments with self-associating solutes. It should be noted 
that Chun et al. [33] have shown how to obtain the 
weight fraction of monomer from uwc by a different 
procedure. The apparent weight average diffusion co- 
efficient, D,, can be obtained from free diffusion 
experiments [34). The weight average partial sgecifrc 
volume, Gwc, could be obtained from careful density 
measurements. 

The number average property,xNc is defined by 

i i 

Now note that 

C 

I 
=I 

cs,dct/c, = s 
0 0 

K2C1s2 + 
=c1s1+ 2 

(sl +K2cls2 + . . .)dcl 

But it has been shown by Adams [35] that 

@% M,dc 
_=- 
q +wc (65) 
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for self-associating systems. Thus it follows that 

or 

n-i,, c 
‘NC = CM, s %vcw1/M,)dc - 

0 

Under conditions where the hydrodynamic concen- 
tration dependence parameter is present, one can show 
using model U that 

SNc =% -g(S) [swaw&cwc. (68) 

l!ere sNa is the apparent values of sNc; sNa is defied by 

Eq_ (68) can be rearranged to give 

(70) 

which gives us still another way to evaluateg. The 
evaluation of sNa from model I is mGre difficult and 
will not be discussed here. One can generalize the 
treatment above to show that the number average 
property can be obtained from 

XN = I/@fl/M&j q&?fl/M,Idc- (71) 
0 

it is clear from this discussion that if some weight 

[ 12 j L&f. Gilbert and G.A. Gilbert. Nature 194 (1962) 1173. 
[ 131 H. Fujita, Mathematical theory of sedimentation ana- 

lysis (Academic Press, New York, 1962) ch. 4. 
[ 141 R-F. Steiner, Arch. Biochem- Biophys. 39 (1952) 333. 
[ 15 ] R-F. Steiner, Arch. Biochem. Biophys. 44 (1953) 120. 
[ 161 R.F. Steiner, Arch. Biochem. Biophys. 49 (1954) 400. 
[171 M.S.N. Rao and G. KegeIes. J. Am Chem. SOC 80 

(1958) 5724. 
[ 181 W. Goad and J.R Cann. Ann. N.Y. Acad. ScL 164 (1959) 

172. 

average property, s,, of a self-associating solute is 
avGlable from transport experiments, then one can 
combine transport data with thermodynamic data to 
extract the individual xi of the self-associating species_ 
Here we have emphasized a combination of sedimen- 
tation velocity with sedimentation equilibrium experi- 
ments_ Some test of these procedures will be reported 
in the next paper in this series- 

[ 19 1 D J. Cox, Arch. Biochem. Biophys. 142 (1971) 5 14. 
[20] W. Godschalk, Biochemistry 10 (1971) 32.84. 
[21] G. Kegeles, Rot- Nat. Acad_ Sci. USA, 69 (1972) 2577. 
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2781. 
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I . Introduction

A logical method for monitoring macromolecular
reactions is to use light scattering whenever a change
in molecular weight is involved- In a classical paper on
the dimerization of bovine plasma mercaptalbumin
[1] , such an application of light scattering was made
to study a slow reaction . One of us, in a review entitled
"Interacting Protein Systems" suggested [2] the appli-
cation of light scattering methods of observation to
relaxation techniques [3]. Stopped-flow measure-
ments of macromolecular interactions were similarly
performed by turbidity or scattering at 90 0 in several
laboratories since 1969 [4--7] . A pressure jump light
scattering technique is being described elsewhere [8] .

The "concentration jump" method, in which a
sudden dilution of a protein system with buffer
produces a relaxation to a new equilibrium, was
developed by Fisher and Bard [5] . This procedure has
the distinct advantage over many other types of
stopped-flow experiments, in that the rate constants
for the protein reaction steps, which may in fact be
coupled to many steps of ligand binding, are actually
determined in a prescribed and constant solvent
medium. Such rate constants for single steps are then
directly related to equilibrium constants measured by
other methods, in the same buffer .

2. Theory

In ion-mediated protein interactions, such as that

RATE CONSTANTS FOR THE HEXAMER-DODECAMER
REACTION OF LOBSTER HEMOCYANIN

Gerson KEGELES and Mei-Sheng TAI
Section of Bfochemnistrv and Biophysics, University of Connecticut, Storrs, Connecticut 06268, USA

Received 1S May 1973

900 stopped-flow light scattering experiments have been used to determine the forward and reverse rate constants
of the reversible hexamer-dodecamer reaction of lobster hemocyanin in glycine buffer at pH 9 .6. Results were ob-
tained at 20 .5° and 25° at two different levels of calcium ion, and equilibrium constants derived from the data are in
good agreement with those measured earlier with the ultracentrifuge.

considered here, in which both protons and calcium
ion play a role 191, the detailed expressions for the
dependence of the protein reaction relaxation time
can be developed, if at all [3] , only when a mecha-
nism is known for the ion-binding steps . Otherwise,
since the "equilibrium constant" for the protein
reaction depends strongly on the free ion concentra-
tions, one or both of the "rate constants" for the
protein interaction will similarly depend on these ion
concentrations. Thus, for the results of an experiment
to be interpretable at all, it is necessary for these "rate
constants" to be determined in a well-defined ionic
environment which does not change appreciably with
time, i .e. in a well-buffered system . This makes the
"concentration-jumpis method particularly attractive
compared to other types of stopped-flow experiments,
since the dialyzed protein can be diluted by a small
amount (in our case to 5/7 of its total original concen-
tration) by a buffer with which it was already at
dialysis equilibrium.

When concentrations are expressed in molar units,
the relaxation time for a simple monomer-dimer re-
action step is given by [3]

r_1 -4k 12n 1 +k21 , (1)

where k12 and k2 1 are the molar rate constants for
dimerization and dissociation, and n I is the equilibrium
molar concentration of monomer, all referred to the
final (in this case the diluted) state. This relaxation
equation assumes that the system is never far from its



final equilibrium condition, which we have assured by
dilution of five volumes of protein with only two
volumes of buffer, and appropriate adjustment of
calcium ion and pH according to the prior equilibrium
data (91 . If concentrations in grams per unit volume
are used in the original rate equations to derive the
expression for the relaxation time, it is found that in
place of eq . (1), as cited in previous publications 15, 10] ,
the correct expression is

G. Kegetex and At -S. Tar", Rate constants for the hexamer-dodecamer reaction of lobster hemocyanin
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where k12 an re the weight concentra
constants and fi, ght concenttatio
mer. Since the dissociation constant has the dimensions
of reciprocal time, k2t

	

he relationship be-

Here
tnonomer" is a hexameric unit, and the

"dime?" is the dodecamer.
It has been pointed out (31 that a plot of reci

relaxation time against equilibrium concentration o
monomer gives a straight line, providing the dimertza-
tion constant from the slope and the dissociation con-
stant from the intercept . Although we have had the
good fortune to have available prior equilibrium data
in some cases [9) from which to calculate the mono-
mer concentration, we have nevertheless found this

f plot less than satisfactory for the following
reason: when the formation constant is too high
because of experimental error, the slope and intercept
of the plot from eq. (2) are so distorted that the ratio
of the retrieved rate constants gives back a formati
constant which is still higher. Conversely, when the
formation constant is too low to begin with, the re-
trieved value from use of eq. (2) is stilt tower. In other
words, successive approximations based on direct use
of eq. (2) are uniformly divergent.

This unfortunate circumstance can be
and rate constants for the monomer-direr interaction
can be determined which are wholly independent of
the use of prior equilibrium data, in the following
manner. The equilibrium constant is '

(c -

(2)

(3)

(4)

where the total weight concentration is denoted by c .
When eq. (2) is squared, and the value of el l from

eq . (4) is substituted therein, the result is

Accordin

	

5), the square of the reci

	

1
relaxation ti

	

's linear function of the to

	

i
concentration of protein_ The intercept provides the
square of the dissociation constant, and the slope arid
intercept together then provide a value for the rate
constant for reassociation . Hence no
the equilibrium constant is required, a
k12fk,t provides a completely independent equilib-
rium constant directly from the kinetic data .

In the case of non ideal solutions, as shown pre-
ly [101, the measured relaxation time r should be
lied by the factor (1 + c 3ln y f8c) before per-

2), or in this cast eq . (5).
on-ideality factors were measured for non-react-
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(5)

The dil

	

1
(s I were per o

	

in a Durr in-
flow apparatus

	

d with a new ce
photomultiplier asse

	

r high respunse to
scattering at 90°. For optimal long-time stability, the
tungsten iodide light source originally part of the
equipment was found to be far superior to either
Xenon or Xenon-Mercury sources_ The apparatus was
also furnished with a set of "ratio-syringes", which
permitted the dilution of five volumes of protei
two volumes of buffer. Experiments were performe
at either 20.5°C or 25°C by circulating water from a
carefully regulated water bath . It had been found
earlier that temperature control is quite essential to
good scat*.°.ring experiments. Protein solutions were
measured at 5-6 different protein concentrations,
leading to final diluted concentrations in -the range
between 0 .18% and 1 .14%, in 0.1 ionic strength gly
tine buffers at pH 9 .6 containing either 0.0031 M or
0.0036 M f

	

t

	

c

	

r
alyzed against t
it was mixed in the stopped-flow ex

	

nt.
were kept in closed vessels, and were prepared 0
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Fig. 1 . Light scattering stopped flow "concentrationjump"
relaxation curve for lobster hemocyanin_ Five volumes of
1 .203% hemocyanin dialyzed against buffer were mixed with
two volumes of 0.1 ionic strength, pH 9.6 glycine - NaOH
buffer containing 0.0031 M CaZ+ at 25°C. Scanning speed was
14 .43 sec/div. The tungsten iodide light source was used, with
the monochromator set at 436 nm .

freshly boiled distilled water to minimize air bubbles .
All hemocyanin preparations were processed by re-
moving the clot, centrifuging briefly, and either freez-
ing the whole serum for storage, or diluting and dia-
lyzing directly. Small amounts of aggregated material
were removed from stored thawed samples by centrifu-
gation before dilution and dialysis .

4_ Results and data evaluation

For a considerable period we had believed that the
only scattering relaxation in lobster hemocyanin was
to be found in the time range too fast for stopped-
flow experiments, since a small relaxation was found
[10] in the time range below 1 millisecond, and
repeated efforts to detect any slow relaxation with
the earlier version of the stopped-flow scattering cell
had failed, as had hand mixing experiments [9] . Once
the newer scattering cell and photomultiplier arrange-
ment with greatly improved aperture [6] was available
to us, a crucial set of experiments, in which reacting
hemocyanin was either mixed with an excess of calcium
ion or with a dilute solution of ethylenediaminetetra-

(C), G /IOO ML

Fig. 2 . Reciprocal of square of non-ideality-corrected relaxa-
tion time vs. total protein concentration . Points are experi-
mental, and lines are least-squares fit (see text) . Upper curve:
25°C. Lower curve : 20.5°C. The buffer was 0_1 ionic strength
pH 9.6 glycine-NaOH containing 0 .0031 M Ca2+- Upper curve
was based on 18 experiments, and lower curve on 20 experi-
ments ; where points are missing they overlapped too closely
with those shown, to be seen.

acetic acid, showed a strong scattering change in the
range of 15-25 seconds . These effects lie entirely
outside the range of the temperature jump experi-
ment, which could not detect even an amplitude shift,
since the entire cell had cooled back to original tem-
perature before the protein could react .

The use of the concentration jump technique, as
described above, leads to relaxation scattering curves
such as the oscilloscope trace shown in fig . 1, where
a solution of original concentration of 1 .203% was
diluted to 0.859% in a buffer containing 0.0031 M
Cat' at 25°C. The oscilloscope traces were mounted
and measured directly with reflected illumination in
a two-coordinate Mann microcomparator, some 30
points being read (the baseline in fig . 1 being a second
scan following the first after a gap of two sweep scale
divisions). Between two and five experiments were
performed at each concentration .

The raw microcomparator data were least-squared
with an IBM 1620 computer as a single exponential
decay, in the form of a log-log relation, the uncor-
rected relaxation time and the zero-time amplitude
were printed out, and the computations were used to
produce automatic correlation plots between experi-
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Fig- 3. Reciprocal of square of non-ideality-corrected relaxa-
tion time vs . total protein concentration. Points are experi-
mental., and lines are least squares fit (see text) . Upper curve:
25°C based on 15 experiments. Lower curve : 20.5° C based
on 16 experiments. The buffer was 0.1 ionic strength, pH 9.6
glycine--Na©H containing 0.0036 hi Cap'.
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Fig. 4. Reciprocal of non-ideality-corrected relaxation ii e
vs- hexamer concentration calculated from equilibrium con-
stants derived from fig . 2 (see text). Upper curve: 25° C based
on 18 experiments. Lower curve: 20.5°C based on 20 experi-
ments. Buffer contained 0.0031 M Caa

mental data and the least
1627 plotter. Erroneous o tncon

	

a points
were then rechecked, and if necessary scarded, and
the process repeated .

Once relaxation times were obtained, they were
multiplied by the non-ideality factor (1 + c dlay/ac),
and the square of the corrected reciprocal was least

	

.04
squared as a function of the total (diluted) protein
concentration, according to eq . (5) at a given tempera-
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ture and calcium ion concentration . The ratio of the

	

1/r
derived forward and reverse rate constants was obtained,

.02from which the concentration of monomer was ob-
equilibrium, eq . (4). Having this, the reci-

pro

	

on-ideality-corrected relaxation times

	

_ot
were

	

f ction of monomer concen-
tration, according to eq. (2). These computations were
all performed with the IBM 1620 computer, and the
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punched card output was used to plot the experimental
points versus the least square lines, eq. (2) and (5).

Fig. 2 shows the results of the plot according to
eq. (5) at 0.0031 M free Ca2', and fig. 3 shows the plot

	

Fig. 5. Reciprocal of non-ideality-corrected relaxation time
vs. hexarner concentration calculated from equilibrium con-

of the results at 0 .0036 M Ca2t. Each figure contains

	

slants derived from fig. 3 (see text). Upper curve : 25° C based
data at both 20.50 and 25°C. Fig. 4 shows the more

	

on 15 experiments. Lower curve : 20.5°C based an 16 experi-
conventional (corrected) reciprocal relaxation time

	

ments. Buffer contained 0.0036 M Ca2+.

( CIA). G /100 M L
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a) Comparison ultracentrifuge value [91 : 1.0
b) Comparison ultracentrifuge value [91 : 2.89.

plots vs. monomer concentration, eq . (2) at 0.0031 M
free Cat+, and fig. 5 shows the corresponding plots at
0.0036 M free Cat+, each figure containing data at
both 20_5° and 25 ° .

5 . Discussion and summary

Eqs. (2) and (5) assume that the reaction involved
in producing a change in scattering is entirely a single
step, bimolecular in the forward direction and uni-
molecular in the reverse direction. One additional
test of this assumption, beyond figs. 2, 3, 4 and 5 is
the consistency of direct oscilloscope data in the
log-log plots with a single straight line- Usually the
data followed this requirement very well - in cases
where this was not so, either uncovery of errors in
reading or a repeated experiment usually substantiated
the assumption- The biggest experimental defect has
been drifting or shifting of the scattering baseline,
caused usually by minute leaks through valves or
around drive syringe plungers. Although the initial
amplitude of the experimental scattering curve is not
required, we have found no way to eliminate the re-
quirement of knowing the final scattering baseline .

A summary of the rate constants on the g/dl con-
centration scale taken from use of eq . (5) and the
computer results represented by figs. 2 and 3, is given
in table 1 . It is noted that the formation constant,
Keq = k12/k21, is in good agreement with prior ultra-
centrifuge results [9] determined at 25 °C. Again, it
is emphasized that k 12 and k21 contain effects of ion
binding in an unknown way, and are constants only in
the specified solvents .

Thus, it has been found that the major part of the
scattering change resulting from the reversible hex .a-

mer-dodecamer interaction of lobster hemocyanin
in glycine buffer at pH 9-6 lies in the time range of
about 15-25 seconds. The previously reported rela-
tively small scattering amplitude [101, earlier ascribed
to the hexamer-dodecamer interaction, may, in fact,
be due to a minor conformational change coupled to
oxygenation . Repeated efforts to investigate the
phenomenon have been disappointing and this remains
to be further elucidated .

It is rather intriguing, table 1, that the dissociation
rate constant is relatively independent of calcium ion
concentration, while the association constant bears
most of the calcium ion dependence previously ob-
served [9] in the equilibrium constant .
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INTERACTION OF 1 ,N6-ETHENOADENOSINE 3’9 MONOHYDRATE (EC-AMP) 
WITH SOLVENTS AND BIOLOGICAL RECEPTORS* 

Received 15 Way 1973 

I. introduction 

The profound biological effects of cyclic-AMP are 
now widely recognized [I, 21. it is expected that in- 
vestigators interested in developmental biology, mem- 
brane biology, and cell transformation will find it of 
increasing importance. Elucidation of the reaction of 
cyclic-AMP with receptors will be facilitated by the 
development of fluorescent analogues such as that of 

Secrist et al. [3,4]. In this connection, while ~~ 
examining the luminescent properties of the l,N6- 
ethenoadenosine 3’,5’ monohydrate (EC-AMP) we yb- 
served: 1) an unusual solvolysis reaction betweenp- b 
dioxane and E-C-AMP resulting in a complex in which 
huninescent lifetime varies in an intricate manner with 
pdioxane concentration, and 2) an interaction between 
E-C-AMP and a wide range of proteins not presently 
known to be biologically significant C-A&fP binding 
sites. 

2. Methods 

Cyclic-AMP, purchased from Calbiochem, was con- 
verted to cyclic E-AMP via the reaction procedure of 
Barrio ,et al. [4]. The lyophilized product was tested 

l From the Bureau of h¶edIicine and Surgery, Navy Department, 
search Tiuk ~¶RO41.06.01.0004BOEX. 

for homogeneity by paper chromatography [5] _ 
Proteins and enzymes were purchased from Calbiochem 
or Wo~hi~gton and were the highest purity availabli. 
The absorption studies of E-C-AMP were performed 
at room temperature in a Gary-14 spectrophotometer. 
Fluorescence spectra were obtained with an Aminco- 

Bowman spectropkotofluorometer. Lifetimes (25°C) 
were determined using a TRW Model 3 LA spectral 
source and decay time computer using Corning falters 
+9863 and #3385 to isolate the excitation and 
emission bands resepectively. Ail chemicals were of re- 
agent grade or better quality. 

3. Results 

Only one UV absorbing spot was noted in a paper 
chromatographic analysis of EC-AMP employing 5% 
sodium hydrogen phosphate saturated by isoamyl 
alcohol. The ultraviolet absorption spectrum was 
identical with that reported by Secrist et al. for 
E-C-AMP [3]. As it was anticipated that future 
studies of receptor proteins would involve a variety of 
solvents, the fluorescent lifetimes shown in table 1 
were measured. In neutral solvents, the vaIue of 19 
nanoseconds agrees with that reported by Secrist et al. 
[3] of “about 20 nanoseconds”. There is only a slight 
decrease in the strorrg protein denatu~ng solvents, 
guanidine and urea. However, in 5O%pdioxane the 
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Table 1 
Ruorescent lifetimes of EC-AMP 

Solvent Lifetime a)(nsec) + S.D. 

0.01 M sodium phosphate buffer. 

pH7 18.9 * 1 
0.1 M sodium phosphate buffer, 

PH7 16.3 * 0.5 
0.01 hf sodium phosphate buffer + 

0.2 hI NaCI, pH 7 19.0 k 0.9 
0.1 M sodium phosphate buffer + 

0.2 M NaCI, pH 7 18.2 f 0.7 
5 M Guanidine and 0.001 M 

Clelands Reagent and 0.05 M 
sodium phosphate buffer, pH 7 16.6 * 0.9 

8 M Urea and 0.001 M Clelands 
Reagent and 0.05 hi sodium 
phosphate buffer, pH 7 

50% DMSO in 0.05 M sodium 
17.7 Lt 0.7 

phosphate buffer, pH 7 
50% Dioxane in 0.05 hf sodium 

16.3 f 0.7 

phosphate buffer, pH 7 

50% Ethylene Glycol in 0.5 M 
11.3 = 0.6 

sodium phosphate buffer, pH 7 19.3 t 1.2 

a) Mean of twenty or more determinations 

lifetime falls almost tc half. Further examination 
showed that the fluorescence emission in pdioxane 
depends on solvent composition in an unusual manner. 
Fig. I shows these results for an EC-AMP concen- 
tration of about 4 X 10m4 M. The drop and subsequent 
gain in fluorescence presumably results from aqueous 
solvent dispIacement on the chromophore by the 
organic solvent. In lOO%pdioxane, the characteristics 
of the excited state must be fairly similar to that of 
the aqueous one since the emission spectra in the two 
cases are virtually identical. At the inflection point, 
the ratio of pdioxane/E-C-AMP is about 1 X 105_ 
Similar results were obtained with varying concentra- 
tions of EC-AMP. This result suggests that highly or- 
ganized structures of pdioxane hydrogen bonded to 
water may exist and that care should be taken in 
attributing lack of quenching to lack of binding for 
the very high and very Iow ratios of pdioxane/EC- 
AMP. Neither urea nor guanidine shows this behavior; 
only simple quenching occurs with these solutes. 
Quenching of E-C-AMP also occurs in dimethyl 
sulfoxid.e, dimethyl formamide and more extensively 
in methanol, ethanol and butanol. This involved be- 
havior certainly indicates that receptor E-C-AMP 
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Fig. 1. Dependence of EC-AMP fluorescence on p-dioxane 
concentration. [EC-AMP] = 3.88 X lo* M; Excitation wave- 
length = 305 nm. 

studies be performed with the possibility in mind that 
the receptor may not be a single macromolecule but 
a noncovalently stabilized network of smaller mole- 

cules. 
As the adenylate moiety of C-AMP is a component 

of NADH, we measured the interaction between E-C- 
AMP and NADH dependent dehydrogenases. With 
excitation at 280 nanometers quenching of both 
enzyme and EC-AMP fluorescence (20% to 40%) oc- 
curred for lactate dehydrogenase, phosphorylase A 
and B, 3-glycerol dehydrogenase and glutamic de- 
hydrogenase- The quenching for 3-glycerol phosphate 
dehydrogenase is shown in fig. 2, which is tyPical of 
the titration spectra for the other proteins. This ap- 
parent interaction might be attributed to the known 
involvement of the adenine moiety in the coenzymes 
vital to these enzymes. No such explanation can’be 
advanced for the quenching of EC-A$P by egg 
albumen, B-lactoglobulin or trypsin. This quenching 
may represent binding at similar hydrophobicsites 
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on proteins of widely disimilar function. The reason 
for the existence of those sites is sti!! uncertain. 

References 

[ 11 G.A. Robinson, E.W. Sutherland and RW. Butcher, Cyclic 

AMP (Academic Press, New York, 1971). 
[2] W.T. Rail, M. Rodbell and P. Condliffe (eds.). The Role of 

I31 

141 

151 

Adenyl Cyclase and Cyclic 3’,5’-AMP in Biological Syr 
terns (Fogarty International Center Proceedings No. 4. 
NIH. 1969). 
J.A. Se&t. J.R. Barrio and NJ. Leonard, Biochemistry 
lL(1972) 3499. 
JA. Secrist, J.R. Barrio. N.J. Leonard, C. ViBar-PaJasi 
and A.G. Cilman, Science 177 (1972) 279. 
R.F. Steiner. FEBS Letters 23 (1972) 2. 

Fig. 2. Titration c$ EC-AMP into Sglycerol phosphate dehy- 
drogenase (0.1 mg/ml). A - enzyme in 0.01 M tris buffer, 
pH 7.2; B - 3 X 10” M EC-AMP f enzyme; B’- - 3 X 18’ M 
E<-AMP in buffer; C - 5 X LO+ M E-C-AMP + enzyme; C’ - 
S X ld5 M E-C-AMP in buffer. Excitation wavelength = 
280 nm. 
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The changes of density and chemical shifts of the water proton upon addition of Cot& to aqueous solutions of 

tetramethylammonium salts of seven polyelectrolytes (polyphosphate. maieic acid-methylvinylether alternated co- 
polymer, polyacrylic acid, carboxymethylcellulose of substitution dcgrec 0.98. 1.3, 2.1. 2.65) have been measured. 
Assuming a negligible contribution of pseudo-contact interaction to the water proton chemical shift and a constant 
hypertine constant upon displacement of water molecules by other ligands. has permitted the calculation of(i) the 

number of water molecules released by Co * ions upon binding and the approximate fraction of Co% ions bound with 
loss of water. and (ii) the total volume change upon binding and the individual contributions of counterions snd poly- 

electrolyte charged sites to this volume change. Our results are generally in agreement with those obtained using other 
methods. 

1. Introduction 

The theory of counterion condensation recently re- 
ported by Manning [I] has clarified the picture of poly- 
ion-counterion interaction in polyelectrolyte solutions. 
In summary this theory states that condensed count- 
erions can be considered as bound counterions while 
interactions between uncondensed counterions and 
polyions can be described with a Debye-Htickel po- 
tential_ In its present form, however, Manning’s theory 
does not give the fraction of condensed counterions 
associated with discrete sites on polyions although a 
large body of experimental evidence for “specific” or 
“site” binding has been obtained by means of refracto- 
metry [2], dilatometry [3,4], density [S] and ultra- 
sonic absorption 16-81 measurements. All of these 

techniques are sensitive to the total volume change oc- 
curring upon binding, owing to the release of electre 
stricted water rlolecules from the hydration shells of 
counterions anil polyion charged sites. However, both 
the interpretation of this volume change in terms of 
numbers of released water molecules and the evaluation 

of the contributions of counterion and of polyion site 
to the total volume change are difficult. Another inter- 
esting and yet unanswered question is that of the die 
tribution of condensed counterions be&veen those bound 
with and without dehydration_ 

Clearly, such problems can be dealt with only by 
means of techniques such as density, NMR and ultra- 
sonic absorption which are sensitive to the local en- 
vironment of the ions, i.e., to their state of hydration 
and/or to the exchange of counterions between the 
different states of hydration. The use of density for 
such studies has been already reported [3-S I_ On the 
other hand, NMR measurements using a paramagnetic 
ion like Cozc provide a powerful way of looking at the 

state of hydration of counterions with and without 
added polyions [IO--121 _ Indeed in Co2+ solutio-s. 
the water proton signal appears as a single narrow line 
due to the fast exchange between free and coordinated 
water and to the fast electronic relaxation time. This 
line is shifted relative to pure water proportionally to 
the molality of the solution and to the number of water 

molecules present in the first hydration sphere of the 
ion_ Replacing some of these water molecules by other 
ligands will cause a decrease of the shift. Some authors 

[ 11, 121 have taken this change in shift as directly pro- 
portional to the number of displaced water molecules. 
Shift measurements can therefore be used to evaluate 
the loss of electrostricted water molecules from the 
counterion hydration shell alone in the binding process. 

The purpose of this paper is to report the results of 
measurements of density changes and water proton 
chemical shift changes upon additions of CoCI, to the 



tetramethylammonium (TMA) salts of a series of poly- 
electrolyfes. ir wili be shown that, in favorable cases, 
the combination of density and NMR data can be used 
to obtain the individual contributions of counterions 
and polyion sites to the total volume change upon 
binding and the number of CoZ+ ions bound with loss 
of exchangeable water molecules. The usefulness of 
these last data for the quantitative interpretation of 
the excess ultrasonic absorption due to site binding 
of cobalt ions in cobalt-polyphosphate solutions is 
emphasized in a following paper [ 141 where values 
of the fractions of site bound Co2* in different states 
of hydration are reported. 

2. Experimental 

Measurements have been performed on polyphos- 
phate (PP), polyacrytic acid (PAA), carboxymethyl- 
cellulose (CMC) with subs:itutitin degrees (SD) 0.98, 
1.3,. 2.1 and 2.65 and an alternated copolymer of 
maleic acid and methylvinylether (MA-MVE). The 
origin of these samples, the purification procedures 
and the preparation of the stock solutions have been 
previously repsrted [S-9] _ 

Ln most of the measurements, the starting materials 
were the TMA salts of the above polyacids. All TMA- 
polysalt solutions had concentrations between 0.05 
and 0.1 equivalent/P. TMA was usd as a reference 
counterion as its interaction with pozyions gives rise 
to a negligible volume change ;6--?! owing to its large 
ionic radius and weak hydrophobic and electrostrictive 
effects on surrounding water molecules 115. 16) _ 

For each polysalt, a series of solutions was prepared 
by adding both water and aliquots ofa standardized 
CoCl, stock solution to the polysalt solution. In each 
case, the ratio of water to CoClz stock solution was 
chosen to keep the final polyeIectrolyte concentration 
c constant and to obtain the desired value of the ratio 
r = C&c where C,, is the concentration of CoZt ions 
in the polyelectrolyte soluiion in equivalent/Q. 

2.2. Density measurements 

The densities were measured at 25°C by means of 

do 
x X CC0 

Fig. I_ Calculation of 4V and 1 from the variation of density 
(left scale) and chemical shift (right scale) as a function of the 
concentration of added Co”. 

a digital precision densitometer DMA 02 (5, 17 J _ The 
total volume change 4 CT upon binding of Cozc ions 
by polyions was obtained as follows. In fig. 1, curve 1 
gi?es the density of CoCl, solution as a function of 
Cc,_ (Curve 1 has been found to be linear in the con- 
ten trhtion range investigated; its slope yields for CoCI, 
an appalz:lL rnolal volume of I1 cm3/mole, as compared 
with the value 11.6 cm3jmole listed by Miller0 [ 181 _) 
Curve 2 represents the variation of the density d of the 
TMA-polysait solution under study upon additions of 
CoCl, at constant c. Curve 1’ is obtained from cuwe 
1 by a translation along the d-axis of a quantity dt+, 
equal to the difference between the densities of the 
TMA-p&salt solution and of pure water. 

At any value off the difference 4d between curves 
1’ and 2 has been attributed to the binding of Co*+ 
by the polyions. The volume change upon btiding per 
equivalent of added Co*+ is then given by 

4v= Id xM/crd, (I) 

which assumes that conformational changes undergone 
by polyions upon CoC12 additions result in negligible 
volume changes. This assumption is supported by the 
results of dilatometric studies 13) _ Eq_ (1) also assumes 
that the increase of ionic strength upon CoC17 additions 
has a negligible effect on A V. Indeed it has b&n shown 
[ 19) th2t the variation of the volume change of ionic 
reactions with ionic strength is negligibIe at low ionic 
strength (< 0.1 N) such as used in this Work The re- 
sults given in section 3.1 of this paper also support this 
assumption. 
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2.3. AQiR measurements 

Spectra were recorded on a Varian HA 100 spec- 
trometer at a temperature of about 30°C, i.e., slightly 
above that at which density measurements were per- 
formed_ This difference should not matter as it is known 
[ 18,201 that hydration numbers as obtained from 
NMR and apparent molal volumes show negligible 
changes in such a narrow temperature range. A preci- 
sion of about 0.4 Hz of the resonance frequency mea- 
surements has been obtained by the use of a frequency 
synthesizer to sweep the audio frequency. 

The chemical shift of water was measured using 2,2- 
dimethyl-2-silapentane-&odium sulfonate (DSS) as 
an internal reference at a concentration of about 1%. 
small enough not to disturb appreciably the ionic con- 
centrations but insufficient for locking the magnetic 
field. A capillary of benzene was used for this purpose. 
The frequency difference between the benzene lock 
and the DSS reference signal, which is a direct measure 
of the magnetic susceptibility of the solution, allows 
to check that Co2+ suffers no change of its apparent 
magnetic moment upon binding. 

Assuming the same proportionality between the shift 
of water protons Av and: the number (I of water mole- 

cules in the first hydration shell, irrespective of the 
state of binding, a mean hydration number ?j can be 
calculated from the plot of Llv as a function of the Co?+ 
concentration in rhe presence and absence of poly- 
electrolyte by a procedure very similar to the above 
calculation of AFr. Curves 1’ and 2 of fig. 1 now repre- 
sent the shifts Au respectively in absence and presence 
of polyelectrolyte and the value of Q at r = X/c is re- 
lated to the difference between the concentration X 
and x corresponding to a same shift respectively on 
curves 2 and 1’. Kmxving that the coordination number 
of Co?+ is 6 1201 one has 

(6 - Q)/6 = (X - x)/X. (2) 

At any f, ij is clearly related to the equilibrium between 
the different binding states of the Co2+ counterions in 
the same way as AV. However. divalent ions are known 
to bind very strongly on polyions. Therefore the value 
of Zj at low r represents the value associated with site 
bound ions and the initial slope of the plot 6(X--x:/c 
versus r is equal to the number II of water molecuks 
released from the inner hydration shell upon binding 
(n < 6)_ 

This interpretation rests strongly on the assumption 
of constant proportionality between the shift and the 
hydration number which has already been shown to 
hold in some specific cases of replacement of part of 
the water by another ligand in the first hydration shell 
of octahedrally coordinated Co?+ [ 1 1 1 _ The propor- 
tionality constant contains two terms arising from (i) 
the Fermi contact due to the density of unpaired spin 
at the resonating nucletis, (ii) the pseudo-contact shift 
resulting from the dipole interaction between the elec- 
tronic spin with an anisotropic g factor and the nuclear 
moment. The total shift is given by [ I3 1 

where p is the molabty of the solution, S the electron 
spin quantum number, A the isotropic hyperfine coupling 
constant between proton and electron. yH the proton 
magnetogyric ratio,g, andg, the components parahef 
and perpendicular to the symmetry axis of the mole- 
cule of the electronic Land& tensor of trace 3g,fl the 
Bohr magneton, 6 and r the parameters defminp the 
position of a water proton in the coordinates of the 
pammagnetic ion principal axis, the average being 
taken over all water molecules of the first hydration 
shell. 

A constant proportionality upon binding supposes 
that both (i) A remains constant when part of the water 
of the hydration shell is replaced by another ligand. 
(ii) the pseudo-contact term remains negligibly small 
compared to the contact term as it is, due to the sym- 
metry, for a complete hydration shell. The validity of 
this second assumption is questionable in the case of 
partial replacement of water. Indeed. calculations using 
the results of Luz and Shulman [ 111 for rl and of La 
Mar [2 I ] for the g-tensor anisotropy _ show that the 
negligible influence of the pseudo-contact term on the 
shift of the coordinated water molecules is due to the 
averaging of the factor (3~0~20 - 1). Partial replace- 
ment by polyion ligands can, however, increase this 
contribution. Evidence for the pseudo-contact term is 
given by the shift (positive or negative) that we have 
observed for the TMA proton signals upon addition of 
Co?-+ ions to TMA-polysalt solutions [ 10,321. Assum- 
ing a cylindrical polyelectrolyte model this effect is 
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understood in term of Manning’s condensation of part 
of the TMA’ ions in a cylindrical shell: the motion of 
fMA* ions in this limited volume does not average the 
geometric factor to zero. It should be theoretically pos- 
sible, adopting a radial distribution of concentrations 
in agreement with the solution r;f the Poisson-Boltz- 
mann equation to calculate the average factor 
((3~0~~0 - l)/r3) for TXIA ions. The TMA experimental 
shift could then be used to determine the pseudo-con- 
tact shift at any position, especially at the location of 
the coordinated water. Rough calculation. starting 
from the maximum shift observed in the case of TMA- 
PP (tig. 3) shows that in nonfavorable cases pseudo-con- 
tact interaction could contribute to half the total shift 
observed in Co2’ solution with polyelectrolyte. But the 
result is so sensitive to the details of the model (radius 
of the polyion, position of the paramagnetic center 
and orientation of its principal axis) that a general con- 
clusion cannot be reached in this way concerning the 
role of the pseudo-contact term. However, the consis- 
tency of the density data with numbers of released 
water molecules obtained below in the case of PP and 
MA-MVE, neglecting the possible change of propor- 
tionality constant in eq. (3) upon binding, indicates, 
in this case. a negligible contribution of the pseudo- 
contact shift. 

3_ Results and discussion 

As an illkstratiun, figs. 2 and 3 give the variation of 

d (g/cm3) I 

tool 0.2 Oh . OQ . 0.B 1IJ r 

ao* on3 -CUE on7 0.09 =ca 

Fix. 2. Variation of the density of a TMA-PP solution upon 
addition of CoCl2. Curve 1’ representS the density of a pure 
CoCl2 solution. 

I 0.2 0.4 O-6 0.6 r l-0 

0.02 0.04 0.06 om cc0 

Fig. 3. Variation of the cLemica1 shift (i) of water protons in 
Solurions of CoClz in absence (curve 1) and presence (curve 2) 

of -MA-PP. (ii) of TMA+ protons (curve 3). 

density d and chemical shift Au of a TMA-PP solution 
upon addition of CoCl,. together with the reference 
curves as explained in section 2 (see fig. 1). The upper 
part of fig. 3 shows the variation of the shift of TMA 
protons. For all of the prllyelectrolytes studied in this 
work the data have been plotted as function of r ac- 
cording to eq. (1) for Air (fig. 4) and eq. (2) for 
6(X--x)/c (fig. 5). The results relative to PP and MA- 
MVE will be discussed first, as their interpretation is 
easier than for CMC’s and PAA. 

3. I. PPand MA-MVE 

For polyphosphate (fig. 3) Au is independent of CoZt 
concentration for 0 < r < 0.4. For the region 0.6 < 
r <Z 1, An varies linearly with C,, with a slope almost 
equal to r&hat of he reference line. The two linear seg- 
ments intersect at r = 0.5. A break in the variation of 
density at r z 0.5 can also be distinguished in fig. 2. In 
this simple case, these breaks can be interpreted as due 
to a nea;ly stoichiometric site binding of OS equivalent 
Co*+ with complete loss of ail rap&ily exchangeable 
water molecules in the counterion hydration shell. The 
limiting value of r is smaller than the fraction 0.86 of 
condensed counterion calculated according to Manning’s 
theory [i 1 for Pf and a divalent counterion. 
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: &- 

Q2 0.4 0.6 0.6 f.0 

Fis 4. Volume chrt~e per equivalent of added Co- to TMA- 
polysalt solutions as a function of r: (a) PP. (0) WA-XIVE. 
(0) PAA, (0) CMC DS 2.65. (0) CblC DS 1.1. (+) ChlC DS 1.3, 
(a) CbIC DS 0.98. 

The alternate copolymer MA-MVE displays a be- 
haviour quite similar to PP but with a weaker site bind- 
ing constant at higher r as can be seen in fig. 5. The 
curve relative to MA-MVE has an initial slope equal 
to 6 as for PP but ‘departs more rapidly from its initial 
behaviour and precipitation occurs at large r before the 

M-41 a- 

3.0 

Fig. 5. Variation of 64 upon additions of CoCla to solutions 
of TMA--polysahs. 

Table 1 

Polyelrctrolytr AYD II AV; -*ILp 

(cm3/cquiv.) (cmJ/cquiv.) (ref. 151 ) 
--.I.-- -.-- ___.~______._ ___ 

PP 37.7 6.0 19.6 - 
XI A-XWE 36.5 6.0 18.-t 19.9 

horizontal asymptot is reached. It is therefore impos- 

sible to determine precisely the stoichiometry of site 

binding, the limiting value being in any case larger than 
I- = 0.5. 

Assuming a complete loss of hydration water upon 
binding, the total volume change 4V” obtained from 
the extrapolation of 4V to r = 0 (fig. 4, table 1) can 
be split into the individual contributions 4Vzoz+ and 
AV: of the counterions and of the polyion charged 
sites respectively. Indeed, AVzo2+ can be assumed to 
be equal to -$$_ where -& is the contribution of 
ele;trostriction to the apparent molal vohtme ~~oz+ 
of Co?* at infinite dilution. & can be written as the 
difference between &03+ and a geometric term 0; = 
4_75 Go2, [23], where rcoz+ is the radius of the ion. 
Therefore 

4flco3+ = -&“E = -;(0;02+ - 4-75r3c02+). (4) 

With &02c = -34 cm3/mole [ 18,231 and rCol+ = 

0.78 A one obtains AVzoz+ = 18.1 cm3/equiv. Sub- 
tracting this quantity f-am 4V” yields the values of 
4Vg listed in table 1 for PP and MA-blVE_ 

A$ can be identified with ++, contribution of 
electrostriction to the apparent moIal volume of the 
polyion. For MAUVE, QCa has been obtained in CI 
previous study [Sl and compares extremely well with 
4Vp0 as can be seen in table I. The consistency of these 
two results gives a firm basis to the assumptions on 
which we have based our evaluation of the number of 

released water molecules from chemical hift measure- 

ments_ 

The comparison of NMR and density data at large 
r brings further interesting information. The average 
value of Avp can be calculated from Avl and g1 at 
r = 1 according to 

47, = AV;+AV;03+(6 - $)/6. (51 
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For polyphosphate, fig. 4 shows that AT/’ = 20.5 

cm3/mok* and application of eq. (5) yields mt, = 
17. I cmj/equiv. compared to AVF = 19.6 cm3/equiv_ 
at r = 0. A similar calcuIation for MA-MVE yields 
16.6 cmJ/equiv. for mp compared to 18.4 cm3/equiv_ 
for 4V$“_ in both cases the precision is not sufficient 
for determining the decrease of electrostriction with 

the decrease in linear charge due to site binding. It 
must be emphasized that fig. 4 shows a decrease of 
4 VP for PP and MA-MVE even in the region of sto- 

ichiometric binding, likely because the electrostriction 
per site decreases upsr? binding [?I _ 

3.2. Orher polyelertrolyres 

The results of density and chemical shift measure- 
ments hzve been analysed by means of eqs. (1) and 
(9). The results of these calculations are given in fig 
5 and table 2. 

Although the average charge spacing is about the 
same (- 2.5 A) for PP, MA-MVE and PAA, the vol- 
ume change at low r is smaller for PAA. This is in line 

with the NMR results (see fig. 5) which indicate only 
a partial dehydration of Co?+ upon binding on PAA. 

In fact. rhe number of released water molecules is a 
fractional number (4.5). This cannot be due to an 
equilibrium between different species since the varia- 
tion of Av with r is linear up to r * 0.5. More likely the 
assumptions about the proportionality between Av 
and hydration number are not, in this case, strictly 
fulfilled. The value of tz for PAA is probably overesti- 
mated since AVp” is smaller than -4~ p (see table 2). 

For the fol!r CMC samples an add&onal difficulty 
arises from a possible modification of the binding site., 
as the DS is increased. This is indicated by the fact that 

A separate determination of AV’ can be deduced from the 
apparent molal volumes at infioite dilution of TMA-PP and 
Co-PP. according to [S] 

All values are known from previous studies [S, 18, 231. ex- 
cept &,_pp which has been measured in this work and found 
equal to 38.6 cm3/mole. The above equation then yields 
AV’ = 20.8 cm3 in excellent agreement with the value 20.5 
cm3 calculated from fig 4 at r = 1. This indicates (i) that the 
binding of Co% is not affected by the presence of a smaii ex- 
cess of T%¶A+, and (ii) that the binding of TBIA’ is accompa- 
nied by a negligible voIume change. 

Table 2 

Polyelectrolyte Ap II &VO 
P -%P 

(Cm3/equiv.) (cm3/equiv_) <ref. [Si ) 

PAA 27.2 4.5 13.6 17.6 

ChfC DS 2.65 25.7 3.0 15.7 17.1 
CUC DS 2.1 19.8 3.0 10.8 8.2 
CMC DS 1.3 18.0 2.0 12.0 8.1 
CMC DS 0.98 12.0 2.0 6.0 5.1 

the initial slopes in fig_ 5 give H = 2 for DS 0.98 and 
I .3 and II = 3 for DS 2. I and 2.65. The values of 4Vi 
have been calculated assuming that each water molecule 
released by a cobalt ion contributes 18-l/6 = 3 cm31 
mole to the tctal volume change. The results given in 
table 2 are in relatively good agreement with the values 
of --I$~ p of ref. [S] for CMC’s DS 0.98 and 2.65. The 
agreemknt is less satisfactory for the samples with DS 

1.3 and 2.1. 
The results listed in table 1 show that for PP and 

MA-MVE, A Vz is close to $ A if0 _ The same remark 
holds for the results of table 2 and also for those at 
r= 1 if we split AV’ into AV: and AV&+ by assum- 
ing an average volume change of 3 cm3/mole_per re- 

leased water molecule_ For instance for PP and CMC 
DS 0.98 AV’ = 20.8 and 5.5 cm3/mo1e respectively and 
AV” = 10.3 and 2.7 cm3/mole. The agreement between 
;AE and AVp is too general to be simply fortuitous. 

It may well indicate that counterion and polyion charged 
site contribute almost equally to the total volume change. 

4. Conclusions 

NMR shifts measurement appears to show that at 
low values of r, the binding of Co** by PP and MA- 
IMVE is accompanied by the release of all water mole- 

cules from the inner hydration shell of CoZt. This can 
be used to evaluate the individual contributions of 
counterions and polyions charged sites to the total 
volume change upon binding obtained from density 
measurements_ Shift measurements also give an estima- 
tion of the fraction oFCo2+ ions which can be bound 
with loss of exchangeable water molecules. 
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The size and shape of four poIyribonucleotidcs were studied by sedimentation and viscosity measurements. nit re- 
sults were correlated with their conformations based on optical activity studies. Polyriboadcnylic acid in acidic solution 
dime&es into two double-strand& forms. one with half-protonated bases and the other fully protonated. The fully pro- 
tonat‘zd form is somewhat less asymmetrical than the half-protonated form. Poiy~bo~a~ylic acid in alkaline solution 
(near the second pKa of guaninc) undergoes a time-dependent disag~egation and the final form shows little base stackirrg. 
in acidic solution. it demonstrates a reversible transition near the first pK, of guanine but without evidence of disaggrq- 
tion. Polyribocytidylic acid undergoes a transition upon half protonation of the bases. but its molecular weight remains 
unchanged with pH. The results suggest that this polymer assumes a hairpin structure in acidic solution. Polyribour- 
idylic acid has some degree of base stacking at room temperature. A transition to a hairpin structure occurs at low 
temperature. 

I. Introd~et~on 

Synthetic polyribonucleotides can serve as simplified 
modeIs of the structure of ribonucleic acids. It is known 
that poly(A) 2, poty(C), PO&(C), and pofy(u) can adopt 
different conformations under various experimentai con- 
ditions such as changes in pH. solvent, and temperature. 

Structural findings in&ay diffraction studies af fibers 
drawn from cnncentra:ed solutions of polyribonucle- 
otides are often applied to srudies of these polymers in 
dilute solution. The findings, however, may not neces- 
sarily be applicable, as we will show in the case of poly(C) 
in acidic solution. 

In the present studies we analyzed the hydrodynamic 
properties (viscosity and sedimentation) of the four poly- 
ribonucleotides in dilute solutions. Our intelgst was in 
the relation of conformational changes resulting from 
variations in pH or temperature to the size and shape of 
these polymers. Some ORD and C3 results are also pre- 

* Taken in part from a Ph.D. dissertation by G.C.C.. University 
of CaEifornia, %n Francisco 11972). 

i Abbreviations used in this work: poly(A). poiyriboadenyiie 
acid; poty(G). polyriboguanylic acid; poly(C), polyribocyt- 
idylic acid; poly(u). polyribouridylic acid; ORD. optical ID- 
-tory dispersion: CD, circular dichroism. 

sented for the purpose of discussion, even though volu- 
minous data on this subject have been reported in the 

literature. 

2. Experimental 

2. I _ Ma t~nkk 

Pa@(A), poIy(G), poiy(C), and poIy(u) were pur- 
chased from Miles Laboratory, Inc. and Schwarz Bi* 
Research, Inc. All chemicals were of reagent grade. 
Double-distilled water was used. 

Al1 poIyribonucIeotides were deproteinized by phenol 
extraction [ 11, and stored at -20°C before use. Soiu- 
tions were prepared in 0.1 M NaCl and dialyzed ex- 
haustively against appropriate buffers at 4OC. The dia- 
fysis tubing had been succ6s.&ely boiled in water, OXIOI 
M EDTA, 0.001 M HCI, and water. Solvents were ftltered 
through Millipore type PII[ filters (pore size 0.3~) before 
use and polymer solutions through type HA (O-45&, 
SM (SF), or SC (8~) fdters. The pH of the solutions was 
measured with a Radiometer 25 pH meter equipped with 
an expanded scale, which had been calibrated against 
standard buffers. 
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The polyribonucieotide concentrations were deter- 
mined spectrophotometricaily with a Zeiss PMQII spec- 
trophotometer. We used the following molar absorp- 
tivities, emzx x JO-3 in P mole-t cm-I, per nucleotide 
residue on the basis of phosphorus analysis [2,31: 
poJy(A), 10.1 in 0.08 M N&f and 0.02 M sodium ci- 
trate plus citric acid (pH 7.0); poly(G), 10.3 in 0.01 
M sodium citrate-HCI buffer (pH 7.0) or 9.8 in 0. f 
M NaCl-0.05 M sodium cacodylate buffer (pH 7.0); 
poly(C), 6.2 in 0.08 M NaCl and 0.02 M sodium citrate 
plus citric acid (pH 6.2) or 7.1 (pH 4.8); poly(U), 8.7 
in 1 hl KF (pH 7.0). 

2_ 2_ h?timds 

I I 1 SO 

20 

_-_J4 - 

50- 
* 

-0 

- 15 
A 
0 -70 

* A t 

d 
-. : 

f 
A n 

. 
a0 40- 

E 
- 

. 

5 lo- 

L 

o 

E 
_ . 

2.2 

~ * 

z 
A 30--M 

22.1. Viscmit~v 
Viscosity measurements were made in two suspen- 

sion-type Ubbelohde two-bulb viscometers at 25 2 
0.05”C. The flow times for water were about 1000 and 
270 seconds for the tower bulbs and 700 and 200 sec- 
onds for the upper bulbs. The intrinsic viscosity, [n] . 
was determined From the Huggins equation: 

2.2. I. Sedimentation velocity atrd equilibriunz 
Sedimentation measurements were carried out in two 

Spinco model E ultracentrifuges, one equipped with a 
schlieren optics and the other with an absorption op- 
tics and a photoelectric scanner The wavelength of 
light was set at 265 nm for the absorption optics, The 
AN-D and AN-F rotors were used for speeds higher than 
IO000 rpm and the heavy AN-J rotor for Iower speeds. 

2.2.3. Optica! activity 

ORD was measured on a Gary 60 spectropolarimeter 
and CD on a Durrum-Jasco J-10 spectropolarimeter, both 
under constant nitrogen flush. The data are expressed 
in terms of mean residue rotation, [rrt] , and mean resi- 
due ellipticity. f61, with dimensions in deg cm2 dmole-t . 

3. Results and d&et&on 

3. I. PolyriboadenyCic acid 

with pH in acidic solution. The intrinsic viscosity in- 
creased abruptly near the pKa of the base in the poly- 
ribonucleotide (5.87 in 0.1 M NaCl [4] ), reached a 
plateau between pH 5.6 and 5.2. and then dropped 
sharply to another plateau near pH 5.0-4.8. Holcomb 
and Tinoco [3) have studied the temperature effect 
on the specific viscosity of poIy(A) in neutrzd and ac- 
idic pH’s. Repfotting their data at a concentration of 
0.024% at four pH’s also led to a bell-shaped curve; 
however, we could not explain their finding that the 
specific viscosity at pH 4.6 approaches ~6113, which 
they attributed to extensive aggregation- We studied 
two batches of poly(A), both of which demonstrated 
the same profite. Also plotted in fig. I are the [nzl 7,90 
and fe 1 275 of the polymers against pH. Their profties 
parallei the hydrodynamic measurements, suggesting 
that the poly(A) molecule undergoes two conformkionai 
transitions in acidic solution, one at pH S-7-5.9 and 
the other at pH 5.0-5.2 at 0. I M salt concentration. 

R 1.1. ViscoSiiJJ mtd sedimenmiun X-ray diffraction studies of poly(A) fibers drawn 
Fig L shows the change in intrinsic viscosity of poly(A) from a concentrated acidic sotution indicated that the 

0 

n- 
‘0 
‘;; 

E 
s 

Fig. 1. Variations in the intrinsic viscosities and the CD and 
ORD extrema of polyfA) with pH in 0.08 $1 N&f and 0.02 LI 

sodium citrate plus citric acid at 7S°C. Ail symbols, except the 
open tri3ngks. represent measurements on a single lot. 
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Table 1 

Hydrodynamic properties and molecular weights of poly(A) at ZS°Ca) 

Solvent [91 
PH (W@ 

6.5 3.5 

6.1 3.3 

5.6 17.3 

5.4 19.7 
5.0 12.5 
4.8 12.5 

so n/,.eq. 
b) 

(S) 

MP c) IQ 1/3fl c) L (rod)d) Ls (rod) e, 

(X IO-$) (X 10-s) (X 105) (a”, (A) 

8.5 3.1 3.3 4.8 1800 1700 

8.7 6.3 10.7 3800 320G 
9.7 5.9 7.9 13.5 4000 2900 

- ’ 9.3 5.6 6.3 10.7 3500 2900 
10.3 5.9 7.3 12.0 3500 2600 

a) S&war2 Ior No. ~-2065; solvent. 0.08 $1 N&l and 0.02 ICC sodium citrale pIus citric acid. 
“G = OS46 ml/g [Sl was assumed unchanged with sH, 
c’ Eslimsted from the relation: 13(or Q’l’p-‘b =NaS [v] ‘Pa&f*‘3(r-&=). 
‘1 L(in A) = 6.82 C[O]M)‘/~ (P~/P)‘/~_ 
e)L(in A) = 1.76 X IO”’ @f<f -vp)/~,s01:P2~3/um1 - 

sfructure is a double-stranded helix [S] . The same strut- . 3.12 OpifdactivifY 
ture is believed to exist in acidic solution of poly(A) 
under proper experimental conditions. This helix is 
thought to be more extended than the single-stranded 
moncmer, which co&l account For the sharp increase 
in the intrinsic viscosity near pH 5.9 (fig. 1). The sedi- 
mentation coefficients of poly(A) rose during the acid- 
induced transition (table 1); however, the changes were 
not as drastic as those of (a] _ An increase in sC’ indicates 
an increase in the molecular weight of the polymer, or 
a decrease in ts ftictional coefficient, or both. in the 
present case A e increase was largely due to the dimeri- 
z&ion of poly(A) in acidic solution (see below). Ac- 
cording to poteentiometric titration [4], the two acid- 
induced transitions (fig. 1) probably resulted in a half- 
protonated and a fully prorodated double-stranded 
helix. With full protonatian of the bases poly(A) has a 
net charge of zero; therefore, it could be less asymmet- 
rical than the half.protonated form. causing the intrinsic 
viscosity to drop below pH 5. The occurrence of aggre- 
gation at high concentration or low pH’s made precise 
viscosity measurements difficult. The solutions were 
Ntered through Miflipore falters before use. The extent 
of agregation was checked by the loss of absorbance 
of the Eifered solutions. In spite of these difficulties, 
our concfusions drawn from the hydrodynamic mea- 
surements remain valid. 

The ORD and CD of poly(A) have been extensively 

40- fiZY<AJ 

1 
202 220 zul a0 2Eo m 

WAVELENGTH. nm 

Fig. 2. The ORD of poIy(A) at several pH’s in 0.08 M NaCl and 
0.02 hi sodium citrate plus citric acid at 25°C 
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described in the literature_ The ORD peak near 285 
nm splits into two peaks ur.der proper experimental 
conditions (3,4] ; for example, the ORD of the 
poly(A) solution at pH 5.0 shows ZI double maximum, 
which was designated as a mixture of the two acidic 
forms A and B [4] _ As can be seen in fig. 2, the ORD 
peak on the long wavelength side showed a red-st-ift 
with increasing magnitude and the trough a blue-shift 
with increasing magnitude when the pH was changed 
from 6.1 to 5.85 or 5.8 I_ At pH 4.2 dz peak reversed 
to a blue-shift, but with further increase in magnitude. 
We confirmed a double maximum ar intermediate pff’s, 
but found that its magnitude at, for example, pH 5.4, 
was always larger than that at pH 5.7-5.9 and smaller 
than that at pH 4.2, whereas Adler et al. [4] reported 
that the magnitude of the double peak at pH 5.0 was 
less than that at either pH 5.81 (B form) or 4.0 (A 
form). Our CD data also led to the same conclusions 
as the ORD. The enhancement of the multiple Cotton 
effects at acidic @i’s indicates that the adenine bases in 
both acidic forms are highly stacked. This finding is in 
accord with the observation that both forms show 
stronghypochromirity (about 2W) compared with 
poly(A) at neutral pH. 

Adler et al. [4] reported that the ratio of the twin 

peak. [ml zsol Wl 287, of poly(A) first dropped sharply 
at pH 5.81 and then increased continuously with de- 
creasing pH in the range of 5.8 to 4.0. They proposed 
only acidic B form at pH 5.81 and a gradual conversion 
of the B form to the A form between pH 5.8 and 4.0. 
We found that the ratio (m] zso/[m] 287 first decreased 
with pH, then reached a plateau, and finally increased 
again at lower pH’s. The changes occurred within the 
same range as those shown in fig. 1. We conclude that 
the B form is stable between pH 5.2 and 5.7 and that 
the A form exists below pH 5.2 under our experimental 
conditions_ 

The Cotton effects of poiy(A) were reported to 
depend at times on the previous handling of the sample; 
for example, pre-heating for 5 to 10 minutes at 95-- 
lOO”C could increase the magnituae of the extrema 
[4,6] _ We therefore studied samples obtained from 
two sources, Miles and Schwarz, both of which were 
unaffected by pre-heating at 9S-100°C for S to 10 
minutes (after correction of the increase in concentra- 

tion by about 5% throu& evaporation)_ The OREI of 

our unheated poly(A) was comparable to the ORD of 
heated poly(A; 3s reported by Fasman and coworkers 
r,4 C* ‘-,-I- 

3.1.3. S&t? and shape 

We determined the molecular weight of poly(~) at 
several pH’s either by the method of sedimentation equi- 
librium or by a combination of intrinsic viscosity and 
sedimentation coefficient -vhich gave a reasonable esti- 
mate. The hydrodynamic properties also provide addi- 
tional information about the shape of the molecules. The 
data in table 1 show that poly(A) dimerized when the 
pH of the solution was lowered from 6.5 to 5.4 or lower. 

The transition between the two acidic forms (fig. l), 
however, was not accompanied by any change in mo- 
Iecular wei&t. 

The poIy(A) molecule in neutr3l solution is neither 
an exact rigid ellipsoid nor, because of base stacl&g, 
a flexible coil. Whether it can be represented by either 

of the two models is open to question. Combination 
of [q] and so leads to a o-function for a hydrodyna- 
mically equivatcnt ellipsoid of revolution [7] : 

which is a filnction of axial ratio, p, only, and for a 
prolate ellipsoid.fl varies from 2.12 x 106 atp = 1 to 
3.6 x lo6 at p = 300. Here No is the Avogadro number, 
7jo the soivent viscosity,M the molecular weight of the 
polymer, B the partial specific volume of the polymer, 
and p the density of the solvent. We assumed ii unchanged 

with pH and used a value of 0.546 ml/g for poly(A) 
[S) . The pfunction is rather insensitive toward p, and 
this insensitivity to shape provides a simple means for 
estimating the molecular weight of the particles. The 
p. and therefore the p-value, can be estimated from 
]q] = Wj 100, where the viscosity increment, Y, defines 
p. If hydration is taken into consideration, according 
to Oncley’s formula [9], the axial ratio so determined 
will be slightly smaller than the ratio determined with- 
out hydration. For highly asymmetrical particles neglect 
of hydration will amount to only a few percent dif- 
ference in the estimated molecular weight. If the polymer 
molecules resemble flexible coils. we can use Flory’s 
*l/31;-1 -function to replace 8 in eq. (I); experimentally 
91/3p-l is usually about 2.5 x lC6 [lo]. 

As shown in table 1, the molecular weight of poly(A) 
at pH 6.5 estimated from ffie p-function agreed more 
closely to the molecular weight determined by the 
method of sedimentation equilibrium than to that based 
on the +1/3p-t-function, suggesting that even for a 
single-stranded polyribonucleotide chain the ellipsoid 
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model is a better representation. In acidic solution, tion of about 900, would have a contour length of about 
where poly(A) is believed to form a double-stranded 3500 A. The length of the equivalent ellipsoid of our 
helix. a flexible coii would be a poor model. The results sampIe as calculated from eqs. (2) and (3) (table 1) 
in tabIe 1 support this conclusion_ The higherMp than was close to this value. Such close agreement could be 
that of a dimer at pH 5.4 and 4.8 is probably due to’ fortuitous; however, qualitatively, we could conclude 
the presence of some aggregation. that the two acidic forms were very extended. 

Eisenberg and Felsenfeld [Sj determined the mo- 
lecular weight of pelf(A) by iight scattering and by 
its intrinsic viscosity and sedimentation coefficient at 
various temperatures and concluded that the P-function 
changed with temperature_ They questioned the common 
practice of using an assumed fixed p-value for the esti- 
mation of molecular weight. Indeed, there is no justifi- 
cation for assuming a fixed fl-value, unless one adopts 
a flexibIe coil model and uses Flory’s @*/3p-*-function. 
Eisenberg and Felsenfeld [S] found that the intrinsic 
viscosity of poly(A) decreased with rising temperature. 
This observation suggests that the poly(A) molecule 
becomes more flexible at higher temperature and can 
be represented by an equivalent prolate ellipsoid of 
smaller axial ratio. Consequently, the p-value diminishes 
gradually with increasing temperature, as would be ex- 

-petted. In our studies we estimated the axial ratio from 
the intrinsic viscosity at each pH rather than from a 
constant P-value. 

Next we estimated the length of the equivalent el- 
lipsoid of poly(A) in acidic solution. From the defini- 
tion of [q] and &‘, the length, L, of a prolate ellipsoid 
(= the major axis) is given by [ 111: 

Two points are worth mentioning. First, the estimated 
length based on viscosity measurements was greater 
than that based on so values. The disadvantage of viz+ 
cometry is that it requires a moderately high polymer 
concentration, whereas with absorption optics it is pos- 
sible to measure the sn value of poly(A) in extremely 
dilute soiution. If there was aggregation of poly(A) in 
the viscosity measurements, both the length and the 
molecular weight based on [a] woutd be greater than 
the Jalues without aggregation (table 1). According to 
eq. (2), L varies with ([~lM)t’~. Thus, we can still ob- 
tain a reasonable estimate of L, even though [s] is 
somewhat inaccurate and IV larger than the true value. 
For the same reason, the difference between the cal- 
cutated lengths of the two acidic forms is small, despite 
the sharp drop in [n] during the second transition near 
pH 5 (fig. I). Second, the doubIe helix of poly(A) 
would be expected to behave like a stiff chain and the 
length of its equivalent ellipsoid should be much less 
than the contour length of the helix. Since the molec- 
ular weight of our poIy(A) sample was fairly low, the 
molecule must be stiffer th2-1 *he molecule having a 
molecular weight of several miilions. Our estimated 
values, however, are unexpectedIy close to the contour 
length of the double helix_ Although the effect of poly- 
dispersity on the calculated length in eqs. (2) and (3) 
is not known, we believe that it cannot account for the 
results in table 1. One plausible explanation is that the 
double strands of poly(A) are not exactly matched. but 
are overlapped, with portions of single-stranded chains 
protruding at both ends of the helix. Such a staggered 
array could conceivably increase the equivalent Iength 
of the particles_ 

L (in A) = 6.82( [T&U)“~@*/V)“~ 

and 

L(inA)= 1.76 x 10-17’V’~-$)$, 
0 0 

(2) 

v/f,) being the frictional ratio, a function of p only. 
For very asymmetricaI particles, the two factors in- 
volving p in eqs. (2) and (3) are rather insensitive to the 
axial ratio assumed. Thus, the length of a hydrodynam- 
ically equivalent prolate ejlipsoid can be estimated with 
reasonable confidence, even thoughp is not known ac- 
curately. According to X-ray diffraction studies of 
poly(A) fibers drawn from an acidic solution [S] , the 

helical molecule consists of two parallel intertwined 
chains, and successive residues are related by a transla- 
tion of 3.8 A per base pair. If the same conformation 
exists in acidic solution, the double-stranded helix of 
our poly(A) sample, which had a degree of polymeriza- 

3.2. Polyt-iboguarzylic acid 

3.2. I. Optical smdies 
Fig. 3 shows the CD of poly(G) in acidic solution. 

We used 0.01 M sodium citrate-HCI buffer because 
the acidic pK, of guanine is higher at lower ionic strength, 
thus enabling us to follow conformational changes in 
a convenient pH range_ Significant changes in the CD 
spectrum were observed beLow pH 3.5; the positive 
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I , 

220 240 2-a 280 x00 

WAVELENGTH. nm 

Fig. 3. The CD of poly(G) at several pH’s in 0.01 hf sodium 
citrate-HCl buffer at 25°C. 

shoulder near 280--X35 nm turned into a negative mini- 
mum at pH less than 3 (see also refs. [ 12. 13 1 j, tlw 
negative minimum near 340 nm became positive below 
pH 2.8, and the masimum near 260 nm showed a bhre- 
shift. In addition, a large negative minimum appeared 
near 195 nm. The corresponding ORD revealed similar 
changes. However, Ulbricht et al. [ 141 reported that in 
0. I5 kl salt solution the rotations of poly(G) changed 
little as the pH was reduced to I and the positions of 
the extrcma showed a red-shift. 

Plotting the CD extrcma of poly(G) against pH re- 

vealed a sharp transition between pH 7.5 and 3.5 with 

a midpoint at pH 3 under our experimental conditions 
(fig. 4). Since the pK, of poly(G) in 0.01 Xl NaCI was 
2.75 [ 131, this conformational change was probably 

caused by the protonation on N(7) of the guanine base. 

This acid-induced change in optical properties was rc- 
versible when the acidic poly(G) solution was dialyzed 

back to neutral pH. 
At pH 2 in 0.01 hl sodium citrate-HCl buffer, the 

ORD and CD of poly(G) showed no marked changes 
between 25 and 70°C. The magnitude of the ORD ex- 

trema decreased by about 1 S--70% at 9O”C, and the 
polymer did not precipitate even at temperatures higher 
than 90°C. In contrast. the poly(G) molecules at pH 3.3 

without added salt precipitated upon heating to 45°C. 

Thus, the observed changes in the CD spectra (fig. 3) 

I I I 

o- 0 0.01M KF 
A 0. IM NoCl 

Fig. 4. Changes in the CD extrema of poly(G) with pff rt 25% (a) Left: in 0.01 M sodium citrate-HCI buffer; (b) right: in 0.0 1 Xl 
KF and 0.1 M NaCl. 
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Fig. 5. The CD of p&y(G) tit several pH’s in 0.1 XI NJCI nt X°C. 

could not be attributed to possible disaggregation of 
poIy(G) at low pH’s, as had been proposed by Wolfe 
etal. [IZ]. 

Fig. 5 shows the CD of poly(G) in alkahne solution. 
The general features of the spectrum at neutral pH 
agreed qualitatively with those reported previously [ 12, 
151 -iThere was no detectable change in the CD of 
poIy(C) up to pH 10. At higher pH’s the magnitude of 
the Cotron effects began to decrease and at pH 11.7 the 
CD actually became slightly negative over the range of 
230-300 nm studied (above pH I 1.7 the ORD showed 
only small negative Cotton effects. in agreement with 
the finding of Ulbricht et al. [141_ Of the polyribo- 
nucieotides studied, onIy poIy(G) in alkaline sohrtion 
at pH’s higher than the iecond pK, of guanine had little, 
if any, base stacking, as reveaIed by loss of multipIe 
Cotton effects. 

The variation in the magnitude of the CD extrema 
with alkaline pH indicated a marked change in the con- 
formation of poly(G) between pH 11 and 12 (fig. 4). 
The change was probably due to the deprotonation of 
the guanine bases and each nucleotide residue wouId 
carry two negative charges. As a resdt, the electrostatic 
repuIsion would be so strong that the bases would be 
forced to unstack_ 

The conformational changes shown in fig. 5 were 
time dependent. The multiple Cotton effects at pH 7 
could be recovered by back titration from pH 12, 
provided that the solution was kept at pH 12 for less 
than 30 minutes at room temperature or less than 3 
hours at 4°C. Gel fdtration of poly(G) in both neutral 
and alkaline (pH 12.4) soIu tions indicated that the 
poIyribonucIeotide aggregates gradually disintegrated 
after exposure to alkah and that the extent of disag- 
gregation depended on the duration of exposure at 
z&dine pH. 

32.2. Ffydrodparnic studies 

Both the intrinsic viscosity and sedimentation coef- 
ficient of poIy(G) dropped significantly when the pH 
of the solution was raised from neutral to above 10 
(table 3), suggesting a reduction in the size of the polymer. 
Like the optical properties, the 8 values of poly(G) 
in alkaline solution (pH > I I) were both time and tem- 
perature dependent. The moiecular weight of poIy(G) 

was determined by a combination of sedimentation 
and diffusion coefficients or by use of the P_ and 91/3p-‘- 

functions. The limited results (table 2) make it difficult 
to choose between a prolate ellipsoid of revolution and 
a flexible coil model. However, for our sample, the 
O-value happened to be close to 2.5 x 106: thus, the 
estimated molecuiar weight was little affected by the 
chosen model. As shown in table 2, a marked decrease 
in molecular weight of poly(G) did occur wlten the pH 
of the solution was raised from 7.5 to 11.3 and the de- 
crease was even more pronounced at higher pi-l’s, a fact 
indicative of disaggregation of poly(G). Fresco and Mas- 
soulie’ [ 16) first reported that poly(G) at neutral pH 
tended to aggregate and form a multiple-stranded helix 
with extremely hi& thermal stability, a conclusion ques- 
tioned by Pochon and Michelson [ 171 because of lack of 
evidence for more than two strands for the poIy(G) com- 
plex. Michelson et al. [iSI found that a 7 mgiml solution 
of oligoguanylic acid was extremely viscous and suspected 
that the preparation of Fresco and Massoulie’ [ 161 might 
be of reiatively short chain length and behave differently 
from poly(G)_ However, our poly(G) sample with a re- 
latively high molecular weight showed onIy moderate 
intrinsic viscosity at neutral pH_ Our fmdings strongly 
support the possibility that poly(G) at neutral pH is in 
a highly aggregated form. 

In acidic solution in contrast to alkaline solution, 
the viscosity of poly(G) was only slightly reduced and 
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Tabte 2 

Hydrodynamic Properties of polyfG) at 25°C 

Sotvent [VI so 

PH <dlk) G) 

Do x 107, firs-D d, 

{Clll'/SCC) 

,B’P d) 1~~1/3~-1 d) 

(X 10-5) tx IO-? w 10-s, 

LBt: ICI-11-08-314 

7.5 =) 0.33 9.5 2.6 2.0 1.6 1.8 

11.3b) 0.11 4-s 0.3 0.3 

11.6b) - 1.3 

Lot: I I-06-3 14 =) 

7.0 0.29 8.1 

3.5 8.2 

2.8 9.0 

a) In 0. i hi N&f pius 0.05 W cacodylate buffer. 
” In 0.15 M Na2HP04 after dialysis for about 12 hours. 
” In O.Oi M sodium citrate - HCI buffer. 
d, G= OS5 mi(g [ t9\ was assumed unchanged with PH. 

the sedimentation coefficient was modestly increased. 
For instance, the specific viscosity of a 0.04% solution 
dropped from 0.34 dl/g at pfi f to 0.30 difg at pH 3.1 
at 25°C. Because nor enough of the sample remained, 
we were usable to determine its intrinsic viscosity, but 
it was probably somewhat lower than at neutral pH. 
The change in 8 value was small between pH 7 and 3.5, 
a region with no significant changes in optical properties. 
The so value did increase at pH’s below 3. These hydro- 
dynamic measurement ruled out any marked change 
in the size and shape of poly(G) in the acid-induced 
transition region. As the pH was further lowered, the 
s” value continued to increase, and the solution showed 
significant aggregation below pH 2 as judged by the 
decrease in its absorbance upon filtration. Since the _- 
structure of the aggregates in both neutral and acidic 
solutions is not known, it is difficult to speculate on 
the kind of conformational changes that took place as 
a result of acidification_ Nevertheless, our results dem- 
onstrate marked differences in the conformation and 
molecular shape of poly(G) in acidic and alkaline solu- 
tions. 

[@I, and [w; of poly(,C) in acrdic soiution (fig. 6) 
showed a sharp transition. suggesting a marked change 
in conformation as weft as in shape. The mid-point of 

the transition occurred at pW 5.7-59 at 0.1 hl salt con- 
centration, which is identical with the pK, of 3.7 for 

I L I 

0 

WI 

‘0 
x 

8 
N 

s 

40- 

30- 

20- 

L I I . t 

4.5 55 6.5 

PH 

3.3. I. Viscosiry and sedimenrarbn 
Table 3 lists the intrinsic viscosities and sedimenta- 

Fig_ 6. Variations in the intrinsic viscosities and CD and ORD 
extrema of poiy(C) with pH in 0.08 M Nail and 0.02 M sodium 

tion coefficients of pa&(C) at several pH%_ The [q] , citrate plus citric acid at 2.S°C. 



70 G.C. Chen and J.T. Yang. Viscosity and sedimentation of poiyribonucleotides 

Table 3 

Hydrodynamic properties of poly(C) at 2S”Ca) 

Solvent ‘) 

PH 
Il-rI 
@l/g) 

so 

(S) 
LJrodfb’ 
(Al 

6.2 1.17 5.46 1.1 840 810 
6.05 1.18 - 

5.87 0.66 - 

5.65 0.37 

4.8 0.32 7.52 1.1 500 SO0 

3.6 - 7.41 

” Schwarz lot No. S-6701;solvent.0.08 SI N&l and 0 02 51 sodium citrate plus citric acid. 
b)-_ u - 0.505 ml/g [ZSI was assumed unchanged with pH; for equations for &function and for rod length, see footnote c, d and e 

of table 1. 

the cytosine base in the polymer [20] _ Both the de- 
crease in [q] and increase in so of poly(C) in acidic solu- 
tion (see also refs. [20,2 I] ) suggest that the molecule 
is less asymmetrical at acidic pH than in neutral solu- 
tion. 

FXXT ICI 

Fig. 7. The ORD of poIy(C) at several pH’s in 0.08 M NaCI and 
0.02 M sodium citrate plus citric acid at ZS’(r 

3.3.2. Optical uctivi~ 
Fig. 7 shows the ORD of poly(C) at variolis pH’s. 

Lowering the pH from 6.2 to 4.95 produced a red-shift 
in the spectrum and also decreased the magnitude of 
the Cotton effects. Two peaks were observed in the 
intermediate pH’s and there was an isorotational point 
near 300 nm, a fact indicative of the presence of only 
two forms, one at neutral pH and the other in acidic 
solution. The general features of the ORD spectrum 
(and CD spectrum) agreed weli with those described in 
the literature (see, for example, ref. [22] ). 

Unlike poly(A), poly(C) cannot have two acidic forms, 
one with half-protonated bases and the other fully pro- 
tonated. According to the results of X-ray diffraction 
studies of poly(C) fibers f23] , the double-stranded helix 
has a positive charge on N(3) upon half protonation. In 
contrast, full protonation of the cytosine bases wou!d 
put two positive charges on the two N(3) positions ad- 
jacent to each other and the resultant electrostatic re- 
pulsion could disrupt the double-stranded helix. 

The pH-induced transition was in such a narrow range 
(fig. 6) that the structure in the transition region was 
very unstable: for example, the ORD spectrum at pH 
5.85 could be shifted to that at pH 5.9 merely by shaking 
the poly(C) solution or allowing it to stand_ However. 
we have no evidence that this instability near the pK, 
due causes the structure of poly(C) to collapse, as 
reported by the disappearance of the rotations for solu- 
tions at pH slightly above the pK, value [24]_ 
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3.3_3_ Size and shape 3.4. Polyribouridylic acid 
As in the case of poly(A), we can adopt an equiva- 

lent prolate ellipsoid model for poly(C) and estimate 
its molecular weight at pH 6.2 and 4-8 from the fl- 
function. With 8’ 0.505 ml/g [25], *he moIecular 
weight of our sample was 1.1 x 105 daltons at both 
pH’s (table 3). Unlike poly(A), the acid-induced con- 
formational transition of poly(C) does not involve a 
change in the size of the polymer. With the poly(C) 
sample used, we found that the p-values were not too 
different from Flory’s @/3p-l of 2.5 x 106. Therefore. 
even if we had chosen a flexible coil model, the esti- 
mated moiecular weight would not have differed much 
from that listed in table 3. Our results clearly rule out 
the possibility of a dimerization of poly(C) in acidic 
solution. A possible explanation is that the poly(C) 
molecule adopts an antiparallel hairpin-lime structure, 
although the results of X-ray diffraction studies sugest 
a parallel double-stranded dimer [231. Conceivably, 
fibers drawn from a concentrated solution could differ 
in conformation from polymers in dilute solution. Fur- 
thermore, during the drawing two hairpin-like molecules 
could be stretched into a parallel double-stranded com- 
plex. 

3.4 I- Optical arld hydrodyrramic studies 
Poly(U) has little secondary structure at room tem- 

perature on the basis of hypochromicity studies 1361. 
However, its ORD and CD do display multiple Cotton 
effects. although much smaller in magnitude than those 
of other polyribonucleotides, suggesting the existence 
of some base stacking. Lowering the temperature of 
the solution toward 0°C increased the magnitude of the 
Cotton effects, in association with a significant blue- 
shift (5-10 nm) of the positive CD band near 365- 
270 nm, a fact indicative of the formation of base pair- 
ing [27) _ In our studies the variations in the CD and 
ORD extrema of poly(U) with temperature gave a 
melting temperature of 8°C in 1 Xl KF, but in 0.1 Xl 
KF the transition was not complete even at 0°C (cf. 

ref. 1281). 

In neutral solution poIy(C) has one negative charge 
per phosphate group and the molecule is thought to be 
rather extended, although flexible. Upon half protona- 
tion the molecule would tend to contract if it adopted 
a hairpin structure, which would account for the marked 
drop in intrinsic viscosity, as contrasted with poly(A), 
and the gradual increase in the sedimentation coeffi- 
cient_ As in the case of poly(A) we can estimate the 
length of an equivalent ellipsoi?: for poly(C) according 
to eqs. (2) and (3). Our sample had a degree of poly- 
merization of about 360, so that the hairpin helix would 
have a maximum length bf about 560 A, assuming a 
translation of 3.1 A per base pair [231. The equivalent 
length of about 500 A at pH 4.8 (table 3) supports the 
hairpin stricture, altho@~ the helix must be bent or 
distorted to account for the shorter equivalent length. 
Even the single-stranded poly(C) at pH 6.2 appears to 
be very extended, since its equivalent length was about 
two thirds the length of a stretched polynucleotide 
chain. 

The intrinsic viscosity of poly(U j decreased with 
the lowering of temperature (table 4) and the Huggins’ 
constants were less than one, sugesting the absence 
of aggregation. The sedimentation coefficient, SF, also 
decreased with decrease in temperature, but when con- 
verted to standard conditions, sgO ,v, actually increased 
when the temperature was lowered. This fact, together 
with the decrease in [r~], suggests a smaller hydrody- 
namic volume or a less asymmetrical structure for poly(U) 

at lower temperatures. 
The molecular weight estimated from the fl- or 9*‘3p-t- 

function was essentially unaffected by temperature, but 

Table 4 

Hydrodynamic properties of Poly(U) ‘) 

Temperature (%I 

Properties 25 3 

0.50 

3.01 

4.85 

8.3 
9.3 

a) Solvent: 0.08 XI KF and 0.02 M sodium citrate plus citric 
acid at PH 6.2. 

b, G = 0.564 ml/g [ 3 I ] was assumed unchanged with tempera- 
ture. 
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the results based on &function showed better agree- 
ment with the vaIue determined directly by sedimenta- 
tion equilibrium (table 4)_ 

131 D-N. Holcomb and L Tinoco Jr., Biopolymen 3 (1965) 
121. 

The temperature-induced transition of poly(u) is 
dependent on the nature of the CAts used. as well as on 
their concentration. For instance, we found that 0.1 
M KF was more effective than 0. I h! NaCl for inducing 
the thermal transition. We studied the hydrodynamic 
properties of poly(U) in 0.08 hl KF and 0.02 hl sodium 
citrate plus citric acid because some evidence indicates 
that higher salt concentrations cause the molecules to 
aggregate [29,30]. The disadvantage of using low salt 
concznrrations is that the transition is not complete 
even at O’C. Neverheiess, our data are sufficient to 
detect any change in the molecular size of poly(u) in 
the transition region. The fact that poly(U) had a con- 
stant mofecuiar weight over the temperature rank: stud- 
ied (O-25°C) supports the current concept of poly(U), 
that is, a hairpin-Iike structure at low temperature *with 
the polyribonucleotide chain folded back upon itself, 
but a single-stranded chain with little secondary strut- 
ture at room temperature. 
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in summary, measurements of the hydrodynamic 
properties of the four polyribonucleotides can provide 
information about the size and shape of these polymers 
under various experimental conditions. In association 
with measurements of optical activities, they are useful 
for the characterization of the conformations and con- 
Formational changes of these polyribonucieotides as a 
result of changes X$l and temperature. 
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Tropocollagcn is derived from an extracelIutr precursor, procolhgen. Conversion to tropocollagen is accomplished 
by one or more tissue proteases dependent in V&O on the presence of serum in the culture medium. Twenty-four hour 
cultures in which serum has been excluded yield an apparently undegradcd precursor. procolta~en 1. The htter is ap- 
proximately twice the rrize of tropocollagen. possesses an acidic p[ in contrast to the alkaline pI of tropocollagen, and 
shares secondary structural characteristics common to tropocollagen. Procollagen I exhibits a sharp thermal transition 
point at 39’ with B AT of 7-O indicating that the collzgenous portion of the molecule ir in the triple helical contigura- 
tion prior to proteolytic ez&sion front the parent molecule. The amino acid composition is rematkabte when compared 
to tropocolisgen in the farge quantity of acidic residues, decreased gfycine and imino acids, and the presence of cysteine. 
Three models of procollagen I structure are presented and discussed relative to the available experimental evidence. 

I. introduction 

Based on the insolubility of collagen under physiol- 
ogical conditions, Schmitt [ 11 origirudly postulated the 
existence of a soluble, precursor form of tropocollagen. 
The rapidity of triple helix formation irr vivu as con- 

trasted to that encountered itz vitro prompted Speak- 
man 12) to propose recently the existence of registra- 
tion peptides on a precursor form of tropocoBagen. Al- 
though no data have been reported to date which speci- 
fically validate the Speakman hypothesis, laboratories 
have recently reported the demonstration of a tropo- 
collagen precursor [3--IO], procoltagen, and its con- 
version to tropocollagen by tissue protease [ 11, I?]_ 
The variety of in vitro culture conditions employed by 
various investigators has resulted in confusion re;*.arding 
the molecular properties of procollagen and has prompted 
Church et al. [S] to suggest a nomenclature in which 
procollagen 1 represents a nondegraded state while fur- 
ther numerical designations represent sequential cleavage 
products. This report describes the effect of Serum on 

l Present address. Department of Biochemistry. Academy of 
Medicine. Biiystok. Poland. 

the procoIfagen product from human skin fibroblasts 
in cuIture. Conditions of culture are described which 
yield apparent procollagen I in quantities amenable 
to detailed physical and chemical analysis. 

2. Experimental procedure 

Eagle’s minimal essential medium and fetal calf serum 
were the products of Grand Island Biological. Tricine, 
Tris base, trypsin, pepsin, and pronasc were obrained 
from Sigma Chemical, tosyllysine chloromethyl ketone 
from Calbiachem, @-aminoproprionitrile fumarate from 
Aldrich Chemical, ascorbic acid from Fisher Scientific, 
hydrogen peroxide from Merck, f5-3H] praline (25 C/ 
mmoIej from S&wan-Mann. Spectraffuor PPO-PClPOP 
from AmersbamlSearl and Briton X-100 from. Research 
Products international. Bacterial collagenase has purified 
from ~Vor~~~gton Biochcmicals’ CLS crude coilagenase 
by a chromatographi~ method [ 13) with inhibition of 
residual clostripain activity by hydrogen peroxide [ 141 or 
the active site inhibitor, tosyllysine chloromethyl ketone 
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[I 5) . Carboxymethyi celIuIose a.ld agarose (Biogel A 
0.5 h-1 and electrophoretic agarose) were the products 

of BioRad. Lathyritic rat skin collagen ~3s the kind 
gift of Dr. Hector Aguilar. 

2.2. Itfethads 

2.2.1. Culttire cottditiorts 
Adult human fibrobfasts were obtained by skin bi- 

opsy and maintained as a continuous culture at 37” in 
Eagle’s minimal essential medium (buffered with 20 
mM Tricine) at pH 7.36 and supplemented with 15% 
hear inactivated feral calf serum. Procollagen products 
were harvested during a 14-hour period every 4 days 
from con&act inhibited ceils at confluence in 1000 cm2 
roller flasks containing 60 ml of cutture fluid rotating 

at 1 rev per 5*k minutes. For the harvest cycle, fresh 
medium either with or without 15% fetal calf serum 
was added containing a-aminoproprionitrile fumarate 
(50 ,&nl) and ascorbic acid (50 pg/mI) plus 25 &/ml 
[ 5-3H ] proline. The harvest medium was extensively 
dialyzed against 0.02 M Tris-0.5 M NaCl at pH 7.4 to 

remove non-incorporated radioactivity. This procedure 
results in no visible precipitate or of precipitated counts 
within the dialysis bag. Concentration was achieved by 
vacuum dialysis at 4O against I M NaCI-0.05 M Tris, 
pH 7.4 or by precipitation ofprocollagen 1 (see text) 
which results on acidification of the medium by dialysis 
agains; 0.15 M Na acetate, pH 4. 

2.32. Chemical methods 
Proteiri corlcentration - All protein coiicentrations 

were determined by a microbiuret method jl6) using 

bovine plasma albumin solution, prepared by nitrogen 
content, as a standard. 

Hydrolysis bv proteases - Various proteases of 
wideIy variant specificities were used as structural mo- 

lecular probes. Limit digests employed 20: 1 or greater 
mass excesses of protease to [ho-S-3H] procollagen to 
ensure maximum hydrolysis. Trypsin and pronase hy- 
drolysis was accomplished in 50 mM Tris - 0.9% NaCl 
at pH 8.0 and 7.2, respectively_ Collagenase digestion 
utiIized ffic same buffer plus 10 mM CaAc at pH 7.2. 
Acetic acid (0.5 M) at pH 2 was used for pepsin diges- 
tion: 

Amho acid analysis - Samples were hydrolyzed 
under vacuum in 6 N HCl at 110” for 20 hours. Anaiysis 
was achieved using a Technicon,single column system 

with norleucine employed as an internal standard. De 
novo conversion of r3H] proline to hydroxyproiine 
was analyzed on the Technicon analyzer by use of a 
stream splitter and unlabelled proline and hydroxypro- 
line as internal stsndards. 

2.2.3. Physical merhods 

Chromatography - Molecular sieve columns at 8” 
of Sephadex G-200 employed a variety of solvents. 
Agarose (38 cm x 2.5 cm glass columns) utilited an 
eluting buffer of 0.5 M NaCl - 0.02 M Tris, pH 7.4 
and a flow rate of 1.5 ml per hour. Carboxymethyl 
cellulose ion exchange chromatography at 40” was 
utitized for the identification of collagen subunits 
using acid soluble lathyritic rat skin collagen as a stan- 
dard according to the method of Piez (17). 

Gel electrophoresis - Discontinuous gel electro- 
phoresis w3s performed on 1% agarose gefs in 10 cm x 

5 mm cylinders_ The agarose was melted in a buffer 
of 0.12 M Tris at pH 8.1 and layered into a Bio-Rad 
precision gel forming apparatus (Model 200) and allowed 
to polymerize by cooling. Samples for electrophoresis 
were dialyzed against the above buffer, mixed with 
sucrose (6% final concentration) and bromphenol blue, 
and layered on the agarose column under an upper 
electrode buffer of 0.043 M Tris, O.W6 M glycine at 

pH 8.9. The lower chamber buffer was 0.12 M Tris, 
pH 8.1_ Elzctrophoresis utilized a constant current of 
3mA per tube. Gels were removed, rIiced into 1.2 mm 
sections, dissolved in 0.5 ml hot water, mixed with 

scintillation cocktail, and counted for radioactivity_ 
Isoetecrrfc focusirtg - pH gradients of 3 to 10 were 

formed in a LKB 110 ml electrofocusing column and 

run at 500 volts for 2 days at 8” following the general 
method of Vesterberg and Svensson (181 using 3% Am- 
pholine (v/v) in sucrose. Fractions of 2.2 ml were collect- 
ed and assayed for pH at 20” using a Radiometer TTT I 

standardized against pH 7 and pH4 buffers. 0.2 ml vol- 
umes were diluted to lml with water prior to counting. 
To eliminate non-specific fluorescence at alkaline pHs all 
samples above pH 8 was neutralized with 0.5 M acetic 
acid prior to counting. 

Scintillbfira coamt~~rg - Assessment of radioactivity 
of various aqueous samples was made in a Beckman Ei 
spectrometer at = 50% efficiency_ The scintillation 

cocktail consisted of 29.5% Triton X-100, 2.4% Spectra- 
flour, and 68.1% toIuene (v/v); a voIume of 1 ml sample 
to 10 mI cocktail was used. 



Sedimmtatfon equitibriurn - Meniscus depletion 
sedimentation equi!ibrium [l9] was accomplished with 
a Spinco model E anaiytical ultracentrifuge equipped 
with a Raleigh interference Optical system. 3 mm’cot- 
umns ofprocollsgen i in 1 M NaCX-0.02M Tris, pH 
7.4, were layered over an inert base of perfluorotri- 
butyhamine. During the run, the temperature was main- 
tained at 5” and measurements were made at 1 LOU0 
and 14000 rpm using double sector cells equipped with 

quartz windows. Fringe positions were recorded on 
Spectroscopic II G photographic plates and analyzed 
with a Nikon mode! 6 microcomparator at 50 x magni- 
fication. Runs were made for 5 days, equilibrium being 
assured after the third day by a lack of change in the 
fringe concentration gradient on sequential photographs. 

The apparent weight average molecular wei&t 

@&v,?pp ) over the liquid colunn was evah~ated by the 
felattonsh~p: 

in which R is the gas constant, T the absoiute tempera- 
ture, c’the partial specific volume of the protein, S the 
solution density, o ttie angular velocity in radians per 
second, x the radiaf distance in cm, and c the concen- 
tration in fringes. The value for the solvent density was 
obtained with a 50 m1 Leach pycnometer. The partial 
specific volume af procollagen I (0.7 12 Jml) was Cal- 
culated from amino acid composition by the use of the 
known specific volume of the component amino acids 
[a01 _ 

Circrciar dichroism - Measurements of the circular 
dichroism from 250 nm to 195 nm were performed on 
a Gary model 60 spectropolarimeter equipped with P 
model 6001 CD accessory. Experiments were carried 
out using ;1 I mm path length ceil with procollagen 1 
dissolved in 1 M NaCl - 0.05 hf Tris, pH 7,4. at a con- 
centration of 60 pg per ml. The circular dichroism data 
were recorded by the instrument directly in terms of 
degrees elliptic&y, 8,; the mean specific ellipticity, 
[tYF] h, having units of degree cm2 per decimole at wave- 
length A, was calculated according to the relationship: 

@‘l h = 0,(MRW)f 1 Ok, c3 

where NRWis ihe mean residue weigfit of the Sam&e, 
c-the cancentfation in grams per cm3, and I the path 
length of the sample solution in cm. A mean residue 

we&&t of 806 was calculated from the amino acid com- 
position. 

3. Results 

3. f _ Coliogerror~s rlcrture uf tlce 13ff/ -proMe Iabeled 
product from SWLWI free culture nwdiutn 

fn a ?4-hour pulse with f3Wj praline in which no 
serum is present in the medium. L-270 of the counts 
are incorporated in:o non-diakyrabte products with a 
ProlinelhydraxyproIine ratio of approximalzly 3: 1 
of h&i& approrcimatety anr half is rendered dialrzable 
by limit digests with bacteria1 collagenase at 23’_ On 
standard calboxymeihyl ceIiulase ion exchange columns 
used for collagen chain analysis, the product is re- 
tained on the column and requires base for elution 
(fig. IA). Digestion with pepsin at 15” for 6 hours 
results in %pproximate!y one htif of the cuunts eluting 
with the salir gradient_ Using H colun~~ calibrated with 
lathyritic rat skin cofiagcn, a smalI amount of radio- 

20 40 60 BP 100 

FRACTION NllhtE3ER 7 

Fig. i. Carboxymethyl ccliulase chromatography of serum 
free medium at 40°. NKI gradient is indicated by the dashed 
fine and tight ordinate. Arrow on sbcisss indicates step salt 
change 1~ 0.4 NaOH t M N&I. A. medium withuut pepsin 
trertmettt; 8. following )sepsin digestion at 15”. 
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activity elutes in the fl chain region despite the pre- 
sence of /3-aminoproprionitrile in the serum free pulse 
medium (fig. 16). Apparent a 1 chains are in a roughly 
2: 1 excess over o[ 2 as expected_ However, almost one 
half of the counts liberated by pepsin digestion elute 
prior to the standard Q chain elution volumes (labeled 
pre a) suggesting a relative acidic composition. 

3-Z The influence of serum in the culture medium on 

the procollagen product 

Quantitatively, the presence of serum in the culture 
medium generally results in approximately a twofold 
increase in the level of I3 H] -proline incorporation. 
However, as demonstrated below, the presence of 
serum results in significant qualitative changes in the 
nature of the products obtained. 
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Fig. 2. Molecular sieve chromatography on agarose of human Fig. 3. Electrophoresis of human fibroblast culture fluid fol- 
fibroblast culture fluid following extensive dialysis. A. serum rowing extensive dialysis. A. serum free cuhre medium; B, 
free culture medium; B. serum containing culture medium. serum containing culture medium. 

3.2.1. &folec&r sieve chromatography 

Preliminary experiments on Sephadex G-200 under 
a variety of eluting conditions (0.06 M acetate pH 4.8, 
or 0.05 M Tris pi-I 7.4, or 6 M urea) resulted in virtually 
total loss of counts On the column_ However, by using 
agarose columns in 0.5 M NaCi - 0.02 M Tris pH 7.4, 
iOO% recovery is routinely obtainable. The majority af 
the non-dialyzable E3H] proline from serum free label- 
ing experiments elutes on agarcse (exclusion limit of 
approximately 400000 daltons for globular proteins) 
as one major peak in the void volume with only minor 
smaller components is routinely observed (fig. 2A). 
However, cultures pulsed with radioactive proiine in the 
presence of serum yield not only a major peak in the 
void volume of the column but significant quantities 
of apparently smaller components (fig. 2B). 

i 

0 
20.000 

II 

l0.000 

, li- z 101 20 30 40 



77 

8.00 3 
2 

6.00 6.000 5 

4.ana 

200 2.ooo 

IO 20 JO 40 so IO 20 30 40 50 60 

FRACfiCiN NUMBER FRACTtON NUMBER 

a00 

1 
to 20 JO 40 M so 

Fig. 4. Isoelectric focusing of the major components of human fibroblast culture medium obtained by gel filtrstion. Left ordinate 
and solid circIes indicates pH; right ordinate and open circles indicates observed cpm at the indicated fraction. A. serum free culture 
medium (agarose peak I); B, serum containing culture medium &arose peak I); C, serum containing cuiture medium (agarose peak 
II); D. serum containing culture medium (agxose peak III). 

3.2.2. Disc electrophoresis 
In standard 7.5% polyacrylamide systems (both 

pH 9 and 4) [211, procollagen fails to penetrate the 
gel, For this reason agarose was employed as a more 
porous support material. Fig. 3A demonstrates that the 
de nova synthesized, secreted high molecular weight 
product from serum free cultures migrates as a single 
band. However, in serum containing cultures, the rap 

idly moving anionic peak is lost and is repfaced by a 
small double peak migrating at the same rate and a 
major peak which possesses a mnch dower rate of mi- 
gration (fig. 38). In ail cases at least 8tX of the applied 
radioactivity was recovered. 

3.2.3. Isoelectric focusing 
Fig. 4 illustrates results obtained from the isoelectric 

focusing of major peaks from agarose moIecdar sieve 
~romatograp~y_ The major peak of radioactivity from 
serum free cultures (fig. 4A) has an isoelectric point 
of pH 3.9 4 0. I in striking contrast to the cationic 
properties of tropocoilagen I221 _ A singie symmetrical 
peak of radioactivity is observed at pH 4.0 when the 
gradient is acid at the bottom of the column. When 
the gradient is reversed (as illustrated), precipitation 
occurs, yielding asymmetry on elution from the column 
with an apparent isoelectric point of pH 3.8. In serum 
containing cultures (fig. 4B), a major shift in isoelectric 
point to pH 6.3 occurs for *he material eluting from 
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agarose columns in the void volume. The peak is sharp 
and symmetrical with no tendency to precipitate at the 
isoelectric point. The smaller molecular weight compo- 
nents in serum containing cultures possess anionic iso- 
electric points, do not precipitate, and are heterogenous 
(figs. 4C and 4D). 

32.4. ConversioJz of procoilogerl 10 collagen 
_ As previously illustrated (Fig. IB), pepsin digestion 

of procollagen from serum free culture media liberates 
not only Q. chains but an apparently acidic species which 
elutes on carboxymethyl cellulose prior to the earliest 
01 chain elution. Chromatography of serum containing 
culture medium on (3.1 cellulose at 10” yields a pre o! 
peak eluting at an identical position plus a major resid- 
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Fig. 5. Carboxyr:eLhyI cellulose chromatography of serum con- 
taining culture medium. Ordinates as in fig. 1. A. chromato- 
gmphy at loo; B. chrfimatography at 40° following 30 min in- 
cubation at 4S0. 

ual activity requiring base for elution (fig. SA). Fol- 
lowing incubation at 45” for 30 min. and chromato- 
graphy at 40°, counts elute in the oz2 position as well 
as in pre Q (fig. SB). In order to correlate the origin of 
pre Q and a2 eluting counts to the components sepa- 
rated by molecular sieve chromatography on agarose 
(fig. 2B), each major agarose fraction was subjected 
to chromatography on carboxymethyl cellulose, hydro- 
lysis by bacterial collagenase, and proline hydroxyla- 
tion analysis_ Agarose peak I is more extensively hy- 
droxylated and digestible by collagenase than either 
peaks I1 or 111 (table 1). The lability of counts in the 
peak II control following E 37” incubation period sug- 
gests the presence of a protease in this fraction_ On 
carboxymethyl cellulose peak I behaves similarly to 
that obtained from serum free cultures in that base is 
required for elution (fig. 6A). Fraction It elutes in the 
prea position with no residual counts remaining on 
the column (fig. 66) while fraction III precipitates 
under the conditions used (0.06 M acetate, pH 4.8, and 
40”). Recombination of the three fractions in solvents 
used for gel filtration, concentration, and dialysis agains 
the standard carboxymethyl cellulose solvents, and in- 
cubation at 45” followed by elution at 40”, results in 
the appearance of a2 and pre-cu peaks (fig. 6C). Thus, 
presumptive evidence for a protease in serum contain- 
ing cultures which elutes in the agarose peak II region 
and which utilizes procollagen as a substrate is apparent_ 

In an effort to ascertain conditions in which the 
proteolytic effect occurs, culture medium from serum 
containing cultures were incubated at three different 

Table 1 

Proline hydroxylation and susceptibility to collagenase of 
procol!agen products from serum containing cultures separated 
on aprose. All collagenase hydrolyses at 37O. See fig. 28 for 
details of isolation 

Agarosc 
peak 

( 

[ 3H J-HIOprotine % diiyzable a) 

[3HI-proline 
[ 3H]-imino residues 

control collagenase 

I 0.38 3.7 64.5 

II 0.16 25.6 40.4 

III 0.11 10.9 20.5 

a) Dialysis at 5“. 



E. Batjkowski and WM dfircheil. Human procohgen I 79 

6.000 

2,000 

6.000 ‘re rz 

2.000 

FRACTION NUMBER 

Fig. 6. Carboxymethyl cellulose chromatography at 40° of the 
major components of humrn fibcoblast culture medium ob- 
tained by gel filtration as illustrated in fig. 2B. Ordinates as in 
tig_ 1. A. fraction I; 6. fraction II; C. recombination of fractions 
I, II, and III and incubation at 45’ for 30 min prior to chro- 
matogmphy. 

pHs for 24 hours at 37O and subjected to carboxymethyl 
cellulose chromatography. In acetate buffer (0.06 M. 
pH 4.8) both Q, and a2 peaks appear in approximately 
2: 1 ratio as well as pre Q (fig. 7A). At pH 7.4 (culture 
medium only), the preViOUs& noted (I~ and pre Q can 

be seen, but there is a new peak of radioactivity eluting 
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Fig. 7. Carboxymethyl cellulose chromatography at 40° of 
serum containing culture medium incubated at 3 7O for 24 
hours at various hydrogen ion concentrations. A. pH 4.8 (0.56 
M Na acetate); B, pH 7.36 (culture media); C. pH 8.5 (0.05 M 
Tris - 0.9% N&l); D, pH 7.36 (culture media) containing 1 
mbf EDTA-Na2 _ 
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in the aI position (fig. 7B). Nevertheless, a2 is greater 
in quantity than act. At pH 8.5 (0.05 M Tris - O_% 
NaCl), there is a reduction in a2 and prea content with 
no a1 peak (fig. 7C). In a manner analogous to the non- 
incubated situation (fig. SA), inclusion of 1 mM 
EDTA-Na2 in a 24-hour incubation at pH 7.4 results 
in pres! material on!y (fig. 7D). Incubation ofprocol- 
lagen isolated from serum free cultures with fresh, heat 
inactivated fetal calf serum fails to yield CK~, a2. or pre- 
cy components. Thus the observed EDTA inhibited pro- 
teolytic activity is not indigenous to serum but is an 
apparent product of fibroblasts in culture, induced by 
ore or more factors in serum. 

3.3. Partial characterization of putative procollagen I 

Evidence has been presented which indicates that 

an anionic precursor of tropocolIagen is secreted t-y 
human skin fibroblasts in culture. The data suggest ffiat 
one or more factors in serum either activate or induce 
synthesis and/or secretion of protease which convert 
procollagen to tropocollagen yielding a variety of prod- 
ucts in serum containing cultures_ In serum free cultures 
the absence of the acidic pre LY peak on carboxymethyl 
cellulose chromatography argues against significant de- 
gradation and provisionally qualifies this material for 
the designation of procollagen I. The physical proper- 
ties of high salt solubility, high molecular weight, and 
precipitation at the isoelectric point (fig. 8) were used 
to isolate the putative procollagen I used in the studies 
described below. 

3.3. I. Adsorptive properties of procollagen I in low salt 
Procollagen I in a variety of solvents (0.06 M acetate, 

PlJRIFICATION OF PROCOLLAGEN I 

Culture Medium (Serum Free) 

4 
Dialysis against M NoCI-O.OSM Tris. pkd7.4 

4 
(Buffer Al 

Concentration by vacuum diofysis (~ZOX)(BufferA) 

4 
Void volume peok from agarore column (Buffer A) 

4 
Concentration by vacuum dialysis (Buffer A) 

4 
Didysi: ogoinst 0.15M No ocerole. pH4(4-5hoursl 

Centrifuge IP,ClOOrpm at 4Ofor 30min 

Re:uspend in O.ISm Na acetote. pH 4 

1 
Resuspend h H$ 

J 

ti 
Supernotant 

(Discord) 

Supernotont 
(Discard) 

Supernofont 
(Discard) 

Solubilire (Buffer A) 

Fig. 8. Isolation procedure for procollagen I. 
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Table 2 

Comparison of the amino acid contents (residues/1000 residues, uncorrected for hydrolytic losses) of human procollagen I, human 
skin collagen. human basement membrane collagen, and human complement CIq 

Amino acid Human skin procollagen I Human skin collagen a) Human basement Clq of human comple- 
membrane collagen b) ment ‘) 

aspartic acid 

threonine 

serine 

gtutamic acid 

prolifle 

glycine 

alanine 

half-cystine 

KLline 

methionine 

isoleucine 

leucine 

tyrosine 

phenylalanine 

lysine 

histidine 

arginine 

hydroxyproline 

hydroxylysine 

tryptophan 

total acidic 
amino acids 

93.0 47.2 67.7 85.0 

49.5 18.3 36.7 52.7 

65.7 36.9 48.9 55.2 

110.0 77.7 98.3 91.9 

114.2 125.1 57.9 60.3 

154.6 324.4 221.0 173.2 

70.2 114.5 59.8 44.2 

17.3 tr. 22.8 24.6 

51.5 24.5 35.6 55.2 

13.5 7.0 13.2 25.4 

27.6 10.4 31.3 38.1 

55.1 24.8 65.3 60.0 

20.0 3.5 15.3 30.2 
24 .o 12.6 24-g 42.4 
38.7 26.6 19.5 36.8 

14.4 5.4 14.2 14.0 
42.4 49.0 38.0 42.9 

31.8 90.9 103.5 38.9 

5.9 5.9 26.1 18.8 
ND ND ND 9.1 

203.0 124.: 166.0 176.9 

total basic 
amino acids 

87.0 81.5 83.6 98.5 

total imino acids 146.0 216.0 161.4 99.2 
II 

” As reported by Fleischmajer and Fishman [25]. 
b’ As reported by Westberg and Michael (261. 
‘) As reported by Yonemasu et al. [ 27 1. 

pH 4.8; 0.05 M Tris HQ, pH 7.4 or pH 8.5;< O.% 
kaC1) exhibits a profound ability to adsorb to glass and 
plastic surfaces. This property can be largely inhibited 
with NaCl at a molar concentration of 0.5 or greater. 

3_3.2_ Amino acid composition 
The anionic behavior of procollagen I as compared 

to that of tropocollagen can be readily explained on 
the acidic amino acid composition (table 2)_ Although 
no data is available on the degree of amidation, human 
skin procollagen I has approximately 1.6 times the con- 

tent of aspartic and glutamic residues than that of 

human skin collagen, despite a relatively equivalent 
content of basic amino acids. As in tropocollagen, the 
predominant amino acid is glycine. Roughly 1/6 of the 
total sites are occupied by glycine in procollagen I 
while every third residue in tropocollagen is glycine. Thus 
the minimum weight of native procollagen I is approxi- 
mately twice that of tropacollagen assuming few glycines 
in the LLnon-collagenous” portion of the precursor. The 
total imino acid content of procollagen I is also diminished 
but to a lesser extent than that of glycine. Of consider- 
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SD- 
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X’ 

Fip 9. Typical ln c versus K7 plots of procollagen I. Speed at 
I1 000 rpm after 72. hours. 

able interest is the identification of significant quanti- 

ties of cysteine in procolla8en I_ Since this analysis was 

made on material in which the cysteine residue was not 
derivatized, the reported value probably represents a 
low value, due to the relative instability of cysteine 
under standard acid hydrolysis conditions_ 

3.3.3. Sedimentation equilibrium 

Sedimentation equilibrium of procollagen I yielded 
linear In c versus X2 plots at each of the four protein 
concentrations analyzed with no apparent evidence of 
size heterogeneity or aggregation (fig. 9). Nevertheless, 
a marked concentration dependence was observed be- 
tween cells with large Ioading concentration differences 
(fig. 10). Extrapolation of this apparent linear regres- 
sion slope to zero concentration yielded a molecular 

Corm (mqfml) 

Fig. 10. Apparent weight average molecular weight as a func- 
tion of initial cell loading concentration with extrapolation to 
infinite dilution. 
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Fig. Il. Circular dichroic spectra. A. rat skin collagen in acetic 

acid (1%) at So; B, human skin procollagen in 1 M NaCl - 0.05 
M Tris, pH 7.4. 0-9 at So. X-X at 50°. 

weight of 539000 + 40000 in agreement with the con- 
clusions drawn from amino acid analysis. Due to low 
absorptivity at 280 nm. analysis at lower protein con- 
centrations using the W scanner of the Model E were 
impractical. 

3.3-C Comparison of the circular dichroic spectra of 

procollagen I with skin collagen 
Due to the insolubility of procohagen I in acid buffer 

the usual measurement of optical activity of collagen 
derived materiaI in acetate is impossible for procollagen 
I. Fig. 1 IA illustrates the typical spectrum of native 
rat skin collagen in dilute acetic acid. The characteristic 
negative absorption peak at 197 nm and positive absorp- 
tion at 222 nm is present. In contrast procollagen I in 
1 M NaCl - 0.05 M Tris, pH 7-4 fails to exhibit the 222 
peak (fig. 1lB). Circular dichroism scans below 200 nm 
were impossible due to adsorption by the buffer, but 
the general curve configuration suggests a minimum 
approximately 60% that of rat skin lathyritic tropo- 
collagen in acetate. 

3.3.5 Stabiiity of tile secondary structure 

Although the circular dichroism spectra suggest 
features analogous to tropocollagen. procollagen I is 
sensitive to proteolytic digestion below the denatura- 
tion temperature by non-collagenolytic enzymes which 
ordinarily cannot attack the polyproline II configura- 
tion (table 3). Procollagen at 23O is readily hydrolyzed 
to a majority of dialyzable peptides by pronase and to 
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Table 3 

Procollagen I su~eptibiijty to proteolytic hydrolysis 

5% dialyzable ” 1 ‘H] -imino residues 

23O 37O 

control 0.5 3.1 
coIlagmise 48-4 56.1 
prorue 77.7 89-9 

pepsin 24.1 52.2 
WYPSiII 22-4 51.6 

a1 Dialysis at So. 

a more limited extent by trypsin and pepsin. At 37O, 
more of the procollagen structure is in a form suscep- 
tible to proteolytic attack by pepsin and trypsin. Ap- 
proximately 112 of the 1’ El] -imino acids are rendered 
dialyzable by bacterial collagenase in support of the 
collagenous nature of the material and is consistent 
with amino acid analysis and ultracentrifuge data on 
the minimum motecular weight of procollagen f. 

The thermal stability of procoflagen I was analyzed 
by monitoring the circular dichroic negative extremum 
as a function of temperature (fig. 12). A sharp transi- 
tion occurs at 39’, closeiy paralleling native tropocol- 
lagen denaturation behavior. 

TEMP *C 

Fig. i2- It?‘] 202 as a function of temperature. 

4. niscussion 

The existence of an extracellular precursor of col- 
lagen has been well substantiated by reports from ;! 
number of independent laboratories [3- 101. There is 
common agreement that the precursor is larger than 
tropocollagen and is converted to the latter by the 
proteolytic activity of an enzyme(s) commonly referred 
to as procollagen peptidase [f 1, 121. It is the existence 
of such protcolytic activities which probably account 
for variances in the reported mdecufar properties of 
procollagen. In the studies reported here, the omission 
of serum from roller flasks of human skin fibrohlasts 
in culture results in the producticn of a tropocollagen 
precursor of approxhnate1y 540000 daltons. The glyc- 
ine content of 15.5% and imino acid content of 14.6% 
supports the sedimentation equiiibrium data and com- 
pares reasonably closely with the respective vahtes of 
XX3% and 15.5% for the intraceilular coliagen precursor 
recently reported by Tsai and Green [23] _ In contrast, 
Bomstein et al. 1241 have reported a value of 115000 
for the pro-o-l chain from chick caivaria with a 29% and 
16.7% content of glycine and imino acids, respectively. 
Thus the difference of 60000-70000 daltcns per chain 
between the data reported here and that reported by 
several Iaboratories may be due to partial protealysis 
with the main precursor moiety demonstrating a com- 
paratively low glycine content. The addition of serum 
to our system results in a heterogeneity of [3H1 -proline 
labeled products, an alkaline shift of isoelectric point 
in the collagenous portion of procollagen. and the ap- 
pearance of an acidic peak on carboxymethyl cellulose 
which we refer to as pre CL This prea component is a 
common feature of published chromatograms in which 
the molecular weight oi procollagen is substantially 
less than that reported here. The proteolytic activity 
is not present in fresh serum but must be exposed to 
fibroblasts, an observation in agreement with Tsai-and 
Green [23] . The ability to liberate (Y- 1 chains preferen- 
tially at low pH as compared to a-2 at neutral pH suggests 
a multiplicity of proteases. 

Comparison of the amino acid composition of pro- 
collagen I to that reported for human skin collagen [Xl, 
human basement membrane collagen [26], and human 
complement Clq [27] suggests that procollagen I may 
function as the precursor of the latter three (table 2). 
The greatest deviation exists between procollagen I and 
skin collagen. As previously noted there is 112 the glyc- 
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ine content in procollagen I, but the total acidic amino 
acids are increased by 60% resulting in the low isaelec- 
tric point observed for procollagen I. Both basement 
membrane collagen and Clq component of complement 
have an acidic residue and glycine content intermediate 
between procollagen I and collagen_ Thus partial pro- 
teolysis of the precursor moiety could result in a mole- 
cule with these properties. The specificity of end product 
production would then depend on protease specificity 
and/or degree of lysine hydroxylation and carbohydrate 
content. If this hypothesis proves to be valid, then the 
law imino acid content of Clq of complement would 
suggest a proline clustering in the more distal regions 
of procollagen I, while the common cysteine content 
of procollagen i, basement membrane collagen, and 
Clq of complement suggest a more proximal location 
for the residue in the precursor moiety. 

The secondary structure of procollagen I as judged 
by circular dichroism in the far ultraviolet exhibits fea- 
tures in common with acid soluble collagen. Although 
penetration below 200 nm in N&l was not possibIe, 
the configuration of the procollagen curve suggests a 
minimum at the same wavelength as collagen (197 nm) 
at 60% of the observed ellipticity. The spectral data, as 
well as the susceptibility of procollagen 1 to proteolytic 
attack by a variety of proteases, clearly indicates that 
the precursor mouity is not completely in the polypra- 
line II configaration [28]. Nevertheless, procollagen I ex- 
hibits a sharp thermal transition point at 39”with a AT 
of 2”which is closely comparable to that of native tropo- 
collagen [29] _ Since the thermal stability of native tro- 
pocollagen is directly related to the total imino acid can- 
tent [30], it is of interest to note that the lowered total 
imino acid content of procollagen I did not lower the 
melting temperature (fig. i3), which suggests that the 
observed change in optical activity represents thermal 
denaturation of a collagenous unit component. More- 
over, the small AT observed is strong evidence that the 
collagenaus portion of the molecule is in the triple heli- 
cal configuration prior to proteolytic excision from the 
parent molecule. 

Electron micrographs of procollagen rrom chick em- 
bryo cell culture [7] as well as kinetic analysis of pro 
collagen biosynthesis [IO] indicates that the precursor 
moiety is located at the amino terminus. The recent 
demonstration of size distribution of procollagen de- 
pendent on disulfides [9,3 I], suggests that procollagen 
is synthesized as separate chains and aligned intraceliu- 

I I 

loo 200 300 

Hydmxyproline f Proline 

Fig. 13. Thermal denaturation temperature versus imino acid 
content for a variety of collagens and procollagen I_ The shaded 
area represents the observed distribution around the mean (solid 
line) [301 while @indicates the relationship of procollagen I to 
the melting profile. All data corrected to theoretical values 
expected in water [ZS[ . 

larly by disulfide pairing. Such a mechanism should 
result in rapid chain registration and formation of the 
native tropocollagen structure as originally suggested 
by Speakman [2] _ 

The studies reported here strongly suggest that pro- 
collagen I is considerably larger than generally held. Fig. 
14 illustrates three possible molecular configurations. 
In each, the collagenous regions are depicted as helical 
and are associated in a cooperative structure as indicated 
by the small AT observed in this study. Church et al. 
ES] originally postulated a single chain containing both 
TV- 1 and o-2 elements. Fig. 14A illustrates this model. 
Since tropacoUagen chains are aligned NH, to COOH 
terminal in parallel, connecting links which would allow 

the triple helical configuration for the coUagenaus par- 
tion, would necessarily need to be of approximate equal 
size. Evidence against this model is formidable. Kinetic 
labelling of tropocallagen by Vuust and Piez [ 101 indicate 
separate initiation points for a-l and a-2 chains while 
the polysomes involved in procoilagen synthesis [32] 
would appear to be too small to support an mRNA 
yielding a molecule of more than 500000 daltans. The 
identification of cysteine in procollagen I and the dem- 
onstration by Burgeson et al. [9] of altered chromato- 
graphic properties of a collagen precursor following re- 
duction by P_mercaptoethanol or NaBHe leads credence 
to two additional models. in each (figs. 14B and C) di- 
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Fig. 14. Structural madels for procollagen f. A, single chain; B, three chain;C. multiple chain. 

sulfides hold the three chains together by covalent 
bonding as well as that to be expected through non- 
covalent forces of the triple helix. In fig. I4B each 
chain is approximately twice the length of c1! chains. 
In fig. 14C the major procollagen extension is repre- 

sented as approximately IO--IS% of the main chain 
while additional pep tides conceivably of use in trans- 
port are covalently bonded to the main chain by di- 
sulfides, or alternatively, as tightly bound non-covalent 
acidic polypeptides which are not dissociated under the 
conditions employed in ffiis study. The occurrence of 
a srnah amount of apparent 0 chain in our material as 
well as the small quantities available, has precluded us 
from arriving at an unambiguous answer. We currently 
are culturing human tibroblasts in which &uninopro- 
prionitrile is present continuously rather than only in 
the serum free 24hour collection period. The availability 
of mg quantities of procollagen I free of contaminating 

aldehyde cross links should allow the proper selection 
of the correct model. 
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We propose a mechanism of asymmetric mitosis applicable for cells even without inherent architectural asymmetry 
and in the presence of symmetric conditions such as a homogeneous environment. The theory is based on the instability 
of the symmetric development in time of the prospective daughters of B cell in mitosis. The macroscopic equations of 
chemical reaction, diffusion. and permeation of the various chemical species in the celI are given formal expression, 
and are then linearized about the symmetric development in order to test the stability to asymmetric perturbations. 
Instability to such perturbations indicates the deterministic onset of asymmetric division (differentiation). Only small 
external gradients of concentration, temperature. lighht. etc. are necessary to polarize the asymmetry for the purpose 
of a particular morphology. The theory is compared qualitatively with experiments on melanocytogenesis. is used to 
suaest new experiments. and is proposed as a possible alfernative to other mechanisms. Possible application of the 
theory to the experiments on the first division in the egg of Fucus is considered. Finally. a simple model of B product- 
enhanced reaction mechanism is developed iz detail which shows that the history of the initial preparation of the cell 
prior to mitosis may play a role in determining the possibility of asymmetric division. 

1_ Mroduction 

There are many examples of cell division which yield 
progeny having qualitatively different characteristics 
from those of the parent. A number of different events 
may occur. In undifferentiated division two cells of 
type A are formed from a ceil of the same type. In sym- 
metric cell differentiation a cell of type A produces two 
daughters of type 6. If a cell of type A produces two 
cells. one of type B and one of type C (where B may be 
identical to A), then this process will be called asymme- 
tric cell differentiation. The process may occur by 
means of different mechanisms. First, the origin of the 
asymmetry of the differentiation may be an inherent 
architectural asymmetry of the parent cell, as occurs 
for instance in the case of the grasshopper neuroblasts. 
Here the division results in a ganglion and a neuroblast 

’ IMs work was supported in part by the National Science 
Foundation and the Camille and Henry Dreyfus Foundation. 
A brief account has been submitted as a Note to the journal 
Developmental Biology. 

as daughter cells [ 11 _ Second, the process may require 

the presence of an external gradient (of temperature, 

chemical composition. pressure, light intensity, electric 
field, etc.) sufficiently strong to be significant over 
cellular dimensions as may be of importance in regene- 
ration in association with mitosis, i.e., epimorphosis 
[2] _ Third, the asymmetric differentiation may be ini- 
tiated on one of a random or ordered distribution of 
sites. either within the celI or in the membrane, due to 
(irreversible) activation by a hormone or light for in- 
stance [3]. This mechanism requires that the time scale 
between successive initiations of the asymmetric dif- 
ferentiation on two sites, or localized set of sites, be 
longer than the time necessary for signals to be sent to 
prevent similar activation at the remaining sites. Fourth, 
the differentiation may occur by an inexact replication 
process which yields two daughters of different genotypes, 
or by chromatin diminution as in the bifurcation of the 
germ cell from the somatic cell lines [4] _ 

In this article we discuss another possible process 
of asymmetric cell differentiations. one applicable even 
to the most stringent condition of a parent cell without 
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architectural asymmetry immersed in a homogeneous 
er.vironmenr. In an abstraction, parent cells without 
essential asymmetry are termed symmetric. The mecha- 
nism we discuss could be operative in asymmetric par- 
enr cells but is applicable to repetitious symmetric celis, 
such as in the first division of the egg of Fucus [.?I] _ 

In a pioneering work Turing [6] showed how the 
h omogeneobs evolution of certain chemical reaction 
mechanisms with feedback and maintained far from 
chemical eq=Jilibrium may become unstable to the on- 
set of spatially inhomogeneous perturbations due to 
the coupling of diffusion and reaction_ He proposed 
this as a possible chemical basis for biomorphogenesis, 
giving an explanation of how a homogeneous cell field 
may break up into differentiated regions. The onset 
of symmetry-breaking instability has been shown theo- 
retically [7] and experimentally [8] f to lead to stable 
dissipative spatial structures. The role of heterogeneous 
catalysis in the formation of stable, inhomogeneous 
structures is discussed in ref. [9]. The importance of 
chemical instabilities to the formation and maintenance 
of structure in biological systems has been discussed 
by a number of authors [6,7,9--l?] _ 

The analogy between symmetry breaking in chemical 
and biological systems suggests a mechanism for asym- 
metric cellular differentiation. The theory is based on 
the equations for chemical reaction rates and transport 
of the chemical species in the differentiating system, 
i.e., those which participate in the development of the 
asymmetry. The-possibility for the growth of the asym- 
metry is posed as a stability question and the theo,y 
predicts that symmetric differentiation may occur. If 
the parent cell at some point becomes unstable to an 
asymmetric concentration fluctuation, then asymmetric 
differentiation is initiated. The course of this asym- 
metric development is determined by tile non-linearity 
of the equations and the asymmetry may become stable 
due to this non-linearity. Thus the system becomes 
committed to a we%defined course of events leading 
to asymmetric mitosis. The equations of reaction, dif- 
fusion, and permeation yield unique solutions for given 
initial and boundary conditions and hence the course 
of differentiation is deterministic. For spherically sym- 
metric parent cells in a homogeneous environment only 
the orienration of the differentiation is random. in 
order that chemical symmetry-breaking mechanism 

f See also ref. [7]. p- 261. 

may provide a theory for cell differentiation, the time 
scales of the reactions and transport (diffusion and 
permeation) must be comparabIe. 

The theory of asymmetric cell differentiation pre- 
sented here may he extended to the analysis of the 
creation of additional localization and structure in 
initially asymmetric cells. 

A distinction must be made between asymmetr,e 
cell differentiation which occurs (I) in a homogeneous 
medium and (2) in a medium which has gradients. The 
second case may be illustrated in blastoma (epimorphic 
development) where there are nutritional, hormonal, 
and temperature gradients. In the eggs of Fucus [5], 
the polarity of the differentiation of the first division 
may be fixed by external gradients of salinity arid 
voltage or direction of illumination. In the absence of 

these gradients, however, polarity still develops but is 
randomly oriented. Our analysis provides a mechanism 
for the development of asymmetry in the absence af an 
external gradient. Hence in this theory the possible pre- 
sence of vanishingiy small gradients serves only to 
orient the asymmetry along the direction of the gradients 
If, contrary to our mechanism, an external gradient 
proves to be essential for the development of asym- 
metry, as may well be the case for certain systems, then 
the magnitude of the gradient must be sufficiently large 
to constitute an appreciabIe concentration difference 
over a distance of celIular dimensions_ 

Reversal of differentiation (B -+ A) is known; see, 
for example, the case of reversion of non-proliferating, 
muIti-nucleated fibers into proliferating mono-nupleated 
cells during wound healing in muscle [ 131. Clearly, in 
such cases, irreversible genetic changes do not occur. 

In order to stress further the importance of ceiI com- 
ponents other than the nucleus in asymmetric differen- 
tiation, we refer fo the case ofmitosis in certain neuro- 
blasts [3]. The architecturally asymmetric neuroblast 
divides into a ganglion and daughter neuroblast. If the 
mitotic spindle is rotated 180” so that the nucleus nor- 
mally targeted for the pre-ganglion pole will enter the 
preneuroblastic region, then an apparently normal 
neuroblast and ganglion are nevertheless formed from 
the respective precursor region. Thus no genetic asym- 
metry is required to induce the asymmetric differen- 
tiation. 



2. Theory ence of average concentrations. Thus if ct’ is the aver- 
age concentration of species or in each prospective 

2. I. Statement of model daughter (i = 1. L!) the rate of increase J, of species ~1: 
in prospective daughter 1 due to transport from daugh- 

We begin consideration of the onset of asymmetry ter 2 is given by 
in mitosis where the development is still symmetric 

with respect to the prospective daughters (halves). For (7.1) 

instance, in the eggs of Fucus [S] this initial state is 
spherically symmetric and asymmetry arises prior to The effective permeability h, decreases in titnc as the 
nuclear division. The asymmetry may, however, arise cell halves pass from strong to weaker coupling as a 
after nuclear division from a state symmetric with re- result of decreased con tact area or completion of the 
spect to the plane of division_ In such cases the asym- dividing membrane. (Note that more complex processes 
metry may be initiated either before or after the for- such as active transport may be included by taking 
mation of the phragmopiast in plant cells or invagina- more general force-flux relationships.) 
tion of the parent cell plasma membrane in animal cells. 
At such stages the two halves of the cell, prospective 2.2. A trainis 

daughters, arti in a state of strong coupling. Thus, as a 

simplifying convenience, in discussing the mass transfer It is convenient to introduce a vector notation. Thus. 
we substitute a model of two compartments for the for example, di) represents the column vector of aver- 
actual geometry_ After formation of a separating mem- age concentrations of a11 species in cell half i. Intercel- 
brane, but prior to isolation of one daughter from the lular transport is therefore given by J = H(c(l)-&), 

other, the daughter cells are in a state of weak coupling. where H is a matrix of effective pcrmeabilities. With 
In this state, transport through tight or gap junctions, this notation we also may now simply include cross 
particularly in the embryo, may play an important role diffusional or permeative effects (i.e.. the diffusion or 
in maintaining the differentiation. During the strong permeation of species odriven by a gradient in conccn- 
coupling phase each prospective daughter is described tration of species p). Direct transport indicated in (3. I) 
by its average concentrations of the various substituents is described by a diagonal matrix H. 
(ions, hormones, enzymes, etc.) and the state of activa- Exogenous agents may be introduced into the dividing 
tion of the genome. We assume that the concentrations cell from the environment due to the permeability of 

in the parent are uniform, and hence so are the initial the plasma membrane; loss to the environment may 
concentrations in the complex_ (The additional but not also play a role. Thus we introduce an external per- 
crucial problem of the distribution of material in each meability (matrix) G. In an external gradient the pro- 
prospective daughter is not considered here.) Concen- spective daughters may in general be subjected to dif- 
tration differences between the prospective daughters ferent external concentrations &u(t), and hence the 
occur by fluctuations_ If the fluctuations decay, then increase in concentration of agents in the half i due to 
symmetric development continues. However, it is pos- interaction with the environment is given by 
sible that the system may become unstable to these 

asymmetric perturbations, in which case concentration Jt’)o = G [C(‘)o(~) _ @)([)] . (3.2) 
differences will grow. Such instabilities provide a mech- 
anism of the initiation of asymmetric differentiation_ ln general the permeability of the plasma membrane, 

Transport between prospective daughters is due to G, may depend on the composition, both inside and 
permeation through incompletely formed dividing mem- outside the cell, but will take the same functional form 
branes (in ptant cells), diffusion through the region of for both halves, at least in the early stages of differen- 
common cytoplasm and diffusion within each daughter_ tiation. That is, we assume the prospective daughters 
(Streaming may also play a role in distributing material.) to have the same plasma membrane initially; permeation 
We assume that the transport from one prospective may, however, depend on conditions inside and outside 
daughter to the other may be approximated by an ef- each half of the complex. 
fective permeation flux which vanishes with the differ- The overall rate of change in composition is due both 
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to transport and reaction. The reaction rates in the two 
halves are taken to be a function of the average con- 
centrations. By our assumption of initial symmetry 
the functional form F[c] of the chemical rate equa- 
tions is the same for both halves. Thus, the dynamics 
of the system is described according to 

dc(“/dr= G[t? ‘I0 -c”‘] +H[c’2’-c<“j +F[c’*‘] , 

d&)/dt=G[c(2W) -c(‘)] +I[&‘-&)I +F[c(~‘]. 

(2.3) 

Undifferentiated (symmetric) division and symmetric 
differentiation in a homogeneous environment corre- 
sponds to the case C(‘)(t) = c(t) (i = 1, 2). The remain- 
der of the analysis will be devoted :o investigating the 
stabihty of this symmetric development to asymmetric 
perturbations in a homogeneous environment c@)O = 
8. This constitutes the most sttingent conditions for 
the onset of asymmetry_ Let S&)(t) represent the de- 
viation in one half of the complex from symmetric 
developm-_ntr 

c”;(t) = C(t) -I S&‘(t)_ (2.4) 

If perturbations satisfying SC(‘) - SC(~) f 0 grow, then 
asymmetric differentiation is initiated; otherwise, a 
small asymmetric fluctuation decays and such differ- 
entiation does not occur. 

The stability analysis proceeds by linearizing eqs. 
(2.3) in a small perturbation 6&) [see (2.4)], with the 
result 

di@‘/dr= E*6&)+ H[Sd*)-6#)~ + R*S&), (2.5) 

where the superscript * implies that the quantity is 
calculated with values of the concentrations in the 
symmetric development [c(t)], and the elements of 
E* and FZ* are 

Ed = -G@ + c (aG4/ac& - cr). 
7 

(2.6) 

R~ = ai=mlaco_ (2.7) 

An equation similar to (2.5) holds for the other half 
labelled 2. 

Let us introduce symmetric and asymmetric pertur- 

bations 

s=~(S&) f S&‘), a=- .#(SC(‘) - S.8)). 

If we define a matrix 0 according to 

n(t) = E* i- R*. 

we obtain 

d@dt = Q(r)& da/dr = [a(r) -2H(t)] a. 

(2.8j 

(2.9) 

(2.10) 

We see that the symmetry breaking (a) and symmetry 
preserving (s) perturbations are not coupled in a homo- 
geneous medium. The possibility for growth of asym- 
metric perturbations is determined by the solutions 
of (2.10). If the coefficients of that equation are slowly 
varying in time then the stability to asymmetric per- 
turbations is given qualitatively by the eigenvahres 
z(f) of the matrix [a - 2H1_ If the real parts of all z 
are negative, asymmetric perturbations will decay; if 
Re(z) for at least one eigenvaIue is positive for a suf- 
ficiently long period of time the asymmetric perturba- 
tions will grow. 

2.3. Discussion 

(1) Instability to asymmetric perturbations may 
occur due to many causes: (a) reaction mechanisms 
in the cytoplasm which involve auto- or cross catalysis, 
or product inhibition, or 0th~ homogeneous chemical 
feedback [ 141 ;(b) periodic precipitation phenomena 
[IS] ; (c) coupling of stable and unstable reactions to 
concentration dependent plasma membrane permea- 
bilities [ 161 and active transport; (d) heterogeneous 
feedback mechanisms involving genome activation and 
repression, membrane and particle (i.e., ribosomes) 
bound reactions and reactions in well-defmed local 
regions (mitochondria) [17]. 

(2) In the earliest stages of the mitotic complex, dif- 

fusion is likely to be much more important than per- 
meation, simply because the dividing membrane be- 
tween the two halves of the complex may be just form- 
ing_ In that case the length scale associated with un- 
stable, inhomogeneous perNrbations is of the order of 

(D/k)“2. where k is the rate coefficient in the rate- 
determining step of the mechanism responsible for the 
development of the asymmetry (in the differentiative 
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system). This length scale must be of cellular dimen- 
sions as a necessary condition for the onset of asym- 
metric differentiation in the early stages dominated 
by diffusion_ A calculation for one part of a glycolytic 
reaction mechanism involving product enhanced en- 
zymatic activity shows the length scale of unstable per- 
turbations to be of the order of l@ to IO-” cm E141, 

consistent with cellular dimensions_ 
(3) The effective permeabibility H must be limited SO 

that a concentration difference between the two halves 
of the complex can develop and persist. if the effective 
permeabihties H are very large then the eigenvalues of 
[Q - 291, (2. lo), are approximately those of -2H (plus 
a correction ten-n involving the chemical rates and the 
exogenous permeability G). Therefore the asymmetric 
perturbations decay quickly as exp[--2Htl. On the 
other hand, if the rates of the differentiative system 
(when stable) and the exogenous permeation are very 
large, then the decay of the asymmetric perturbations 
is again fast, approximately exp [fir] _ Symmetry breaking 
requires a delicate balance between H and the symmetric 
properties of R. 

(4) For differentiation to occur, the time to set up 
an appreciable asymmetric distribution must be shorter 
than that during which the prospective daughters are 
decoupled, either by cleavage or other cy toplasmic de- 
coupling mechanism, or by separation of equivalent 
local sites of reaction such as the daughter nuclei them- 
selves_ 

(5) The model provides criteria for the initiation of 
asymmetric perturbations and these are obtained from 
the linearized equariom :2.10). The states to which the 
system evolves after that initiation are given by the non- 
linear equations (2.3). For instance, if the differentiative 
reaction system is unstable to symmetric and asymmet- 
ric perturbations, competitive events are possible: sym- 
metric differentiation (A + 2B); asymmetric differen- 
tiation (A -+ B f C); and reproduction without differen- 
tiation (A + 2A). The outcome among such competitive 
routes is determined by non-linear effects in the per- 
meation and reaction mechanisms and is beyond the 
present analysis. 

(6) The developed asymmetry in the two halves of 
the complex may-be sustained in a number of different 
ways. (a) IF the daughter cells remain sufficiently strongly 
coupled after division, then the same mechanism leading 
to the growth of asymmetric perturbations may main- 
tain the two daughters in a dissipative structure, a stable 

time independent asymmetric state. (b) If the final 
coupling is weak the onset of asymmetry may drive 
the daughters to different stable states of the isolated 
cell system. Indeed the same types of mechanisms lead- 
ing to symmetry-breaking instability may lead to 
multiple stable steady states (see appendix). (c) If the 
onset of weak coupling ieaves one of the daughters 
with an excess of a chemical species (enzyme or RNA) 
which persists for a long time, then the reaction mech- 
anisms in one daughter may be altered, compared to 
that of the parent, during that time. In particular, 
some reactions may be essentially irreversible_ (Q) 
Chemical composition changes due to the growth of 
asymmetry may bring about conformational transi- 
tions, such as in cell membranes which result in changes 
in transport and catalytic properties_ (e) Asymmetric 
concentration differences may lead to irreversible 
genetic changes with attending changes in reaction 
mechanisms. 

(7) The inclusion of external gradients in the an&;rsis 
can be made without difficulty. Unlike random fluctua- 
tions, such gradients provide a well-defined axis and 
polarity for the development. If the development of 
an asymmetric mitosis is due to a symmetry breaking 
instability, then only vanishingly small gradients are 
required for including polarity. 

(8) In the appendix we illustrate the theory with a 
simple. product-enhanced, reaction mechanism and 
find conditions for the existence of three symmetric 
states. One of the symmetric states is stable over its 
entire range of existence. Another, however, while 
stable to symmetric perturbations, may become un- 
stable to asymmetric perturbations as the interdaughter 
permeative coupling is decreased_ Hence the possibilitv 
for the initiation of asymmetric differentiation depends 
on the initial symmetric state in which the complex 
has been prepared. 

3. Evidence for proposed theory 

3.2. Meiurzocyrogenesis 

The extensive studies of hormone-induced differen- 
tiation of melanoblasts into melanocytes [iSI (in ex- 
plants from xanthic goldfish tailfin) provides in our 
view a set of data for which the proposed theory serves 

in qualitative, but broad terms. A brief summary of the 
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iindings on melanocytogenesis (the transformation of 
a melanoblast into a melanocyte) in ref. [ 181 are: 

(i) Melanoblasts are stem cells which may undergo 
asymmetric mitosis upon stimulation by several differ- 
ent hormones; a melanocyte and a melanoblast are the 
result of asymmetric mitosis. (ii) Melanocytes do not 
appear in pairs. (iii) Mitosis is essential for hormone- 
induced melanocytogenesis. (iv) Melanoblasts cannot 
synthesize melanin, but melanocytes can. (v) The syn- 
thesis of melanin requires tyrosine, oxygen, and tyro- 
sinase; protein synthesis after mitosis is not necessary 
for the synthesis of melanin: (vi) “Since the pheno- 

typic appearance of active tyrosinase does not occur 
in melanoblasts which have been treated with hormone 
but have not undergone mitosis, one can postulate 
further that hormone .__ causes a segregation of tyro- 
sinase and its inhibitor during mitosis. The end result 
of such action is that one of the daughter cells now 
possesses active tyrosinase . ..” “... the primary effect 
of the hormone is not at the genetic. but at the cyto- 
pIasmic level, and leads to the release or segregation of 
tyrosinase from its inhibitor during mitosis”. There is 
evidence that the functioning of the enzyme tyrosi- 
nase may not be due to the removal of an inhibitor 
but due to the activation of a proenzyme [ 191. (vii) As 
the hormone concentration is increased the probabil- 
ity of occurrence of melanocytes increases sharply. 

What is the concordance of these experimental re- 
sults and the theory? The result of the asymmetric 
mitosis is two cells, one containing tyrosinase but no 
inhibitor (or proenzyme plus activator), the other con- 
taining inhibitor (or proenzyme and no activator) (vi)_ 
Thus a tyrosirase inhibitor (activator) concentration 
difference is established during mitosis. Since hormone 
stimulation induces asymmetric mitosis (i), and the ab- 
sence of hormone leads to symmetric mitosis, then 
there exists no asymmetry in the architecture of the 
cell prior to hormone stimulation. The hormone in- 
duces or comptetes the differentiative chemical reaction 
system_ Upon mitosis, this system, coupled with diffu- 
sion and permeation, becomes unstable to asymmetric 
perturbations which grow and bring about asymmetric 
differentiation (i, ii)_ If mitosis is inhibited melanocyto- 
genesis is absent (iii)_ During the asymmetric differen- 
tiation active tyrosinase appears in one daughter only 
(vi), a case of an asymmetric concentration growth 
from an initial symmetric distribution. The daughter 

with a low concentration of tyrosinase inhibitor (high 
concentration of protyrosinase activator) is the melan- 
ocyte (iv, v). 

To what extent do the other theories of asymmetric 
differentiation (cited in the introduction) fit these ex- 
perimental findings? The fact that symmetric mitosis 
occurs in the absence of hormone indicates the lack 
of inherent architectural asymmetry_ Second, the ex- 
periments were carried out in the absence of external 
gradients_ The third mechanism is possible but not likely 
because of the sharp increase of melanocytogenesis at 
hormone concentrations ( 1e3 mg/ml) which exceed 
by many orders of magnitude the concentrations of 
stem cells (vii). Finally, a hormone-induced genetic 
irreversible mechanism may initiate the asymmetric 
differentiation in which case 3re of the daughter nuclei 
activates the tyrosinase system. This usually requires 
protein synthesis, however. which is contrary to the 
available evidence (v). 

The theory based on chemicat symmetry breaking 
fits the available experimental findings but more thor- 
ough substantiation is required. We may use the theory 
to make some predictions and pose some questions 
which lead to suggestions for new experiments. First. 
if a chemical symmetry-breaking mechanism is the basis 
of certain types of asymmetric differentiation, then 
a gradient of a chemicai activator or inhibitor in one 
direction within the dividing cell is accompanied by a 
gradient of another substance in the opposite direction. 
Second, the differentiative system, which becomes 
unstable during mitosis, can be stabilized hy chemical 
changes which affect the differentiative system without 
necessarily interfering with mitosis itself. Thus we 
suggest that melanocytogenesis may be arrestable by 
chemicd means other than mitotic inhibitors. Such ex- 
periments may give some information on the chemical 
species and reaction mechanisms of the differentiative 
system. Third, the possibility of the occurrence of a 
symmetry breaking instability in a system with reaction 
and diffusion suggests the search for such instabilities 
in cell extracts upon hormone stimulation [S-S] _ Fourth 
a crucial test of the theory is an experiment which 
questions the possibility of asymmetric cell division in 
a homogeneous environment (such as in a suspension 
of cells at low density cultured in a gradient-free medium). 
Fifth, a vanishingly small external gradient should po- 
Iarize the asymmetry_ 
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3.2. Ess of Fucus 

Cell differentiation in the eggs of Fucus provides 
another example for which the theory may possibly 
be useful. The initial state of a Fucus zygote is nearly 

spherically symmetric. The first division is asymmetric 
and yields an elongated rhizoid and a more or less 

spherical thallus. Some important observations [S] 
made on this system are: (1) In the absence of imposed 

gradients the orientation of the polarity of the differ- 
entiation is random. (2) The asymmetry of the differ- 
entiation is polarizuble by the imposition of gradients 
of chemical composition and voltage, or light. (3) More 

than one rhizoid may be formed; this was accomplished 

by illuminating zygotes with two antiparallel sources. 
(4) As the zygote matures a potential develops across 

cell membrane (inside negative) in association with the 
develapment of large concentration differences across 
the cell membrane. After the membrane potential 

reaches a critical value of around 80 mV there develops 

a current loop going through the cell from rhizoidal 
pole to thaNus, and is then completed by an extracel- 
lular pathway. The onset of current is accompanied by 
a S-10 mV drop in trans-membrane potential. 

It is difficult to reconcile these experimental results 
with any of the four mechanisms not based on chemical 
symmetry breaking cited in the Introduction_ A detailed 
analysis of this system within the framework of the 
theory proposed here seems warranted. 

Appendix: A model system 

We consider a simple model system having multiple 
steady states, one of which may become unstable to 

asymmetric perturbations. The reaction mechanism is 

a modification of one used [7] to demonstrate chemical 
oscillations and symmetry breaking instability. Our 
system consists of species S and P participating within 
the cell in the reaction mechanism: 

A-+& (A-1) 

2P+S+3P, (A.?) 

S-D, (A-3) 

P 4 E. (A-4) 

The trimolecular reaction is an analogue for a praduct- 

enhanced enzymatic process f . Concentrations of spe- 
cies A, D and E are kept constant within the dividing 

cell and the reverse reactions are neglected. The per- 
meability of S and P through the plasma membrane 
is taken to be zero. A and P are supplied from an in- 
ternal pool or biosynthetic pathway. The rate equations 
describing the prospective daughter 1 may be written 

(A-5) 

dI’(‘)/dt=kS(l)[P(i)] ’ --q,P+hJP(“-P”‘), (A-6) 

where k and qi (i = 1, 2, 3) are rate coefficients, and 
h,. h, are permeability coefficients for exchange be- 

tween prospective daughters. A similar equation hoIds 

for prospective daughter 2. An equivalent model sys- 
tem is one in which reaction (A-3) takes place in a 
membrane bound volume immersed in a medium main- 
tained at fixed So and @_ We have 

&‘)/dr=_&‘)[p(‘)] ‘.gs(So _s(l))+lr~(s(2)_S([)), 

(A-7) 

dP”)/dt=~“‘[P”)]‘tgp(~--P(‘))tkp(P(”’--P(’)), 

(A-S) 

where gs,gP are plasma membrane permeability coef- 
ficients_ It is seen that (A-7) is equivalent to (AS). In 
the limit PO--+ 0, (AS) is equivalent to (A.6). We now 
consider all rate coefficients and prrmeabilitics to be 
constant and work with the notation in (A-7) and (A.@ 
choosing units such that k E 1. We limit ourselves to 
the case @ = 0. We shall find the symmetric and asym- 
metric steady states of (A.7) and (A.8) and shall analyze 
their stability as a function of the source concentration 

9 and the interdauhter coupling !I,. h,. 

The symmetric steady states may be found from 
(A-7) and (A-8) by equating the concentrations in the 
prospective daughters SC’) = S. piI = P. Eliminating 

S we obtain 

P[P’ -dP&J = 0. (A-9) 

$ Consider an enzyme E to occur in three stafes. E, Et’ and 
EP2. If EPr is the active form and if the equilibrium between 
the three forms of enzymes are fast then the effective rate 

Law For the process S IEPzl P takes the trimolecdar form in -+ 
the tow P limit. 
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Fig. 1. Branches of muitiple stationacr states calculated far the 
system (A_7+). (A.8). The steady-state concentration of P. de- 
noted by P , is given as a function of the external concentra- 
tion d.see(A.10). 

where J is a normalized external concentration, 

J= oss”/g, * (A. 10) 

We find three symmetric steady states which are given 

by 

I*; p*=o. s*=so, (A. I 1) 

2*; P* =+d - )(cS2-4gs)1’2, S*=gpjP*, (A-12) 

3+; P” = JJ + :(d2 -4gs)L’2, S*=g,jP*, (A-13) 

and shown in fig. I_ From (A_ 12) and (A. 13) it may be 

seen that unless 

there is only one steady state solution. In fig_ 1, the 
three steady states are shown as functions of d_ If p 
is increased from its assumed value of zero, then the 
steady-state values of P for the I* branch are positive 
and increase slowly with 6; the l* branch therefore 
intersects the 2* branch at non-zero d when P9 > 0. 

The stability of the steady states may be tested with 
respect to asymmetric as well as symmetric perturba- 

tions. The analysis is essentially the same as that out- 
Iined in section 2. Here we have the simplification that 
the matrices D and H in (2. IO) arc constant. 

State I* is always stable. State 2* is always unstable 
over the entire range of its existence 6, < c5 < =_ An 
upper critical value of J. J,, defmed by 

where 

AoWl = 2 Wp(hs f gJ -gphsl . (A_ 16) 

may be shown to exist such that for CTe < d <6,, 3* 
is unstable to asymmetric perturbations_ If now we in- 
troduce 

a = hp/fzs; hS=h (A. 17) 

we find that at a value of h, denoted by R,, such that 
J, = J,, the 3* branch is always stable for h > h,. 

Noting that 6, = de when A0 = 0, we fiid that h, is 
given by 

hc = (5,Po) -g,- (A-18) 

Since the symmetric steady state 3* is unstable to 
asymmetric perturbations for 15, <d Cd, we might 
expect to fmd asymmetric steady-state structures. The 
condition for J, > J, is equivalent to A,-,(H) < 0 oc 

O<h<hc. (A-19) 

With this we proceed to calculate the asymmetric 
steady states. For arbitrary h h 

s’ P 
tixe calculation is 

straightforward but tedious. Therefore we consider the 
simple case h, = 0 for which h, = m, (A-19); this retains 
some interesting features. 

Setting the r.h_s. of (A-7) and (A-8) equal to zero 
we may eliminate SC’) and obtain 

p(2)f=hP(t)L[(P(1)*)2 -&t)+ +g,+h]-t , (A.20) 

and a similar equation with the superscript I and 2 inter- 
changed, Combining these two equations We obtain a 
quirk equation in l’(l) which factors into a term iden- 
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tical to the one on the Left-hand side of (A-9). corre- 
sponding to the three possible symmetric steady states 
and a quadratic factor corresponding to two asym- 
metric steady states. The asymmetric steady-state con- 
centration of p<t)’ is given by 

(A.21) 

d’= [f-q f 2JI)lljyh)l J>d (A.22) 

and the corresponding P’?)* is then obtained by sym- 
metry or from (A-20). tt is seen that real solutions can 
be found only for the condition 

ters are strongly coupled, that is h is large, and the cell 
complex is taken to be in a symmetric stable state, 
corresponding to conditions such as point A in fig. 2. 
AS mitosis progresses, the permeability Iz decreases. If 
the system at point A is in stable state 3*, then on de- 
creasing h at constant J the system may pass into do- 
main 111 where it is unstable to asymmetric fluctuations 
and therefore asymmetric differentiation may begin. 
If, however, the system at point A had been in the 
symmetric state l* then the mitosis would have developed 
symmetrically, since the state l* is stable with respect 
to asymmetric as well as symmetric perturbations. The 

course of the mitosis is thus seen to depend on the pre- 
paration of the initial state of the cell. 

J>dL=2~~fh)l(gsC2h)t’*_ (A.23) Acknowledgement 

For the present case ir, =Owenotethat6U=25 . 
The stability analysis of the symmetric states isL 

summarized in fig. 2 with a phase Gagram in the nor- 
malized external concentration d (A. 10) and the inter- 
daugbrer coupling strength h(c h,) at fixed a(~ Fzp/~z,)_ 
We consider only the case p = 0. State l* is stable in 
al1 domains, I-III. State 2* is unstable in all domains 
where it exists, II, III. State 3* is stable in domain 11. 

We are most grateful to Professor Eugene Bell, De- 
partment of Biology, Massachusetts Institute of Tech- 
nology, for a number of essential discussions and a 
critical reading of the manuscript. 
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The reaction of hemoglobin with N-acetyi imidazolc nt neutral pH indicated tbet in axrboxyhemoglobin 1.80 resi- 

dues per heme were acetylated while in deoxyhemoglobin only 1.15 residues were available to the reagent. The revers- 
ible titration of rhese residues in alkali was followed by difference spectrophotometry at 245 nm. Hill plots of the ti- 

tration data, assuming 2 residues titmble per heme ana Ae = 10500 per tyrosyl residue upon ionization, showed ;i slope 
of 1.5 and P pH l/2 near 11. The average pK of these groups in caboxyhemoglobin was previously found to be near 
10.5. Also. by difference spectrophotometry it was shown that exposure of deoxyhemoglobin to alkaline pH was ac- 
companied by a modification of the Soret region of the absorption spectrum. which might indicate the appearance of 
liganded conformation in the deoxyhemoglobin system. The sedimentation velocity of deoxyhemoglobin demonstrated 
that at akaline pH dissociation into dimers occurred at pH’s lower than 10, where no ionization of tyrosincs was de- 
tectable. The titration of tyrosines was independent from protein concentration. 

The low availability of tyrosyl residues to acetylation in deoxyhemoglobin. the cooperativity of proton binzling of 
these residues and the change in conformaLion of hemoglobin concomitant with their titration are all consistent with 
results of Simon et al., Moffat, and hfoffat et al., and with chc model proposed by Perutz for explaining the heme- 
heme interaction. The free energy of the pK shift of the tyrosyl residues in carboxy and deoxyhemoglobin can be in- 
cluded in the free energy of the hema-heme interaction. 

1. Introduction 

Recent papers of Perutz [ 11, Moffat et al. [2], 
Simon et al. [3] and Moffat 141, indicate the relevance 
of the penultimate tyrosyl residue of the hemoglobin 
subunits to the mechanism of the heme-heme inter- 
action. it appears that deoxygenation of hemoglobin 
is accompanied by the hiding of that residue inside a 
hydrophobic pocket where it is stabilized by a hydro- 
gen bond with the peptide backbone of the chains [ 11. 
This change in conformation should be accompanied 
by a decrease in availability of tyrosyl residues to acety- 
lation, and by an increase of their $K value. Also it is 
expected that the negative charge: acquired upon de- 
protonation would expel those residues from the hydro- 
phobic pocket described by Perutz [l] _ This might 

* This project was supported in part by PHS grants HLl3 164 
and HL13178. Computer time was supported through the 
facilities of the HealIh Science Computer Center of the Uni- 
versity of Maryland School of Medicine in Baltimore, Mary- 
land, and of the Computer Science Center of the University 
of Maryland in College Park, Maryland. 

produce a conformational change which should mimic 
the restoration of some liganded structure in the deox- 
ygenated system. 

The results here presented are consistent with this 
picture. The free energy of the pK shift of the tyrosyl 
residues in liganded and unliganded hemoglobin should 
probably be included in the free ener,T of the heme- 
heme interaction_ 

2_ Experimental procedure 

Human hemoglobin was prepared from toluene 
hemolyzates [S] and purified from organic and inor- 
ganic ions by recycling for one hour in cold through 
a mixed bed resin column. 

Heme concentration was measured spectrophoto- 
metrically on the basis of the following extinction 
coefficients: 14000M-’ cm-’ for the CO derivative at 
540 nm, 19ClOOO M-’ cm-l for the CO derivative at 

420 MI and 13000 M-lcm-l for the deoxy derivative 
at 555 rim. 
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RemovaI of the heme was obtained by titrating the 
deionized protein solution to pH 3 with IN HQ and 
pouring it into 10 to 30 volumes of acetone at room 
temperature. The precipitate was washed 3 times with 
acetone, dissolved in 0.004 M HCI and dialyzed for 24 
hours or more against at Ieast two changes of a large 
voIume of 0.3W M HCI in order to completely remove 
the acetone. The final solutions were clarified by filtra- 
tion through Mihipore membranes and used for amino 
acid analysis and spectrophotometric measurements. 
On the basis of the yield cf arginines and lysines the 
following extinction coefficients per r.vfl dimer were 
calculated for apohemogIobin in 0.004 ,M HCI: 28500 
M-1 cm-t at 278 nm and 16800 M-t cm-l at 290 nm. 

Amino acid analyses were performed with a Beckman 
120 c autoanalyzer using the standard 4 hour run. Hydro- 
Iytates were prepared heating the protein in 6 N HCI 
at I 10°C for 24 hours in seaIed evacuated tubes. The 
ratio between the yields of lysines and arginines always 
corresponded to that expected from the amino acid 
composition of human apohemoglobin. The yield of 
histidines was S-IO% lower than expected. Different 
hydrolysis times, 18 or 30 hours, did not modify ap- 
preciabl;/ the yields of Iysines and arginines. 

Reaction of CO or deoxyhemoglobin with acetyl- 
imidazole was performed by adding 75 mg of the re- 
agent to 40 mg of protein in a final volume of 10 ml, 
in O-CM M Verona1 buffer at pH 7.5 [6] _ After one hour 
at room temperature the solution was filtered through 
Sephadex G25 equilibrated with water. When deoxy- 
hemoglobin was acetylated, carbon monoxide was 
rapidly bubbled through the solutions immediateIy 
before the gel filtration, which required approximately 
5 min. Parallel acetyiation of CO and deoxyhemoglobin 
was obtained by transferring part of the deoxygenated 
mixture of hemoglobin and acetylimidazole into an- 
other container which was flushed with carbon monox- 
ide. To ensure a compIete anaerobiosis and to avoid for- 
mation of ferric hemoglobin, dithionite was added in 

amounts varying from 0.02 to 1 mglml. This did not 
seem to affect the number of tyrosyl residues acetylated 
in either CO or deoxyhemogtobin. 

Acetylimidazole was purchased from K % K and re- 
crystallized. N-acetyltyrosine and N,O-acetyltyrosine 
were purchased from CycIo Chemical and used as such_ 
Dissolved in 0.004 M HCI, they showed a negligible ab- 
sorption at 290 nm and an extinction coefficient at 
273 run of 1270 ~-1 cm-l-and 2 10 M-1 cm-l, respeo- 
tively. Following the procedure of Rio&n et al. [6] 

the difference between the two coefficients, AE = 
1060 M-t cm-t, was referred to the 0-acetylation and 
used to caIcuIate the number of tyrosyl residues ace- 
tylated in apohemoglobin. 

Deoxygenation was obtained by flushing the protein 
solutions with nitrogen or bubbling nitrogen through 
the various solvents and/or reagents_ Prepurified nitrogen 
was used, passed through copper at high temperature 
and humidified with water. The gas was sent into the 
various containers through polyethylene capillary tubings 
inserted in the vessels through soft rubber caps. Anaer- 
obic transfer of the deoxygenated solutions from one 
container to another was accomplished forcing the 
solutions through the tubings with nitrogen pressure_ 
To avoid turbidity hemoglobin solutions were deoxy- 
genated at a minimum concentration of I mg/mi, dilution 
with the appropriate solvent was done after dcoxygena- 
tion. To test the degree of deoxygenation the ratio be- 
tween the absorptions at 555 and 540 was measured. 
This ratio is 1.24 in deoxyhemoglobin [7]. During the 
course of acid base titrationsiatios of I-23 to 1.25 
were considered acceptable. Ratios lower than 1.23 
indicated incomplete deoxygenation, while ratios higher 
than 1.25 indicated the presence of ferrous hemochro- 
mogen, which shows an absorption near 558 nm ap- 
proximately 2 times hi&her, and an absorption at 340 
nm shghtly lower, than the correspondent absorptions 
of deoxyhemoglobin. 

Deoxygenated solutions of hemoglobin were stable 
for at least one day when stored inside spectrophoto- 
metric cuvettes. However, when stored inside ultra- 
centrifuge cuvettes spectrophotometric measurements, 
conducted directly on the cells, demonstrated that a 
partial reoxygenation was already present after 30 min, 
and within 2 hours it was practically completed. Adding 
dithionite to these solutions retarded the reoxygenation 
and 0.012 mg/ml of dithionite appeared to ensure a 
complete deoxygenation for several hours. The reported 
amounts of dithionit: refer to weighted quantities of 
the reagent. 

Difference spectrophotometry of deoxyhemoglobin 
solutions at different pH’s was performed preparing 
large amocnts, 100 to 400 ml, of a stock solution at 
the desired reference pH and, after ftiing the reference 
cuvette, readjusting the pH of the solution to the value 
desired for the sample cuvette. by addition of 0.1 to 
0.5 N NaOH or HCL In this way continuous forward 
and backward titrations could be followed by difference 
spectrophotometry. The total dilution of the initial 
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solution produced by the reagents was kept below 1% 
and disregarded_ To adjust the pH, deoxygenated solu- 
tions of NaOH and HCl were used with gas-tight, gas- 
flushed syringes, whose needles were inserted through 
the soft rubber caps into the titration vessel. All of the 
experiments were performed in 0.25 M NaCl and 
0.004 M glycine at 23OC. Addition of ethylenediamine- 
tetraacetic acid up to a concentration of 10m3 M was 
without effect on the titrations. The titration vessel 
was flushed with nitrogen for the period of the titration. 

A Gary 14 instrument was used for spectrophoto- 
metric measurements. 

Measurements of pH were performed with z Radio- 
meter M26 instrument equipped with a GK2302B com- 
bination electrode. This was inserted through the rubber 
stopper of the titration vessel and the KC1 solution in- 
side the electrode was bubbled with nitrogen and kept 
undetqstream of nitrogen during the anaerobic titra- 
tions. 

Sedimentation velocity was measured with a Beck- 
man Model E ultracentrifuge. The absorption optics 
was used selecting the mercury band near 405 nm with 
a Farrand interference filter. The films were scanned 
with a Joyce and Loebl microdensitometer. and the 
tracings di&ized with a Thompson PF/ IO digitizer_ 
The boundary position was calculated from the second 
moment of the boundary distribution 

r 

where CP is the prttein concentration in the plateau 
region, rm and rp are the radial position of the meniscus, 
and of an arbitrary point in the plateau region, respec- 
tively. These measurements agreed very well with the 
positions determined by the interception of the bound- 
ary with the horizontal line drawn at half the optical 
density difference between the meniscus and the plateau 
region, indicating the symmetry of the boundaries. This 
was confirmed 5y experiments of superimposition at 
the illuminated table. After assembly. the ultracentri- 
fuge cells were immersed in water with dithionite and 
all the: operations of gas flushing and filling with protein 
solutions were carried out under water. Deoxygenation 
of the samples was checked spectrophotometrically at 
the beginning and end of each run. All runs were per- 
formed in 0.25 M NaCl, 0.01 M glycine and 1O-5 to 
10-3 M ethylenediaminetetraacetic acid at temperatures 
comprised between 20 and 23°C. 

‘Fable I 

Number of tyrosincs per heme acetylated by acetyl imidxzole 
in CO and deoxyhemogtobin 

Preparation Derivrttive of acetyl tyrosines 
number hemoglobin per hcme 

2 deoxy 1.18 

5 deosy 1.10 

1 co 122 

5 co I.&1 

3. Results 

3. I. Acetyiatim of tyrosyI residues itz presence and 

abserxce of Iigami 

Acetylation was performed in parallel on CO and 

deoxyhemoglobin following a procedure very similar 
to that described by Riordan et al. [6]. After removal 
of the heme, the apohemoglobins were analyzed spec- 
trophotometrically in 0.004 M HCI. Quantitative 
amino acid analyses indicated that the acetylation did 
not modify the extinction coefficient of apohemogls 
bin at 290 nm. Therefore, the ratios between the ab- 
sorptions at 278 and 290 nm, were used for calculating 
the number of tyrosyl residues acetylated. 

Table 1 reports the results obtained in two different 
acetylations. 1 t is possible that the values slightly greater 
than unity, obtained for the tyrosyl residues acetylated 
in deoxyhemoglobin, were due to the sddition of car- 

bon monoxide just before the frltraticn through 
Sephadex. The addition was indispensable for avoid- 
ing extensive denaturation of the protein during the 
process. In CO hemoglobin approximately one more 
residue per heme was available to acerylation than in 
the absence of l&and_ The v&es reported here for 
CO hemoglobin correspond very well with those re- 
ported by Riordan and Vallee for bovine CO hemo- 
globin [6]_ 

3.2. Titration of tyrosyl residues 

The titration was followed by difference spectro- 
photometry_ The reference solution was kept between 
PH 7 and 9, and the difference spectrum scanned from 

340 to 240 nm. Only when the sample solution was 
above pH IO meaningful difference spectra were re- 
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Fig. 1. Difference spectrum of deoxyhcmogIobin at pH 9.4 
Crefercnce compartment) and at pH 10.6 I (sample compnrt- 
mcnt). Heme concentration 19.2 X 10% hf. 2 cm path cell. 

corded. A typical spectrum is shown in fig. 1. It is very 
similar to that obtained when alkaline and neutral so- 
lutions of free tyrosines are compared [S] . The only 
difference was in the region near 290 nm where some 
fine structure was present. This might sugest a con- 
tribution of tryptophyl residues to the difference spec- 
truY 19, IO]. The OD at 245 nm was plotted against 
pH.hIn fig. 2, the data of several experiments are col- 
lected and normalized to 20.5 x 10-6 M heme for a 2 
cm path cuvette. The experiments were performed in 
three ranges of concentration, near 20,4O and 
80 x IO-6 M heme. The titrations appeared indepen- 
dent from the concentration of the protein- AU of 
the titrations not found to be reversible within the 

200 

LiOD. 

loo 

0.0 10.5 

PH 

Fig. 2. Spectrophotometric titration of deoxybrmoglobin as 
described in the text. Different symbols refer to different ex- 
periments. All data have been normalized to 20.5 X IO* M 
heme. 2 cm path ccli. 

scattering shown in fig. 2, were discarded. For this 
reason no data are reported above pH 10.7. 

Tile reaction with acetyl imidazole at neutral pH 
indicated that nearly 2 residues per heme were exposed 
IO the solvent in CO hemoglobin and nearly 1 per heme 
in deoxyhemogIobin. This was because, as seen by 
Perutz [ I] , Moffat et al. [2], Simon et al. [3], and 
Moffat [4], one of them becomes inaccessible inside 
a hydrophobic pocket upon deoxygenation. However, 
this residue should be expelled from that pocket upon 
deprotonation because of the acquired negative charge. 
Therefore it was assumed that in deoxyhemoglobin 2 
residues per heme were titrated in alkali. From data 
obtained in a previous investigation [ 111 4~ = 10500 
M-l cm-t per tyrosyl residue at 245 run was assumed. 

Fig. 3 shows the usual plot of log[a/( 1 +Y)] against 
pH for calculating the apparent pK of ionizable groups. 
This plot is a “Hill plot” as defined by Wyman [12], 
and a slope higher than 1.0 would indicate cooperatitity 
of binding. The line traced in fig. 3 was obtained with 
the least squares procedure and shows a slope very near 
1.5. Assuming only 1 residue titratable per heme pro- 
duced a non-linear plot with a slope increasing to 3 
with the ionization. Assuming 3 titratable groups per 
heme slightly lowered the slope of the plot to near 1.4. 
The value of 1.5 found for the slope of the plot was 
a minimum because: (a) it was calculated in the initial 
region of the titration of the groups, where the slopes 
of “Hill plots” tend to slow down to a value of 1 [12] ; 

a 

c39 I- 
5-i 

IO la5 
PH 

II 

Fig. 3. Hill plot of the data shown in fg. 2. It was assumed 
that 2 tyrosyyl residues v~ere titrated. A line with a dope = 1 
has been traced for comparison_ The interpolating line was ob- 
tained with *he least squares procedure. 
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Table 2 

Sedimentation velocity of deoxyhemogtobin at alkaline pH in 
presence of abour 0.012 mg/ml of dithionite. Runs were per- 
formed at the indicated pH in 0.25 M NaCl. 0.004 M glycine 
and LOS3 LC ethylenediaminetetraacetic acid. The weight frac- 
tion of the dimcric species was calculated by the method of 
Kirschner and Tanford [ 131, using values of S~O,~ 4.55 and 
2.85 for the tetramer and the dimer, respectively [ 141 

Run pH Heme cont. SzoSw 
x toe 

Weight frac- 
tion of 
dimers 

98 6.7 4.9 4.56 

117 9.62 20.7 4.12 0.25 

I13 9-80 22.4 3.94 0.36 

126 9.82 17.9 3.89 0.38 

116 IO.1 I 20.03 4.08 0.27 

123 10.25 18.84 4.02 0.31 

112 10.45 21.80 3.80 0.44 

(b) the pK of the two groups involved were probably 
not identical and not all of them participated to the 
positive interaction;(c) no correction for the negative 
electrostatic interaction predicted by the Lindstrom- 
Lang model was applied to the titration data. Their 
slopes seem to indicate a cooperative protonation of 
tyrosines in deoxyhemoglobin. 

3-3. Sedimentation of hemoglabin at cslkaline pH 

Table 2 shows the results obtained. It can be as- 
sumed that the low protein concentration and the pre- 
sence of 0.25 M NaCl made the virial coefficients too 
small to affect the sedimentation data. Also. previous 
investigations demonstrated that at 20°C in 0.25 M 
NaCI. the hemoglobin molecule expands above pH 
10.0, the expansion being reversible at least up to pH 
10.4 [lS]_ On this basis it appears that, under condi- 
tions similar to those used for the spectrophotometric 
tit&ions, a substantial dissociation of deoxyhemo- 
globin was present at pEi% where no ionization of 
tyrosyr residues was detectable. 

3.4. cha/tges in conformation associated with the t&a- 

h&l 

Fig. 4 shows the difference spectrum in the Soret 

+2 

c-1 

AOR 

OD 1- - __-- __. -_--__-- 
Fig. 4. Difference spectrum in the Soret region of hemoglobin 
at pH 9.1 (sample compartment) and at pH 10.6 (reference 
compartment). Heme concentration 20.2 X lo* M. 1 cm path 
cell. 

region obtained comparing soIutions of deoxyhemo- 
giobin at pH 9. I and 10.6. A similar result is reported 
by Andersen et al. [ 161. The spectrum very much re- 
sembles the one reported by Brunori et al. [ 171 as the 
difference spectrum between the isolated chairs and 
the product of their recombination in the absence of 
ligands. It indicates a change in the conformation of 
the heme pocket and, if we accept the idea that the 
isolated chains are still in their Iiganded form when 
deoxygenated [IS] , this might indicate that the txpo- 
sure of hemoglobin to alkaline pH produced the ap- 
pearance of a detectable amount of liganded conforma- 
tion in the system. 

Because of the very high sensitivity of this region 
of the absorption spectrum to formation of ferric forms 
and to reoxygenation of hemoglobin, these experiments 
had to be performed in the presence of dithionite 
(1 mg/ml). When the difference spectrum was scanned 
between 480 and 240 nm it was apparent that the modi- 
fications of the absorption in the Soret region were 
strictly concomitant with the ionization of tyrosyl resi- 
sues. Attempts to measure titration curves in the Soret 
region were frustrated by poor reversibility. 

4. Discussion 

Previous work indicated that under conditions very 
similar to those used here the average pK of tyrosyl 
residues in liganded hemoglobin is near 10.5 [ 1 I ] . This 
pK was found to be considerably greater in deoxyhemo- 
globin, consistent with fmdiigs of Nagel et al. [ 19]_ 

However, they do not report high values for the slopes 
of their titrations. The higher ionic strength used here 
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might have produced a different overiapping of the tie 
t&ion of the groups involved, resulting in a more cIear 
interaction. Also, they did not test the reversibility of 
their titrations_ Andersen et al. [16] claim that the ti- 
tration of tyrosines in deoxyhemoglobin is linked to 
the dissociation of the protein into dimers and this 
would explain the steepness of the titrations. It was 
not possible to confirm their conclusions. According 
to the results shown in table 2, dissociation of deoxy- 
hemoglobin in alkali preceded the ionization -of tyro- 
sines. The sedimentation values obtained here are lower 
than those reported by Andersen et al. [ 16]_ The dis, 
crepancy might be due to the higher ionic strength used 
here. In fact, Briehl 1201 has shown that a detectable 
dissociation of deoxyhemogiobin is produced by 1 M 
NaC’I already at pH’s near 9. Also, the reversible titra- 
tion of those residues was independent from protein 
concentration. On this basis it is believed that the dis- 
sociation of deoxyhemoglobin in alkali and the ioniza- 
tion of tyrosyl residues are two independent phenomena_ 

According to the model proposed by Perutz [ I] , the 
transition from oxy to deoxyhemogIobin is accompa- 
nied by the hiding of the penultimate tyrosine of the sub- 
units inside a pocket where it is stabilized by a hydrogen 
bond with the peptide backbone of the chains. Never- 
theless, it should be expelled from that hydrophobic 
pocket, upon deprotonation, because of the acquired 
negative charge. A mutual interdependence, between 
the conformation of the protein and the position of 
those tyrosines, would require that some oxy confor- 
mation be restored-i&he deoxygenated system upon 
their titration_ This would explain the modifications 
o? the Soret region of the absorption spectrum of de- 
oxyhemoglobin, concomitant with the titration of 
tyrosines. Indeed those modifications suggested the 
appearance of a detectable amount of oxy conforma- 
tion in the deoxygenated system. The different con- 
formations of oxy and deoxyhemoglobin produce a 
fine structured difference spectrum near 290 nm [V, 
IO] . As shown in fig. 1, this tine structure was present 
in the difference spectra used to follow the ionization 
of the tyrosines. Qualitatively it was proportional to 
their ionization and was strictly concomitant with it. 
This also supports the hypothesis that some oxy con- 
formation appeared in the deoxygenated system upon 
titration of the tyrosines. The modification of the 
kinetic of the reaction of hemoglobin with carbon mon- 
oxide noted by Andersen et al. 1161 above pH IO is aIso 

consistent with a change irr the conformation of de- 
oxyhemoglobin at that pH. Finally, a conformational 
change produced by the ionization of tyrosines is con- 
sistent with their cooperative protonation in deoxyhe- 
moglobin. 

The question is raised how much the conformational 
change detectable with the spectrophotometer is due 
to the ionization of the tyrosines and how much was 
produced by the titration, of the salt bridges between 
the 141a, arginine and the 12h2 aspartate, and be- 
tween the 1460, histidine and the 4ocU2 lysine. The other 
salt bridges described by Peruk [ 1 ] are not considered 
because they are compIetely titrated near pH 9. Ac- 
cording to Peruk and TenEyck 1211 the removal of 
the 14 la arginines and 146p histidines does not modify 
the positions of the respective penultimate tyrosyl 
residues in deoxyhemoglobin- This appears consistent 
with the finding that the dissociation of hemoglobin 
in dimers, presumably of the ~~0, type [22], did not 
effect the titration of tyrosines. On this basis and on 
that of the very strict concomitance of the spectro- 
photometric modifications in the Soret and UV regions 
described, it is proposed that the observed conforma- 
tional change was dependent on the ionization of 
tyrosyl residues in deoxyhemoglobin. 

As a consequence, the free energy of the pK shift 
of the tyrosyl residues in CO and deoxyhemoglobin 
should be included in the free energy of the heme- 
heme interaction_ In the model of P.-rutz [ 11, the salt 
bridges, formed by the COOH terminals in deoxyhemo- 
globin, stabilize the hydrophobic and electrostatic in- 
teractions, established by the adjacent ty-rosy1 residues 
with the F and H helixes of the subunits, and vice versa. 
In his calculations, Peruk [I] considered only the con- 
tributions to the heme-heme interaction of the salt 
bridges. Bunn and Guidotti [23], raise the point that, 
in this case, the strong pH dependence of many of those 
bonds, in the neutral or sligbhtly alkaline region of pH, 
would produce a pH dependence of the heme-heme 
interaction much higher than what can be measured. 
Including the contribution of the tyrosyl residues will 
decrease the relative weight of the contribution of the 
salt bridges to the heme-heme interaction. The extra- 
polated value of pH l/2 in the Hti plot shown in fig. 3, 
would indicate an average pK > 11.0 for tyrosines in 
deoxy~emogIobii_ This corresponds to a pK shift of 

about 0.5 from that in CO hemoglobin and to a free 

energy difference of approximately 0.8 kcalories/heme. 
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This represents a very crude value, nevertheless it in- 
dicates that tyrosines might contribute a non-negligible _ 
fraction of the overal free energy of the heme-heme 

interaction, which was calculated to be 1.5-3.0 kc&- 
ries/heme [I21 _ 
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The binding of cations of @-casein at pH 6.6 was considered previously. Available for three sodium concentrations, 
I = 0.04.0.08. or 0.16 M are: (1) proton releases between Iand (2) for each I. as calcium activity is increased. corre- 
Qted sequences of monomer net charge, proton release. site bound calcium and protein salvation. hfodels for ion bind- 
ing are examined. Critical considerations are the intrinsic binding constants between hydrogen(H). calcium(Ca) and 
sodium(Na) ions and phosphate(P) and carboxylate(C) sites, and the effects of electrostatic interaction between sites 
as influenced by spatial tixed charge distribution, ionic strength and dielectric constant (D). Anticipated intrinsic bind- 
ing constants are kh p = 3 X 106, kta p = 120, k& p = 1. kg c = 7 X 104, and k&,C = 5.6. 

Distributed charie models, either &face or vohr’me. are iAdequate since any reasonable monomer size yields fixed 
charge densities requiring kk p and k& p which are too low when the maximum in D is 75. Also. with increasing cal- 
cium binding, calculated p&on release ‘is only 0.4 to 0.5 of that observed. 

Discrete charge modeIs accept anticipated k” and yield calculated sequences of calcium binding and proton release 
which are in good agreement with those observed provided that: (1) using the known amino acid sequence of the phosphate- 
containing acidic peptide portion of the molecule, peptide fixed charge is distributed at the towest I so as to minimize 
electrostatic free energy; (2) in the region of fixed charge, D is approximately 5; (3) the distances between peptide 
fixed charges decrease with increasing ionic strength or calcium binding and (4) while protein is in solution, the acidic 
peptide and the remainder of the molecule are essentially electrostatically independent. 

1. Introduction 

An analysis of the binding of ions to charged rnacro- 
molecules is complicated by the fact that more than one 
ion is often competing for a particular binding site, and 
neighboring charges, through electrostatic interaction, 
affect the degree of binding at this site. Critical consid- 
erations are the intrinsic binding constants, and thz ef- 
fects of electrostatic interaction as influenced by spatial 
fixed charge distribution, ionic strength and dielectric 
constant_ The complete expression yielding the extent 
of binding of a particular ion to a macromolecule is 

In eq. (I), n is the total number of binding sites, m is 
the number of different ion species competing for these 
sites. aq is the activity of the qth ion species and i$ is 
the binding of the ith ion species, in moles ion per mole 
protein. The k$ are the intrinsic binding constants of 
the qth ion species to the jth site. Each term of the 
sum over j represents the average binding of the Pth ion 
species to thejtb site. In eq (1). 4-@) is equal to 
(6 Wel/6Zj) (NZi/RT) (Tanford [II), where 6 Wel/6Z,. 



is the change in the molecu!ar electrostatic free energy 
as binding of the ith ion of charge Zj alters the charge 
on the ith site. In these, N is Avogadro’s number, R is 
the gas constant and T is the absolute temperature. The 
general procedure for calculating binding by means of 
eq. (1) is to use a particular model to calculate lU,, and 
6 K$,/6Zi and then obtain +#(a from the Latter. 

Where the spatial distribution of fixed charge is 
known, the most complete accounting of ion binding 
can be made by applying electrostatic theory, as is done 
in the approach of Hart-is and Rice [2,3] and Rice and 

Harris [4] _ In most studies (see Tanford [ 1 ] ), fixed 
charge distribution is not known. However, molecular 

positive and negative charge is known, along with in- 
formation concerning molecular weight, molecular shape 
or radius of gyration and the nature of the binding sites. 
In such cases, estimates of the numbers of binding sites 
having particular intrinsic binding constants are ob- 
tained through models for which it is assumed that the 
net charge is distributed uniformly: either over the sur- 
face of an impenetrable sphere (Scatchard et al_ [S]) 
or cylinder (Hill f6] ), or throughout a selected volume 
as in the models of Hermans and Overbeek [7] and 
Tanford [S] . 

The binding of cations to p-casein has been examined 
(Waugh et al. [9])_ Proton release is given as the mono- 
valent ionic strength alone is increased from 0.04 to 
0.08 and 0.16. For each monovalent ionic strength, 
correlated sequences are determined as calcium concen- 
tration is increased: site bound calcium (&-&, the 
total ionic strength (f,), the ionic strength in the region 
of the fixed charges (fd), observed proton release @If&), 
monomer net charge (Z), and solvation (G). These values 
are essentially independent of specific models. In addi- 
tion, as will be indicated below, information is also 
available concerning the structure of the fi-casein mono- 
mer_ 

The information available is sufficiently extensive to 
provide an opportunity to compare models designed to 
account for ion binding, to examine the requirements 
for intrinsic binding constants and to reveal certain sys- 
tem characteristics for which any specific model must 
account. 

Intrinsic bCzd& constants: In the following calcula- 
tions, hydrogen, calcium, and sodium ions are considered 
to bind to carboxylate and phosphate groups present 
on the macromolecule_ A set of anticipated intrinsic 
binding constants was establihed by the foilowing con- 
siderations- 
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For the second binding of Hf to orthophosphate, 
a-p is about 7 x 106. However, for alkyl phosphates. 
Kumler and Eiler [IO] found values as low as 3 x 1 06, 
and Alberty et al. [ 111 report values of an apparent 
association constant, k,,,, near 1 x 106 for AMP-S. 
LU-AMP-3 and B-AMP-3_ The ionic strengths used by 
these authors and the data of Kielland [ 121 lead to ac- 
tivity coefficients which increase this to a value of 
ki p=2x106.1 t is anticipated that the serine or 
&onine phosphate monoesters of the caseins bind 
near fct p = 3 x 106. 

Davies and Hoyle [ 13) obtain apparent binding con- 
stants for Ca2+ to HPO$- (orthophosphate) ranging 
from 400 to 600. while the results of Smith and Alberty 
[ 141 give an apparent constant of 50 ? 2 at 25O and 
I= 0.2. Calculation of activity coefficients for the latter 
gives a value of k& p = 560 + 22. The value of k& ,, 
is not known for oiganic phosphates. To proceed, i’t 
was assumed that the ratio ka,p/k& p for orthophos- 
phate (1.25 x 10’) would be multiplied by two for 
organic phosphates in order to account for the statistical 
difference in the number of ionizable hydrogen atoms 
compared to the number of oxygen atoms to which 
they can return [ lo]_ The other factors (inductive, 
steric and solvation) should maintain the same ratio. 
This gives anticipated k&3.P = 120. 

For sodium binding, measurements of pH were used 
by Smith and Alberty [ 15) to determine an apparent 
constant, kNa_P = 4. Strauss and Ross [ 161. using con- 
ductance and electrophoresis methods which are con- 
sidered to be more accurate when the binding is low, 
obtain kiavp = l* and this value was used for ail calcula- 
tions_ 

For the binding of prctons to carboxylate groups, 
the anticipated constant is that fur organic acids: 
k; C = 7 x 104. Values of kg C and k!, C have not 
been measured. The latter is certainly nedigible. The 
assumption that the orthophosphate ratio of 1.25 x 
104 holds also for ki C/k,-a,C yields anticipated 
k” 
k B 

.C = 5.6. The antidipated set of constants is then 
,p = 3 x 106, k& = 120, k;a_p = 1, kEvC = 7 x IO’ 

and k& = 5.6. 

2. Distributed charge models and binding 

The simplest model for a polyion which permits cal- 
culation of the effect of net charge on binding is that 
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used by Scatchard et al. [5] and Scatchard and Yap 
[ 171. In this model, the protein molecule is viewed as 
a sphere, impenetrable to mobile ions, with the net 
charge uniformly distributed over its surface. In this 
case 

and 

(3) 

Here, E is the protonic charge, D is the dielectric 
constant, K is the Debye parameter using the solution 
ionic strength (f,), R, is the effective radius of the 
macroion and A is the sum of R, and the radius of the 
mobile ion being bound. 

Ion binding at equilibrium was obtained by deter- 
minating z set of 3i, using eq. (I), which were compa- 
tible with $,{Z) as given by eq. (3). It is noted firstly, 
that eq. (I) simplifies considerably’for distributed 
charge models since only the net charge is recognized, 
and calculations thus involve a single et@!), and secondly, 
that Z5i determines ,??. 

An examination was made of the related values of 
i+a,s, z and G as given by Waugh et al. [9] _ These are 
recorded in the first three columns of table 1. Using the 

surface distributed charge model,the large electrostatic 
effect which results from a high surface charge density 
emerged as a problem. For example, if 2 is distributed 
over a sphere whose radius yields the volume of the 
azhydrous molecule, D is taken at its maximum of 75 
and no binding is attributed to the carboxyiate groups, 
the value of k& p required to account for initial cal- 
cium binding is kxtraordinarily small (k& p = 2 and 
k* H p = 5 x 1Q4). On fhe other hand. if it is assumed 
t.hai z is distributed over the outer surface of a sphere 
equivalent to a solvated macroion, D is taken as 75 and 
anticipated k* are used, the value of G required to ac- 
count for initial binding is about 1.5. This would require 
more than one-fifth of the solution volume to be water 
of salvation. For the data of table 1, it is assumed that 
z are distributed over the outer surfaces of solvated 
spheres determined by anhydrous molecular volume 
and observed G values. The maximum D was taken as 
75 and allowed to vary (column 4 of table 1) to account 
for binding. This required the low values of ki p = 
5xlO%ndk&= 20. As indicated, the serie; oFD 

is non-monotonic. Calculated values of 3, (bound pro- 
tons) are given in column 5. This column predicts that 
0.90 protons will be released between i&s = 0.31 anJ 
6.82. The observed reIease is 2.42 protons. 

Distribution of charge in B volumt has been examined 
by using the model of Tanford [S] _ in this model, part 

A comparison at I = 0.04-ef variables for reproducing calcium binding using distributed surface charge md distributed volume charge 
models. For surface charge kk p = 5 X 10’ and k& p = , 20. For volume charge ki p = I x lo6 and kg,, = 40 , 

%a,s G z 

Surface 

D “H.cdc 

Volume 

D VH,calc 

0.3 1 7.29 

0.93 6.75 

1.29 6.39 

1.74 5.97 

2.09 5.63 

3.09 4-60 

4.03 3.45 

5.39 3) 2.80 

5.80 2.30 
6.82 L-98 

-13.8 61 
-12.8 37 

-12.2 41 

-11.5 38 

-11.0 38 

- 9.5 49 

- 8.1 75 

- 8.3 56 

- 5.9 56 
- 5.2 31 

1.93 26 2.38 
2-42 i 2.82 
2.19 4 2.60 
2.18 3 2.57 

2.12 3 2.52 
1.66 24 1.96 
1.28 75 I.51 

1.15 46 1.33 

1.09 52 1.26 
1.03 7 1.17 

a1 First precipitate. 
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of the protein molecule is present as an impenetrable 
sphere of radius R, and the remainder, which carries 
distributedz, occurs in a concentric shell penetrable 
by mobile ions. In present calculations, it is assumed 
that all of the volume is penetrable except that directly 
occupied oy the anhydrous protein and its tightly bound 
solvent (OS g water/g protein; see Waugh et al. [9]). 
The relation for rU,, is given in Tanford [I, p_ 472. eqs. 
(2642)] _ This was differentiated with respect to z and 
multiplied by NZi/RT to give +#{a_ 

A number of examinations of this model have been 
made. For example, employing observed G values and 
maximum D = 75 requires the low values of kk p = 
1x106andk&p = 40. At these values. non-mbno- 
tonic variations h D are required as indicated in cdl- 
umn 6 of table 1. Proton binding, shown in the last 
column, predicts a release of 1.21 protons between 
5ca,s = 0.31 and 6.82, which is to be compared with 
2.42 observed. 

Both distributed charge models (and the model of 
Hennans and Overbeek [7 I) require J&, and kkp 
which are well below anticipated values. Further,D 
fust decreasesand then must increase to account for 
experimentaldata.This behavior ofD is contrary to ex- 
pectation- IIn addition, these models predict an unaccep- 
tably small proton release. An exrrmination of ah c&u- 
lations suggests that, so long as distributed charge is as- 
sumed, there is no acceptable way by which electrostatic 
interaction can be reduced to permit choice of reasonable 
k” vahxesp to yield adequate proton release aad to yield 
an acceptable sequence in D. With respect to the latter, 
it is noted that distributed charge models differ from 
discrete charge models in that they predict a monotonic 
increase in BJ& as D is decreased. Clearly, distributed 
charge models require all sites having the same I$ to 
be equivalent and do not recognize effects requiring 
local electrostatic interactions for their production. 

3. Discrete charge model 

To the extent that eq. (1) is applicable. local electrcl- 
static interactions are taken into account_ The accom- 
panying expressions for We, and I#) are: 

(4) 

(5) 

These equations require a model specifying the spatial 
position of each fixed charge from which the distance, 
5~. between a charge Zj at site j and another charge Zk 
at site k can be calculated_ 

@Casein contains an acidic peptide comprising the 
first 25 amino acid residues at the N-terminal end. The 
amino acid sequence for this acidic peptide portion of 
the molecule has been given by hfanson El81 in an oral 
communication and by Ribadeau-Dumas et al. [ 19]_ 
The latter sequence has been used here. It places four 
phosphates in positions 15. 17, 18, and 19, seven car- 
boxylates in positions 2.4, 5, 11, 14. 20 and 21 and 
two arginines in positions 1 and 25. The rest of the 
molecule contains one additional phosphate and 17 
additional carboxyIate groups, which are assumed to 
be able to bind calcium ions, and 18 groups capable of 
carrying positive charge. 

Examinations by Waugh et al. [9,20], suggest that 
the acidic peptide is solvent accessible and that it carries 
essentially all of the monomer net charge. The remainder 
of the molecule, which has a compact anisometric form 
(the body), has a net charge near zero. It is evident that 
major electrostatic effects are due to the acidic peptidc. 
Except where noted, in calculations it is assumed that 
icns bind to the body phosphates and carboxylates at 
their k” values. 

In an extended peptide chain, dte distance between 
amino acid residues is 3.62 I% [21] . The acidic peptide 
would thus form a rodlet approxLnately 90 i% long with 
side <hains carrying the charged groups. The average 
side chain length is 7 A\. 

With respect to acidic peptide geometry. preliminary 
calculations reveaIed two important model independent 
requirements. Firstly, irrespective of body groups, if 
acceptable k” values are to be used to account for ini- 
tial calcium binding the peptide at the lowest mono- 
valent ionic strength (I = 0-w) must be expanded in 
such a way as to minimize electrostatic interactions_ 
Secondly, for any selected k0 values, conformation 
cannot remain constant: the peptide must progressively 
collapse to account for calcium and proton binding se- 
quences. 

Model for ~caseirr: The following model was used to 
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reveal certain system characteristics for which any spe- 

cific model must account. Afi charges were placed on 
rings having radii, n, at the average side chain length of 
7 A. From bond angles and lengths the unstrained dis- 
tance between rings, A, is 3.62 .%. The distance, rjk, 
between charges placed at j and k is given by 

qk = [(pi - Pk)‘A2 -I-42 sin’S(\G;- - *k)] ‘I*, (6) 

where Pi is the position of the amino acid carrying the 
jth group in the acidic peptide and ‘f;- is the angle be- 

tween a radius to the charge and an arbitrary plane 

which includes the rod axis. Examination of the effects 
on binding produced by alterations in the density of 
fixed charge was made by varying the distance, A, be- 
tween rings. 

4. Discrete charge binding 

To obtain a charge distribution for initial minimiza- 
tion of peptide electrostatic free energy at I = O.W, the 

unstrained maximum of A = 3.62 A was chosen, and 
charged groups were placed on their corresponding 

rings in sequence by a process which successively mini- 
mizes rodlet electrostatic free energy. The first charge 

(Arg) was placed on its ring at 9, = 0”. The second 
(Cm) was then placed on its ring and trial values of rtz 
and WeI ca!culated at each one degree increment around 
the ring. The position. 9,, giving the minimum in We, 
was selected. Successive charges were introduced in 
sequence and minimization carried out using aU preced- 
ing charges. 

Given this acidic peptide structure when fully chargea, 
eq. (5) readily yields the $+(a for each site. However, 

binding alters the average charge at each binding site, 
end this will affect electrostatic interaction_ To obtain 

the bound ion distribution at equilibrium maximum 
charge reduction at each peptide binding site was first 
obtained for selected /co values by using exp[-@)] = 
I in eq. (I). Using these charge reductions, eq. (5) was 
used to calculate minimum @@)_ These values and eq. 
(1) were used to obtain minimum binding for reduction 
of site charge. Eq. (5) was again used to obtain new 
$@)_ Convergence was facilitated by using @e&) mid- 
way between the two preceding values_ Iteration was 

continued until &+(a and $ were constant. 
The following method was used to correlate experi- 

mental data. For each Vc;l_S (column 1, table 2) the 
Debye parameter, K, was calculated using the total 
sohrtion ionic strength given in the second coIumn. 
Body groups were assumed to bind at their k” values. 
Calcium ion activity in the acidic peptide region was 
calculated using the data of Kielland [ 121 and the ionic 
strength in this region,Ict (column 3). A trial set of 
k” was selected. For each i+a,S, a series of A was chosen, 
and for each A, eqs. (5) and (1) were solved for Pi at 

equilibrium_ The A yielding cfi.s was selected, and 
this was compared with the unstrained maximum. In 
addition, proton releases, obtained from calculated 
binding were compared with observed values. 

The choice of dieIectric constants is important in 

determining the Q@)_ A value of D = 75 was first ex- 

amined and, as with distributed charge models, a major 
problem was to reduce electrostatic interaction suff- 
ciently so as to account for initial calcium binding at 

I = 0.04. For example, using anticipated k”, the required 
value of A was far too large to be accomodated by 
straining of the acidic peptide. For another set of cal- 
culations, A was taken as a reasonable maximum of 
3.85 _& (a difference between unstrained and strained 
conformations of AWe, = 0.25 kcai per mole, the strain 

to be produced by electrostatic repulsion)_ Keeping 
other k” at anticipated values, initial calcium binding 
required the low values of k& p Z= 40 (and k: p = 

1 x I OG>. In addition, permitting ah k” to vary: and 
including the possibility that ratios of binding constants 
to phosphate may vary, does not allow selection of 
significantly higher ko_ Generally, at even slightly higher 
ku, the initial A becomes far too large and calculated 

proton release is unacceptably small. 
The discrete charge model constructed here exhibits 

a dependency on dielectric constant which is absent in 

models assuming distributed charge. As D is decreased. 
etectrostatic free energy reaches a maximum at D = 15 
and then decreases_ This results from the influence of 
the two a&nine positive charges, which even tualiy ex- 
tends to negate the effects of neighboring negative 
charges. As D is reduced below 15, progressively higher 

values of k& p and kg p can be used, and the differences 

between calculated and observed proton reelease pro- 
gressively decrease_ Accepting anticipated k” and a 
maximum value of A = 3.85 k_ requires a value of D = 5. 

These values have been used in calculations, the re- 
sults of which are recorded in columns 4 to 7 of table 
2. The specification that D be as low as 5 is in accord 
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Table 2 
Ckkium binding. proton binding and proton rekase for .Ecasein 

%,s 

(f = 0.04. 5Na,p = 0.15) 

0.00 
0.56 os!44u3 

0.95 0.0405 
1.32 0.0408 
1.73 O.o‘zIl 
2.02 o.oJ 14 
3.06 0.0432 
4.07 0.0179 
4.50 a) 

5.41 0.0579 
5.82 0.0635 
6.78 0.0933 

(I=o.os.~Nap=o_15) 
, 

0.00 
0.11 0.0802 

0.46 0.0806 

0.89 0.0809 
0.98 0.0816 
1.33 0.0819 

1.86 0.08Sl 
2.47 0.0850 

3.74 0.0940 
4.15 0.0988 
4.50 a) 
4.83 0.1050 

(I= 0.16. YNa,$ = 0.49) 

0.00 
0.03 0.1602 

0.22 0.1610 
0.30 0.1611 

0.75 0.1616 

0.77 0.1622 
I.45 0.1645 

1.61 0.1696 

2.66 0.1751 
3.20 0.1812 
4.50 a) 
4.52 0.1ass 

0.0581 3.85 

0.0590 3.61 

0.0607 3.61 

0.0622 3.30 

0.0640 3.14 

0.0616 2.99 

0.0948 2.99 

0.1081 1.73 
0.1267 1.49 
0.1473 0.86 

0.0995 2.99 
0.1009 2.20 

0.1019 1.96 

0.1039 2.28 
0.1051 ul4 

0.1116 2.20 
0.1162 1.73 
0.1402 1.73 
0.1542 1.73 

0.1502 1.10 

0.1809 2.0!- 

0.1825 1.79 
0.1836 1.73 

O.la43 1.37 

0.1856 1.41 
0.1907 1.34 
0.2018 1.73 
0.2 134 1.26 
0.2259 1.18 

0.2347 0.7 1 

6H* 6HC 
c31c. obs. 

3.68 
3.38 - 

3.17 0.2 1 
2.90 0.4g 
2.71 0.67 
2.55 0.83 
1.98 I.-10 

1.58 1.83 

1.43 1.9s 

1.12 2.26 
1.03 2.35 
0.91 2.47 

3.10 
3.09 - 

3.08 0.01 

3.03 0.06 

2.80 0.29 
2.69 0.40 

2.33 0.76 
2.08 1.01 

1.57 1.52 
1.45 1.64 
1.35 1.75 
1.24 1.85 

2.66 
2.66 - 

2.65 0.01 
2.65 0.01 

2.65 0.01 

2.65 0.01 

2.25 0.4 1 
2.14 0.52 
1.78 0.88 

1.57 1.09 

1.26 1.38 
1.27 1.39 

_ 
0.40 
0.56 
0.75 
0.91 
1.38 

1.89 

7.00 
2.27 

2.41 
2.58 

0.17 

0.30 
0.34 
0.45 

0.68 
0.86 
1.37 
1.50 
1.63 
1.73 

- 
0.04 
0.15 
0.21 

0.23 
0.44 

053 
0.82 
1.00 

1.31 
1.35 

a) Fit precipitate. 
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with Harris and Rice [2) _ They select a value of 5.5 
as an upper limit on D in a situation where charges are 
close together (polymethacrylic acid) with the lowe- 
limit at about 2 for charges interacting through organic 
matter. 

Table 2 records results of calculations up to and past 
the precipitation point, but not including situations 
involving apparent charge reversal_ Specified in table 
2 are P’c! at Pfi,s = 0 (obt _ amed by extrapqlation), the 
maximum calculated sodium binding for each f, and the 
interpolated values of EH at EC, s = 4.5. Maximum 
sodium binding at each I is smdi. In calculations, each 
cca,s is matched by a selection of A (column 4), and 
this selection fixes a particular calculated proton bind- 
ing (column 5). Sequential binding values give calculated 
proton release (column 6), and these are to be com- 
pared with the observed proton release values of column 
7. The two sets are in good agreement. On the average. 
observed release is 0.04 proton greater than that cal- 
culated and the standard deviation of the single differ- 
ence is 2 0.1 I proton. The specific discrete charge model 
presented here appears to be a reasonable approximation. 

The values of A given in column 4 of table 2 reveal 
acceptable trends. While protein is in solution, A is 
nearly constant or decreases slightly with increasing 
Zca,s, and at a particular Zca,s, A decreases as1 is in- 
creased_ When precipitate forms, A decreases sharply. 
Since A is the single parameter used to account for all 
changes in site density, it must include effects due to 
local conformational changes and molecular association 
which can affect the proximity of sites to each other. 
A decrease in A correlates with a decrease in G, with 
(G-cr) always sufficiently large to accomodate the 
acidic peptide structure as required by A. 

The assumption has been made that with respect to 
calcium binding the body and peptide are essentially 
electrostatically independent. That this is the case is in- 
dicated by the following_ The fica s are arbitrarily 
matched by selecting site density bn the acidic peptide 
while maintaining that on the body constant. If there 
were body-peptide electrostatic interactions which 
affected calcium binding, the choice of A would com- 
pensate for these in the calcium binding sequence. How- 
ever, the electrostatic effect, exp[-@)] , for proton 
binding at a site is the square root pf that for calcium 
binding. In the complex summation of eq. (I), any sig- 
nificant compensation to match calcium binding would 
produce a progressive divergence between calculated 
and observed proton release sequences. 

Calculations suggest that there may be body groups 
which bind protons, but noLc&ium, and are sensitive 

to electrostatic interaction with other fixed charges. 
This is indicated by the following. Starring at I = 0.04, 
an increase to 1= 0.08 produces an observed release : 
of 0.98 proton and an increase to I= 0.16, a release of 
1.49 protons. From table 2, corresponding calculated 

reIeases are, respectively, 0.58 and 1.02 proton. The 
differences between calculated and observed values are 
larger than experimental error. This monovalent ionic 
strength effect is-not observed up to Ecass = 4.5, where 
the increase in total ionic strength due to calcium 
chloride addition is still small (It of table 2). However, 

at &a,s 2: ll(O.08 M CaCl,) reIease is independent 
of I and is 4.93 protons [9] _ It is noted that the release 
accompanying an increase in 1 alone occurs when protein 
is in solution and in a state of minimum association. IF, 
as indicated above, calculations account adequately 
for the peptide, but not for the body, then the mono- 
valent ionic strength effects are due to body group inter- 
actions. One attractive possibility implicates the five 
histidines of fiasein [ 19]_ These bind protons but not 
calcium and have pK” near the ambient pH of 6.6. If, 
on the average, they are closer to fixed negative than 
positive charge, increasing I will produce proton release. 
What is required is an average release of abou t 0.10 
proton per histidine. 

Acknowledgement 

This work was partially supported by Grants GM 

0.5410 and GM 00778 of the U.S. Public Health Service, 
and by a grant from the Carnation Company Research 
Laboratories_ Computational assistance was received 
from the Loma Linda University Computation Facility 
supported in part by MH Grant RR-276-08. 

References 

[I j C. Tanford. PhysicaI chemistry of macromolecules (Wiley. 
New York, 196 1). 

[2] F.E. Harrisand S.A. Rice, J. Phys. Chem. 58 (1954) 725. 
[3 J F-E. Harris and S.A. Rice, J. Chem. Phys. 25 (1956) 955. 
[41 S.A. Rice and F_& Harris, J. Phys. Chem. 58 (1954) 733. 
[Sl G. Scatchard. J.C. Coleman and A.L. Shen. I. Am. Chem. 

sot. 79 (1957) 12. 
[6] T-L_ Hill. Axh. Biochem. Biophys. 57 (1955) 229. 



[7] Xl. Ekrmans and J.Th.G. Overhe& Rec. Trav- Chii. f L5 1 R-M. Smith and R-A. Alberty, J. Phys. Chem. 60 (19.56) 
67 (19481761. 180. 

18 J C. Tanford, J. Phys, Citem. 59 (1955) 788. [I61 U-P. Strauss and P.D. Ross. J. Am. Chem. Sac. 81 (1959) 
(91 D.F. Waugh, C.W. Slattery and LX. Creamer. Biochemistry 529s. 

10 (1971) 817. I171 G. Scatchard and W.T. Yap, J. Am. Chem. Sot. 86 (1964) 

f I@] W.D. Kumter and J.M. E&r. I. Ant. Chem. Sac. 65 (194% 3434_ 

2355. [Ml W. Manron. Report presented at the 18th Internationnl 

( 1 i 1 R.k Liberty. RX Smith and R-M. Bock, J. Biol. C&em. Dairy Congress. October. Sydney. Australia (1970). 
193 (1951)425. I191 B. Ribadeau-Duamas. G. Brignon. F. Grosrlaude and J. 

112) J_ Rielland, J_ Am. Chem. Sac. 39 (1937) 1675. Merck. European J. Biachem. 25 (1972) 56.5. 
(131 C.W. Daviesand B.E. Hoyle. J. Chem. Sot. 0953) 4134; [201 5-F. Waugb, L.R. Creamer, C-W_ Siartery and G.W. 

(1955) 1038. Dresdner. Biochemistry 9 (1970) 786. 
[ 141 Rhf. Smith and R.A. AIberty. J- Am- Cbem. Sw. 78 (1956) f21] R-B. Corey and L. Pauling, Proc. Roy. Sac. El41 (1953) 

2376. 10. 



BIOPHYSlCAL CHEMISTRY I(19731 112-l 16. Q NORTH-HOLLAND PUBLISHING COMPANY 

A PROTON MAGNETIC RELAXATION STUDY 
OF ~RR~iYOGLOBi~ IN AQUEOUS IONIC SOLUTlONS 

Greta PfFAT 

Insrirure “Rudjer Bc%covic( Zagreb, YugosrOuin 

and 

S. MAR&d 

Received 8 June 1973 
Revised manuscript received 9 July 1973 

Proton magnetic longitudinal (Tr) relaxation times have been measured for acid (horse) fenimyoglobin sohrtions 
{il.! M NaCl and KHzP04 ,2 hi NaCl and 1 $1 XIgCl~) from 5°C to 35OC in dependence on myogtabin concentration 
up to 6 mbf. The enhancement of the rekocxation rate due to the paramagnetic hacm iron. which is observed in this tem- 
perature range is compared with analogous data for the ferrihnemogtobin solution. The conclusion is that the protons 
exchanging from the haem pocket with bulk solvent are not those from the water molecute at the sixth i&and site of 
haem iron. The exchanging protons are more than 4 A away from the haem iron being closer to it in ferrimyogIabin 
than in ferrihaemogiobin. This distance becomes larger in solutions with higher salt concentration, the largest differ- 
ence between 0. I %f N&l and 1 hf &fgCi~ being over one Angstrom unit. This indicates a conformational chsqc of 
the haem pocket, possibly its tightening. 

1. Intmduction 

Myoglobin differs from haemogIobin in that it is a 

monomeric protein in solutions up to concentrations 
of 2 mM [ 1) _ This simplifies the study of the confor- 
mational state(s) of the ferric haem pocket by proton 
magnetic relaxation (PMR) both with regard to the 
self-consistency of the parameters derived from the ex- 

isting theory and the influence of varying solvent con- 
ditions such as ionic strength. Information on the latter 
is needed for elucidating the effect of salts on the as- 
sociation of haemoglobin subunits which is also re- 
flected in the PMR measurements. 

Mildvan et al. [2] discussed similar measurements 
assuming the mechanism of a thermally activated ex- 
change of the water protons from the sixth coordina- 
tion site at the haem iron and the bulk solvent- On the 
other hand, Derzhanski et al. 131 interpreted their own 

measurements by invoking a #erm~ly a~tiva~d change 
of the protein conformation with no exchange of water 

moiecules from the haem pocket. Experimental evi- 
dence has recently been presented [4] stqporting the 
former mechanism and excluding the latter one. It is 
the purpose of this paper to corroborate the hydration 
model of the haem pocket advanced earlier for ferri- 
haemoglobin soIutions is] _ by comparing the two sets 
of data? on the basis of the structural similarity of the 
ferric haem pockets in the two proteins @, 7]_ _ 

2. Experimental 

2. I. Matei-&& 

The horse myaglobin samples were lyophilized, com- 
mercial products of ‘%eTva” and “Koch & Light”, and 
were used as obtained, i-e_, in the ferric form and with- 

t Pari of this discussion was presented by S.M_ at the Royal 
Society hfeeting on Efaemogtobin. in London. on 23 Febm. 
1973. 



out any further purification except for c5n:rifuging off 
the solutions before the measurements. Aii the solutions 
were adjusted close to pH 6 and the concentrations 
were determined by spectrophotometry using the ex- 
tinction coefficients quoted in the literature [ l]- 

2.2. Methods 

The measurements of the Iongitudinal proton mag- 

netic relaxation times, T, , were done at 29 MHz with 
subsequent evaluation of the results as described ear- 

[Sl _ 

Results 

The dependence of l/T1) as 
in fig. for the salt solutions 10 and 
was obtained the usual plots of re- 
laxation A( lITI), by the of 
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Table 1 
The proton magnetic relaxation rates per unit (horse) ferri- 
myoglobin concentration, A(l/T,), set-* M-t!?, in different 
salt solutions at pH 6 

A(l/Tt) 
Acl/7-1) 34-10~~ 

34Y 10°C 

0.1 XI MH2PO4 1337 + 25 518 + 13 819 = 25 
0.1 M NKI 1203527 463 ,, 6 740 r 17 
2 X1 NaCl 643 r 16 248r 4 395 r 16 
1 h1 M&II 814525 609t15 20.5 ?: 25 

myoglobin in the solutions. The slopes of the least- 
squares straight lines in fig. l_ i.e., the relaxation rates 
at 10 and 3@C normalized per unit Mb-concentration 
are given in table 1. 

p* 0 0 , . 
2 

1 2 3 & ’ CMb,mM ’ 2 3 4 5 6 

Fig. 1. The concentration (mM Mb) dependence of the proton magnetic relaxation tatts induced by the presence of (horse) ferri- 
myoglobin in different salt solutions at pH 6. Circles, data at 10°C, t&m&s. data at 34OC. The sotutions were: (a) 0.1 XI NaCl; (b) 
0.1 Bf KH2PO4; (c) 2 M NaCl. and (d) 1 M hlgCl2. The slopes of the least-squares best straight tines aie given in table 1. 

b 

d 



4. Discussion 

The following model of the proton magnetic relaxa- 
tion mechanism in haemoprotein solutions was put 
fGrv&Ird in ref. [S] : (a) fast exchange of (water) pro 
tons between the haem pocket and bulk solvent; this 
was recently verified [4] ;(b) the sixth ligand water 
molecule is not participating in this exchange mecha- 
nism, but there is another (next neighbour) water mol- 
ecule in the haem pocket whose exchange with bulk 
solvent results in the observed temperature enhance- 
ment of the relaxation rates. The present data for Mb 
solutions are also consistent with this second aspect 
of the proposed model. 

The increase in the myoglobin induced relaxation 
rates between 10 and 34°C is related to the distance, 
r, between the electron spins of the ferric haem iron 
interacting by dipole-dipole coupling with the proton 
spins of the nearest water molecule(s) which exchange 
with bulk solvent: 

(For details of the pertinent equations see ref. [S]). 

The differential relaxation rates, {A(l/Tl))~4_10~~, 
in table 1, change considerably with various salts and 
ionic strength of the solutions_ This implies a change 
in r and it is difficult to rationalize how a stereochemi- 
tally precisely defined water molecule at the sixth 
&and site of the haem iron could change its position 
without an alteration of the spectra in the visible range. 
From a quantitative point of view the calculation of 
the corresponding r’s reveals that these distances are 
much larger than required by the position of the sixth 
ligand. 

In order to obtain r one must know the proportion- 
ality constant in eq. (I), which inchrdes the correlation 
time, TV, during which the spins interact unperturbed. 
The perturbation of this interaction depends on the 
time characteristic of the myoglobin rotation, 7R, the 
residence time of the exchanging proton(s), rB, and the 
longitudinal electronic relaxation time, 3: 

1 1 -=- +J- i-‘_ 
‘C ‘R ‘I3 rS 

(2) 

u TC will be determined by the fastest of the three rates, 
i.e., by the shortest time constant. The contribution of 
l/~u is negligible [5]. The relative importance of the 
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remaining two rates m2y now be tackled by comparing 

the curves in fig. 2. which show the dependence of r 
for Mb and Hb on the correlation time, rc, for the mea- 
suring Larmor frequency of 29 MHz, calculated as 
before [5]. The Hb-curve is taken from the Iatter ref- 
erence, while the Mb-curve was calcuIated using the 
value 740 + 27 se& M-*P from table 1 (O-1 M NaCl 
solution) with the theoretical magnetic moment of the 
haem iron, 5.92 BM. The shaded uncertainty limits 
(larger than the experimental error) are given by as- 
suming the exchange of one water molecule (i.e., two 
protons), or only one proton. 

The dielectric correlation times, rD, for both haemo- 
globin and myoglobin have been measured by the di- 
electric frequency dispersion technique [8] _ If in eq. 
(2) l/r= were equal to I/rR, then the theory [9] re- 
quires that ‘R = 7&3. Hence, using the rD Hb and 
rD,Xrbv&res [8],rC,Hb=(1_3f0.L)x LO-‘sec/3=4x 
IO-%CC, and rc-krh = 1 x I O-“sec. With these two cor- ___.__ 
relation times one obtains from fig. 2 the iron-to-proton 
distance close to 6 A for both ferriMb and ferriHb, 
which would be expected because of the similarity of 
the haem pockets in these two haemoproteins. However, 
it fG]]Gws from eq. (2) with the ne&ct Gf L/rB. that 
for TC = 10-%ec the relaxation time of the unpaired 
heam-iron electrons, rs, should be longer than 10-8sec. 
This is not acceptable on the basis of the comparison of 
hyperfin,- shifted lines in high resolution proton mag- 
netic resonance spectra of low and high-spin (acid) fer- 
ric haemoproteins [IO]. The value for 7.g has been ac- 
cordingly set to be lO_tosac_ PMR dispersion data of 
Koenig et al. are quoted in the latter reference as being 
in accord with rc = rS_= IO-%ec. Our unpublished 
[ 111 dispersion measurements in the range i .5 to 60 
MHz for Hb and Mb (ferri- and CO-form) at 35 and 
5°C do not show a proper dispersion step, but they do 
indicate that it may be expected between 200 and 300 
MHz Larmor frequency corresponding to rc of about 
6 x 10-*osec. With this value for rc one obtains from 
fig. 2 the following interspin distances, r(A): 

number of exchanging 
protons 
2 1 

acid ferriMb in 0.1 M NaCl 4.8 4.3 
acid ferriHb in 0.1 M NaCi 5.9 53 
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a- 

1 - 

Fig- 2. lb distance, r (a), between the ferri-haem iron in Mb snd Hb and the closest er&mqabIe proton(s). in dependence on 

the correlation time. q-+ec), for this dipole-dipole Spin interaction. The upper cd&es of the sha&d cuwcs ifre c3lCulatcd by 35_ 

sumi%Z NO PrOtOnS and the lower edges by assuming only one proton exchanging. 

With all the similarity of the haem pocket in Mb 
and Hb 16, 71 expressed as well in their electronic ab- 
sorption spectra, magnetic properties, and the NMR 
resonances related to the haem iron, there is no reason 
for expecting different rS’s for the two haemoproteins, 
which is necessary if their r’s oughht to be equal. (If 
TC,Hb = 6 x l(r” then, for an equal r, rC,r,b = 2 x 
10-9, which again is too long [IO] _) Hence, the differ- 
ence in the interspin distances between Mb and Hb 
seems to be real_ On the other hand, in order to satisfy 
the X-ray value (r = 2.8 A [6, 71) for the distance be- 
tween the heme iron and the protons of the water in 
the 6th coordination site of the heme, rC for Mb should 
be 1.2 x lwiL set or 4 x 10-11 set, which is too low 
[ 1 O] , wh’le for Hb (with r = 2.8 A) rc should even be 
an order of magnitude shorter (IO-12 set), which is 
quite improbable. 

A rather firm conclusion therefore emerges: there 
is a water molecule (or, more exactly, there are ex- 
changeable protons) in the haem packet of acid ferri- 
haemoproteins next to that water molecule which IS 

llganded directly to the haem iron at its sixth coordi- 
nation site: these exchangeable protons are closer to 
the haem iron in myoglobin than in haemoglobin. 
Another water molecule_ hydrogen-bonded by the 
available hydrogen from the sixth site water molecule 
will have its protons about 5 A from the haem iron, 
but there are, of course, other possibilities for the lo- 
cation of the exchanging protons. 

The exchangeabIe (water) protons may be regarded 
as a probe for the overall conformational state(s) of 
the haem pocket. (Were the sixth site water molecule 
involved only in the exchange mechanism no such in- 
formation could be expected because of the strictly 
defined stereochemistry of this water molecule.) This 
is well borne out by the data in table 1. 

The relaxation rates induced by the paramagnetic 
haem-iron, {A( 1/T,))34-,0~C, differ in the 0.1 M 
KH2P04 and in 0.1 M NaCI solutions, although the 
resulting difference in r’s (4-76 and 4.84 A) is negligible. 
These changes are, however, quite large for solutions 
of high ionic strength, yieldingr(ZMNaa) = 5.4 and 
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rcl M51gClzj = 6.0 A, with all these values obtained as- 
suming 2 exchangeable protons. Judging by the elon- 
gation of the r’s, there is a tightening of the haem 
pocket in more concentrated ionic solutions. the larg- 
es: change in the location of the exchanging protons 
with respect to the haem-iron being more than one 
Angstrom unit. 

It has been shown by nuclear quadrupole relaxation 
measurements [ 121 that chloride ions bind to haemo- 
globin, whiIe sodturn ions apparently do not. It is not 
known whether magnesium ions interact with haem& 
proteins directly. Additional measurements concerning 
the hydration she11 around myoglobin in different saIt 
solutions would be necessary in order to estimate the 
relative importance of specific-binding versus solvent- 
structure mechanism [ 13 1 in bringing about the con- 
formational changes around the haem pocket as evi- 
denced by the results p&ented in this paper. One oh- 
servation, however, seems worth a conclusion: the dif- 
ferential relaxation rate for 1 M MgClz solution is only 
one half that for the 2 M NaCl solution, although the 
overall chloride ion concentration is practically the 
same in both instances. Besides, the corresponding re- 
laxation rates at 10 and 34OC differ substantially be- 
tween the two solutions. It therefore follows that the 
magnesium ions themselves bring about considerable 
conformational changes around the haem pocket, 
though the mechanism by which it takes place and the 
very nature of those changes remain unknown. 

The method ofwon magnetic relaxation senses 
the subtle changes in the environment of the paramag- 
netic haem iron in acid ferric haemoproteins. In order 
to use this method to its full advantage, i.e., by deriving 
the structural and kinetic parameters with an even 
greater confidence level, more elaborate measurements 
are required, as discussed elsewhere [141_ This bzomes 
of primary importance when one wishes to compare 

small changes in these parameters on an absolute scale, 
especially for haemoproteins of different origin. 
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The kinetics of collagen-fold formation has been analyzed in terms of a series of consecutive reactions, rather than 
the usual set of parallel reactions. LMa on the regain of opticat rotation and viscosity for denatured ichthyocol. form- 
aldehyde cross-linked ichthyacol. isolated al-chains. at-chains snd the p,z-component of rat skin collagen have been 
utilized. The Guaenheim point averaging procedure was used for data analysis for those reaction steps where final 
equilibrium measurements cannot be made. By considering the data over appropriate time ranges. optical rotation con- 
stants characteristic of each sequential intermediate have been determined. Comparisons of the constants for the first 
nucleated intermediate in the cases of varying degrees of cross-Iinking and differing pyrrolidine ring contents. show 
that both hydrogen-bonding interactions and pyrrolidine ring content contribute to the st3hilization of the multi- 
stranded nucleated fold intermediate. The presence of single chain nucleated intermediate seems highly unlikely. 

1. Introduction 

When a gelatin solution is cooled below 40°C, most 
of its physical properties change in ways characteristic 
of a partial return of the disordered gelatin molecules 
to ordered collagen-like structures [I. 21_ This partial 
reordering, variously called collagen-fold formation or 
renaturation, is very strongly dependent on the reaction 
conditions. The significant variables are temperattire, 
ionic strength, pH, gelatin concentration and the degree 
of cross-linking between gelatin chains. Several schemes 
have been proposed to describe the mechanism of col- 
lagen-fold formation, all of them based on studies of 
the kinetics of the fold-formation [3- 121, but no de- 
finitive understanding of the renaturation mechanism 
has yet been reached. 

All mechanisms proposed presume a multi-step pro- 

cess involving nucidation of the fold, growth of fold- 
units over extensive lengths of the system, and in the 

case of severe undercooling, an annealing or rearrange- 
ment process leading to perfection of the folded struc- 
ture. The development of the initial three-stranded col- 

z Supported by a grant from the National Institutes of He&h_ 
AM-13921. 

lagen helix is itself considered to be a multi-step process. 
Von IIippeL [I 1 has summarized the earlier proposals 
of von Hippel and Hsrrington [4. 5) and Flory and 
Weaver [61 in terms of the scheme: 

k, 
RC - NC 

kz 
- -1 

k-1 
+ fH. (1) 

k-2 

Von Hippel’s [ 11 molecular interpretation of this 

scheme was that RC denotes chain regions in random 
conformations; NC, nucleated chain elements. presum- 

ably pyrrolidine-rich regions, which have assumed focal 
conformations typical of the collagen-fold; 1, single 
chain segments in which the foldconformations extend 

over several residues; and H, a hydrogen-bonded. three- 
stranded unit of the collagen helix. The rate limiting 
step. in both the von Hippel-Harrington and the Flory- 
Weaver modets, is the formation of I, leading to an ap- 
parent first-order dependence of the rate on gelatin 

concentration. This is also the step which can supposedly 
be followed by optical rotation measurements. Most 
recently, Harrington and Karr [ 121 treated the overall 

kinetic data as a sum of parallel first-order reactions. 
Their analysis required three concurrent reactions, pro- 
ceeding at markedly different rates. The regain of op- 
tical rotatory power on fold-formation was followed 
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and the experimental data were amdyzed as: 

where [cu] r was the observed specific rotation ar time 
t; [a] 0, the specitic rotation at t = 0 and [a] m.i. the 
specific rotation of the completed reaction of type i, 
with rate constant ki_ The inherent disadvantages of 
this approach are in the assumption that the refolding 
process consists of concurrent rather than consecutive 
reactions and in the proper identification of a value for 

Icrl =.i- 
In the present work we have attempted to analyze 

the refo!ding in tenns of a set of consecutive first-order 
reactions, as implicit in scheme (1). and to determine 
the appropriate constants for each stage. Our use of a 
sequence of first-order reactions, however. does not 
mean that we apply these specifically to the moIecular 
interpretation of the steps of scheme (1). 

-I 

2. Data treatment and results 

Kinetic studies of collagen-fold formation are avail- 
able from previous work. Drake and Veis [9] examined 
the refoIding process at i 5°C for denatured ichthyocol 
(Dl) and for formaldehyde cross-linked ichthyocol 
(synthetic r-gelatin) (CLI) all in 0.1 M HAc, 0.1 M KC1 
at pH 2.8. Piez and Carrillo [IO] carried out similar 
studies on the isolated al, (r2 and fltz chains from rat 
skin collagen. Optical rotation and viscosity measure- 
mes>ts were made in both studies. The refolding kinetics 
are dependent upon the total pyrrolidine ring content 
[ 131 as well as on the degree of cross-linking. Since 
ichthyocol and the al and a2 chains of rat skin col- 
lagen have quite different pyrrolidine ring contents, 
the two sets of data should be viewed separately before 
correlations are made. 

A typical experimental result for CL1 is shown in 

fig. Ia, where the specific rotation, -[aI &, is plotted 
as a function of time. The absolute value of [a] i& in- 
creases Sharply during the first half hour after quenching 
the solution irom 40 to lS°C. After the first rapid change, 
the optical rotation change slows and finally reaches an 
apparent plateau value after standing overnight. This 
value keeps changing slightly, however, over a period 
of many days. As a result, it is difficult to measure a 
final equilibrium value. As seen in eq. 12), the data es- 
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Fig. 1. Recovery of specific rotation and reduced viscosity as 
a function of time fGr cross-linked ichthyocol r-geIatin (CLI). 
All measurements in pH 2.8,0.1 hl KCI and 0.1 hf acetic acid 
at 15°C. 

sentialiy are to be analyzed as a set of first-order equa- 
tions. The rate constants of the first order steps are not 
sufficiently separated so that a plot of log [a] versus 
t does not provide individual straight line segments_ The 
Guggenheim procedure [ 141 has been used to rectify 
these data. In this procedure, one plots the logarithm 

of([alt - lalr+J versus time, where A is a constant 
srr.all time increment. Such a plot relating to the data 
from fig. la is shown in fig. 2. After about 15 minutes 
of renaturation, the data plot yields a straight line over 
the entire period of the terminal reaction_ For the case 
in question, this straight line gives a first-order rate con- 
stant of 7.35 x l@ set-t . The values extrapolated from 
this line to earlier time periods are then subtracted from 
the corresponding observed values and the differences 
plotted in the same semi-log fashion. A second straight 
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Fig. 2. The Guggenheim plot for the data of fig. 1. The con- 
stant time increment is six minutes. 

line is obtained for this difference plot, wit;1 a first- 
order rate constant value of 42 x 1OJ SX-~. Over the 
time range studied, the optical rotation regain data for 
CL1 appear to be well represented by considering only 
two first order processes. The choice of A is crucial in 
plotting the data; for best results, different values of 
the constant time increment, A, should be tried. 

The zero-time optical rotation value at the refolding 
temperature T. [al g, isvery close to the value for the 
completely denatured CL1 at T > rSt _ However, a more 
precise vaiue, at T, can be obtained by plotting [a] t 
versus expf-kst), ks being the rate constant of the 
slowest prccess (fig. 3). The zero-time vaIue can be cxtra- 
polated if enough data points are available near zero 
time, or a still better value cart be determined by plot- 
ting the devi3tio~ from linearity against time in a semi- 
log plot (see inset in tig. 3). The slope of this line also 
gives the rate constant for the fast reaction as well as 
the intercept, [a] ’ a_ Extrapolation of the [PI r versus 
exp(-k,r) plot to infinite time yields a good value of 
[al z _ This value of @rl z may not correspond to a true 
value of [a] T at infinite time because of other compli- 
cating processes, nor does it correspond to the value 

Fig. 3. el0t ofspecific;Otttti0n~crsusOxp(-X-~t) for detennin- 
ing the zero and infinite time ratstion ~AP.Ls. Inset. plot of the 
deviation from linearity, &tall, rt&nst time. 

for completely native collagen. In the present case, 

fa) %iv~ 365 = - 1350”. while as seen in fig. 3, [ol J j_s365 = 
-I 140”.‘The use of wo methods of plotting the dais 
to obtain the rate constants of the two reaction steps 
allows one ta refine the data by a reiterative process. 
The first use of the k, as obtained from the raw data 
Guggenheim plot in the [oc] r versus cxp(--kst) plot 
shows up departures from linearity at long reaction 
times. One can adjust ks, then recalcuiate kf, and so on 
unti1 a best fit is obtained in both plots. 

With values of [ai tf and [ati 6 determined, one can 
normalize the experimental data by computing 

([@It - faIoMMO - [a! ,), which provides the per 
cent of the polypeptide in the tandom-coit form. When 
the normalized data are plotted as In {([a$ r - fir]_)/ 

(MO - [a],)) versus t, fig. 4, o&y two straight line 
regions are obtained, another indication that tyo first- 
order rate constants are sufficient to characterize the 
regain of optical rotation upon the refolding of CLI. 
The obsenred data fit the ecluation 
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Table 1 

Kinetic constints for the regain of optical rotation during col- 
lagen-fold formation of cros$inked snd non-cross-linked ich- 
thyocol. Conditions: T= 15 C. pH 2.8.0.1 XI HAc, 0.1 hf KCI. 
Specific rotation measured at 365 nttt. [al &,native = -1350° 

TIME. MINUTES 

Fig. 4. Fraction of the polypcptidc in the dcnaturated form IS 

a function of time for cross-linked ~-gelarin. 

where k, and k, are the rate constants for the fast 

(k I ) and slow (k,) reaction proc-sses. The parameter 

Y, represents the fraction of the total rotation change 

related fo the slower process. described by k2. 
The viscosity iwses during colIagen-fold forma- 

tion in much the same way as the optical rotation, but 
as indicated in fig_ 1 b. the time scale for the viscosity 
change extends over a much longer period. It is evident 

that the fast process seen in the first step of the optical 
rotation regain does not contribute appreciably to the 
solution viscosity_ In spite of this time scale difference, 

the viscosity recovery data can be treated formally by 

the same type of normalized equation, viz: 

(Wr - (4& 
(~R)O - c?& 

=(l-Y,)exp(--ktt)+Y,exp(-kttE)- 

(4) 

The (~1~) terms represent the reduced viscosity at times 
t, zero and infinity with the zero and infinity time val- 
ues being obtained by extrapolation as with the optical 

rotation. Y,,, k, and k,, have the same meaning as in 
eq. (3) but the subscript differences imply that these 

con&ants might refer to different processes than those 
seen by the optical rotation. 

Sample Rate constants 
x 104xc- 

CL1 

DI 

k, kz YQ -IQ1 ;” -[Ql.!.z? 

41.9 7.4 0.79 465 1138 

2.57 0.40 0.75 465 81.5 

The kinetic parameters for rotation recovery, anal- 
yzed according to the above procedure and eq. (3). are 

shown in tabIe 1. The zero time values, -[a] As. agree 

well with the values measured directly on the denatured 
solutions at 40aC. The infinite time values, -[a) L5. 
while consistent for the two samples, are much lower 
than that of native, undenatured cross-linked ichthyocol 

(--135OO). This discrepancy suggests that either some 
non-cross-linked chains are present, not refolding over 

the time span of the rotation measurements, or that some 
intermolecular interactions providing out-of-register 
chain alignments occur preventing complete renatura- 

tion of each individr-al r/-gelatin molecule. This may be 

the case because a v&y slow but constant change in 
optical rotation is observed as the solution is tempered 

at 15°C for long periods. 
The viscosity parameters analyzed according to eq. 

(4) are shown in table 2. The sample chosen for analysis 

Table 2 

Kinetic constants for the regain of viscosity during collagen- 

fold formation of cross-linked and non-cross-linked ichtbyocol. 
Conditions: T= 15°C. pH 2.8.0.1 XI HAc. 0.1 ht KCt. Concen- 
tration: 0.074 g/d1 (CLI); 0.170 g/dt (DI) 

Sample Rate constants 
X IO4 set-t 

CL1 4.75 0.20 0.30 0.72 13.85 
DI 0.42 - - 0.60 3.56 
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was the same as one used in the rotation recovery ex- 
periment but at a lower concentration to minimize the 
intermolecular component of the viscosity change. 
Again, two rate constants are sufficient to express the 
data. The zero time value obtained by extrapolation, 

(n&F. was 0.72 dl/g, whereas the 40°C value 

(Wcl%aNrcd CLI* was 0.82 dl/g. The reduced viscosity 
of the non-denatured ichthyocol was 29 dl/g at c = 
0.074 g/d& while the intrinsic viscosity, [g] nrtive, was 
15 dl/g. This value agrees well with the (qR), deter- 
mined by extrapolation. The formal similarity between 
viscosity and optical rotation data ends when one com- 
pares the values of the rate constants and Y for the two 
properties. The rate constant kI has a value less than 
one-fifth that of k, and, in fact, is on the order of k?_ 
The slower viscosity change rate constant, k,,, has no 
counter-part in the rotation change and is less than 
one-twentieth of the value of kI. The fast reaction in 
viscosity accounts for about 70% of the total (Y,), 
whereas the fast reaction in optical rotation accounts 

for only 20% of the total reaction (Y,)_ 
During the optical rotation studies, the fast reaction, 

monitored continuously,.takes place within the first 
ten minutes and quickly decays to zero, whereas the 
slow process continues for a few hours. On the other 
hand, one cannot obtain viscosity data in a reliable 
fashion much before 8 to 10 minutes after initiating 
fold-formation and it is difficult to obtain enough ac- 
curate data points for any time within the first ten 
minutes of refolding. The fast reactior measured by 
viscosity covered the first 300 to 400 minutes, the same 
range as that of the slower optical rotation stage. From 
the overlapping time ranges for the reactions character- 
ized by k2 and kI, the similarity of values of these rate 
constants, and the similarity of the fraction of the total 
change ascribable to these reactions, it seems reasonable 
to conclude that the slow process measured by optical 
rotation and the fast process measured by viscosity re- 
present the same event. Thus, the experimental data for 
the cross-linked ichthyocol, as viewed by two very dif- 
ferent kinds of measurements, indicate three reaction 
steps. As depicted by the equation: 

Optical rotation change 
I 

kt k, I 

A-B-C-D, 
, kl %I , 
viscosity change 

(5) 

the time scales and rate constants (tables 1 and 2) are 
such that only the first two steps are involved in the 
optical rotation change. while only steps two and three 
are within the range of the viscosity measurements . . f 

Up to this point. the determination of the rate con- 
stants has been independent of whether the rexrions 
considered were parallel or consecutive. If we now as- 
sume that the set of events in eq. (5) are consecutive. 
and further accept that for ali practical purposes the 
final step C -+ D does not contribute significantly to 
the optical rotation change at the early stage of the re- 
naturation. then the concentrations of components A, 
B and C are related to the optical rotation constants 

by 

[Al = [Alo exp(--kit), (6) 

PI = IAlo[k,/(k, -k,)l [exp(-k,t)-exp(-Kit)], 
(7) 

[Cl = [Alo - [Al - [Bl , (8) 

where [A] O is the initial concentration of component 
A. The total optical rotation is the sum of the optical 
rotation values from all three components, each calcu- 
lated as the product of concentration and a character- 
istic specific rotation constant. aj. Thus, 

=a/,[A] +-Q~[B] +oLC[C]. (9) 

Substituting eqs. (6), (7) and (8) into eq. (9). one ob. 
tains the following relationship: 

I4 total - %I 
aA -a! c 

= (I - Y&xp(-kI t) + Y=exp(-k,r), 
(10) 

where 

Y, = 
OlB -% kl 

Q~-LY~ k, -k; (I 1) 

Eq. (1 I) is an important formulation because it per- 
mits the evaluation of fxB, the rotation constant for the 
first intermediate_ The terms Y,, k, and k2 come from 
direct analysis of the kinetics (table I), while ‘Ye is 
equivalent to [CK] 0 and aC to [a] _ . 

f This situation is not true in the case of the rat skin data to be 
discussed titer. ‘Ihere the rotation data cover a more extended 
time nnge and the situation is more complex. 
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Table 3 Table 4 

Kinetic c?nstzmts for the refolding of isolsted al. a2 and PI2 
component: from rat skin colkgcn 

Specific rotation constants for the three stage consecutive re- 
action mechanism for collagen-fold formation 

Rare cOnS13ntT 
x IO4 set-’ 

Optical rotation 

al (Y2 PlZ 

kl 7.46 1.16 12.4 

k2 0.986 0.065 1.48 

k3 0.15 0.10 

Y&\--c) 0.3 I 0.87 0.40 

PA 491 509 497 465 465 

aB 880 584 776 700 593 

OC 1021 931 928 1138 315 

&;; 

1131 - 1078 - - 

226 201 213 197 197 
res/ 1000 

The kineric parameters based on the refolding data 
for (DI), the non-cross-linked denatured ichthyocol, 
rre also shown in tables 1 and 2. 4side from the dif- 
ierence in magnitude of the optical rotation rate con- 
stants. the main difference is that in the time period 
covered by the available data. only a single rate con- 
stant is obtained_ The data of Piez and Carrillo [IO] 
oil the refolding kinetics of rat skin (Y 1, a2 and plZ mol- 
ecules arc all summarized in table 3. These data differ 
from the ichthyocol data in that the rotation was mea- 
sured over a longer period of time and a more detailed 
analysis of the late stages of refolding was possible. Thus, 
the complete transition, A + D [eq. (S)] , is viewed by 
the specific rotation changes. The viscosity data of Piez 
and Carrillo [ 101 still cover too short a time period to 
provide all of the rate constants_ 

“)Optical rotations were measured at 313 nm and converted 
to 365 nm readings for a direct comparison with ichthyocol 
COlhgCfl. 

The calculated rotation constants are presented in 
table 4 for all of the rotation data. The differences be- 
tween constants can be considered in two ways, as a 
function of intrinsic chain comp%ition, and as a func- 
tion of chain registration arising from cross-linking. 

B can be interpreted as indicating a marked enhancc- 
ment of structural order in B, and hence, in the stability 

of B. If, as Flory and Weaver [6] have suggested, the 
stability of the nucleated intermediate determines the 
minimum number of residues, II*, required to partici- 
pate cooperatively in a conformational fluctuation 
leading to further propagation of the fold-unit, and if 
the rate of the first step is inversely proportional to IZ*, 
then this heightened value of aB for the al-component 
as compared to rr2 is responsible for the sevenfold dif- 
ference in the rate constants k, for the two cases_ 

Piez and Gross [ 131, in a study typical of many, 
have shown that the denaturation temperature of solu- 
ble collagens from a variety of sources is a linear func- 
tion of the total pyrrolidine ring content. Comparing 
the rotation constants, aB, of al, a2 and DI in table 4 
and the pyrrolidine ring compositions, it appears that 
Q~ is directly dependent on the content of imino acids. 
Rat skin a2 has very nearly the same imino acid com- 
position as the denatured ichthyocol, DI, and the rate 
constants and rotation parameters are quite similar. The 
rat skin al chain, on the other hand, has a much higher 
imino acid content and shows a markedly increased rate 
constant for process A + B and the characteristic rota- 
tion of intermediate B. The characteristic rotation of 

From the argument above, it would appear that o+ 
for DI is somewhat high. However, Veis and Drake [ 151 
showed DI to contain about 20% @- and only 8oc/o Q- 
component. Based on the imino acid content of rat 
skin /3tZ. we wouId expect an QB value of 730. The 
value of 776 shown in table 4, thus indicates that cross- 
linking also provides chain regions with enhanced stabili- 
ty in which foId-formation may be nucleated. This is 
even more strikingly demonstrated in comparing ag 
values for DI and CL1 where the only composition dif- 
ference is in the presence of cross-linkages in CLL The 
fact that k, and bg for DI are higher than in rat skin 
cr2 can be attributed to the presence of the &compo- 
nent. 

Veis and Schnell [ 161, Veis et al. [ 171 and Bensusan 
and Nielsen [IS] have all shown by hydrogen-deuter- 
ium exchange experiments that the first stage of fold- 
formation does involve the formation of inter-chain hy- 
drogen bonds. The very high values fork, for the cross- 

&(R&) a’--(Rat) P1z-Wat) CL.1 DI 
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linked collageens, compared to the lesser effects of change 
in aB (e.g., compare ag and kt for rat skin crl and 8,~) 
indicate that chain registration to provide inter-chain 
hydrogen-bonding can also supply nucleation sites for 
fold-formation, or add markedly to the stability of the 
nucleated regions, again reducing the size of II*. Veis 

and Legowik [ 19 j used equilibrium data close to the 
melting temperature to estimate II* for bovine r~ and 
-y-gelatins and found II* to be less for-y than a. 

3. Conclusions 

The data analysis discussed above presents a rather 
more detailed insight into the mechanism of collagen- 
fold formation than heretofore possible. By considering 
the refolding processes as consecutive rather than par- 

allel reactions. one may detetiine constants character- 
istic of the state of order in the hypothetical nucleated 
intermediate. Analysis of these constants, along with 
the rate constants for the first rapid reaction step, show 
that two factors can lead to the formation of stable 
nuclei. First of course, is the content of imino acids 
which determines the structural stability of a substan- 
tial part of each gelatin chain. Equally important. how- 
ever, as shown by the data on cross-linked gelatins. is 
the fact that hydrogen-bonding interchain interactions 
also are involved in the stabilization of the initial nuclei, 
reducing the number of peptide units which must in- 

teract cooperatively before chain growth can occur. 

Chain registration, by cross-linking in the native state, 
leads to the most favorable hydrogen-bonding alignment. 

This interpretation of the consecutive reaction se- 

quence suggests that the molecular interpretation of 
eq. (1) presented earlier is inappropriate. One cannot 
distinguish between a singie chain nucleated form, NC 
of eq. (I), and a hydrogen-bonded multi-stranded nu- 
clei. B of eq. (5). In fact, the hydrogen-deuterium ex- 

change studies during fold-formation [ 17, 181 imply 
that nucleation and hydrogen-bonding are concurrent 
processes. Thus, it seems likely that, as depicted in the 
scheme represented in eq. (12) 

Single chain ‘I 
helix nuclei, tlf residues, 
three chains (may start in 

random coils nucleation either cross-link regions or 

step pyrrolidine-ring rich regions) 

k2 

helix 

lengthen helical 
segments 

propagation 

k3 

annealing 

perfected triple 
’ helical regions (13 

reordering 

the triple helis nuclei indistinguishably originate in 
either pyrrolidine residlue rich sequences or cross-link 
containing sequences, but that in either case the or- 
dered crystailite helix nucleus is a compound helix. 
hydrogen-bonded structnrr. 

The second reaction stage, contributing to the major 
change in both optical rotation and viscosity is the 

propagaticn of helix from the nuclei. The final step is 
that of annealing or tempering, perfecting the triple 
helix by secxing the most stable interchain chain aIign- 
ments. In the highly cross-linked r-gelatins, this most 
stable a1ignmer.t is facilitated and one achieves nearly 
complete renaturation with small contribution from 
step 3. 
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Spectml properties of solutions containing mixtures of chlorophyll a and chlorophyll c are investigated. The yield 
of excitation energy migration from chlorophyll c to chlorophyI1 a is obtained ranging from 23 to 4870 dependent on 
the used dye concentrations. The back tmnsfer from chlorophyll a to chlorophyll c is negligible. The shape of the po- 
larization excitation spectrum of chlorophyll c in the Soret band region is less composed than rhat of chlorophyll a. 
Depolarization of chlorophyll a fluorescence by chlorophyll c is in agreement with the conclusion drawn from 
fluorescence quenching that excitation energy ligates from chlorophyll c to chlorophyll a- 

l _ Introduction 

The mechanism responsible for energy transfer be- 

tween accessory pigments and chlorophyll a (chl a) in 
vivo has not as yet been definitely established. Many 
authors presume that this transfer follows the inductive 
resonance mechanism, whereas there is also some evi- 
dence [ 1, 21 that interaction between pigments could 
be much stronger than that following the “very -weak” 
Fiirster [3, p_ 671 mechanism. 

In the present paper, the solution of a mixture of 
chlorophyll a and chlorophyll c (chl c) is investigated. 

In the inductive resonance mechanism, the efficiency 
of energy transfer is proportional to the overlapping of 
the donor emission band and acceptor absorption spec- 
trum [3, p. 691_ Therefore, in the case of a mixture of 
chl a and chl c, only inefficient transfer of energy from 
chl c and chl a can be predicted from this mechanism_ 

The Soret bands of chl a and chl c overlap to a high 
degree [4, p_ 154, p_ 1601, sugesting that “pterelaxa- 
tional” (51 ot “fast” [2] transfer of excitation can be, 
at least partially, involved in the efficient energy mi- 
gration between those chlorophylls observed in viva. 
Such “fast” energy transfer (intervening before Boltz- 
mann distribution of vibrational energy has been reached) 
was proposed by Bduer et al. [2) to explain the energy 
migration between chlorophyll b (chl b) and chl a. 

The energy transfer from chl c to chl a plays a role 

in the photosynthesis of organisms dispersed in water. 
Certain types of organisms exhibit an equivalent photo- 
synthesis efficiency in yellow (500 - 600 nm) and red 
(600 - 690 nm) light. From the absorption spectra of 
chl a and chI c it follows that in this case chl c plays 

the role of accessory pigment responsible for efficient 
photosynthesis [6; 4, p_ 5 13]_ Inoui et al. [7] mea- 

sured the yield of energy migration between chl c and 
chl a in vivo and obtained a value of about 55%. 

The purpose of the present paper is to obtain infor- 
mation as to what type of mechanism is responsible 
for this high yield of energy transfer. 

2. Material and methods 

Figments were extracted from Fucus using a mixture 
of methanol_ acetone and ethyl ether. Chl c was scpa- 
rated from chl a and carotenoids on a column filled 
with cellulose_ The column was washed with petroleum 
ether with 0.5% of propanol and again with ethyl ether 
containing 5% of methanol. The chl c zone was located 
on the top of the column. It was cut from thg column 
and eluated with ethyl ether. The procedure of purifica- 
tion of chl c was similar to that used by Jeffrey [Sl . 

Separation of chl a from carotenoids was performed 
in a column fdled with sugar. 

Dye concentrations were obtained from absorprion 
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Fig. 1. ( 1). Absorption spectrum of chl c solution in ethyl 
ether; (2), emission anisotropy versus wavenumber. 

spectra using absorption coefficients of chl c and chl a 
given in the lirerature [S, 9]_ 

Details concerning the measurements of absorption, 
fluorescence and excitation spectra are given in an ear- 
lier paper [ 101. 

. The polarization of emission was measured with the 

device used in fluorescence spectra measurements but 
equipped with Polaroid sheets. 

Spectral bandwidths were, in the case of excitation 
spectra: in the exciting beam 6 nm, in the fluorescence 
beam 20 nm; and fwlarization measurements: 20 
nm and 20 nm, respectively. 

Fig. 2. Fluorescence spectra of chl c and cN a mixture excited 
;;4:;;rnti(l), C&l e = 23.5 phf. c&t a = 8 P&f; (2). c&t e = 

, , chl a = 26 .uhf: (3). c&t 5 = 23.5 HM, c&r p = 53 Uhf: 
(41, cc~ c = 12.3 @hf. c&t a = 0 MM. 

Fig. 1, curve 1 shows the absorption spectrum of 
chl c solution in ethyl ether. 

Fig. 2 shows the fluorescence spectrum of chl a and 
chl c mixtures for various concentrations of the dyes. 
The fluorescence is excited with 436 nm, a wavelength 
belonging to the Soret band of both pigments. The 
molar absorption coefficients of both pigments in this 
region are comparable, but as follows from fig. 2, the 
contribution from chl a fluorescence predominates in 
the emission spectrum (the maximum at 671 nm belongs 
to chl a emission, that at 635 nm to ch1 c)- 

Fig. 3 shows the fluorescence spectra of the same 
set of samples but excited with a 450 nm beam, absorbed 
predominantly by chl c. Though in this case the con- 
tribution to emission from chl c is higher, some of the 
energy is nevertheless transferred to chl a. 

The yields of energy migration between chl c and 
chl a listed in table 1 are calculated from fluorescence 
and absorption spectra using the formula given in ref. 
[2] _ As can be seen from table 1 the yield of enera 
migration itz vitro is slightly lower than that obtained 
in vivo [7], but frr viva the average distances are pos- 
sibly shorter than in solution and in organisms the dye 
moIecules are mutually oriented in lamellar system. 
The migration yield from chl a to chl c is, in the limit 
of accuracy of our experiments, negligible. If the “pre- 
relaxational” mechanism of transfer was involved, one 

would expect a higher efficiency of “back transfer” 
from chl a to chl c than that obtained_ The differences 
between the yields of energy transfer from chl c to cN 
a under various excitations are within limits of accu- 
racy of the method (table l), whereas on the ground 
of “pre-relaxational’* mechanism much bigger differ- 
ences can be expected [ 111. 

Fig. 3. Fluorescence spectra of chl IZ and chl a mixture excited 
at%0 nm. Cc~o: 23.5 &H; Cchla: (1) S@f, (2) 26fl% 
(3) 53phf. 
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Table 1 
Yield of energy migration between chl c and chl a 

127 

Wavelength of excitation Concentration cct%f) Yield of energy migration Yield of energy migration 
(nm) from chl c to chl a from chl a to chl c 

chl a chi c 
-___ __~_ 

450 
26 23.5 

0.13 c 0.11 0.04 + 0.12 

436 0.30 + 0.10 0.08 + 0.0-z 

450 e 
53 23.5 

0.37 0.1 I 0.05 * G-1.5 

436 0.49 = 0.09 0.09 * 0.08 

From the plot of log If/( 1 -fl](j- - efficiency of 
energy migration) versus clog h! (R - mean distance 
between donor and acceptor), the exponent x of the 
donor-acceptor distance R in the function [2] de- 
scribing the yield of enerw migration is obtained. This 
x-v&e is about 6 what suggests “very weak” Forster 
[3. p_ 671 interaction between chlorophylls. at least 
at the donor and acceptor concentrations used by us. 

The same method of measurement and calculation 
for the case of biliproteins and chlorophyllin mixtures 
reveals values between 3 and 5 for x [ 12]_ It is possible 
that the presence of proteins has influences on the 
mechanism of interaction between pigment groups. 

In fig 4, the excitation spectrum of chl c emission 
measured for a chl a f chl c mixture is shown. The max- 
imum of excitation spectrum is located at 453 nm, i.e., 
near the chl c absorption maximum. 

4# 420 410 

Fig. 4. Excitation spectra of CM c and CM a mixture observed 

The excitation spectrum of chl a emission of the 
same sample (fig. 5) presents a much higher peak at 
the absorption maximum of chl a (at 43 1 nm) than at 
the maximum of chi c fluorescence (at 453 nm). be- 
cause the yield of chl c fluorescence is about 5 times 
lower than that of chl a. Therefore. the excitation spec- 
trum results are in agreement with those presented in 
figs. 2 and 3 as well as in table 1. 

Fig. I, curve 2 shows the emission anisotropy, f = 

(J,, - J,)/(J,, f 2J,). versus the wavenumber of exciting 
light for the solution of chl c with chl a added (concen- 
tration ratio 8 : I). Fiuorescence was observed at the 
maximum of chl c emission (at 635 nm); therefore. this 
graph presents practically the shape of the chl c excita- 

Fii. 5. Excitation spectra of chl c and chl a mixture observed 
at671 mn_ C.-hi,=: 23-5 &t; C&la: (1) 8&t. (2) 76~.At. 
(3) 53&M. 
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Table 2 
Emission anisonopy oi chl c with chl a mixtures 

Wavelength of excitation Wavelength of fluores- Concentration ratio Ratio of absorption Emission anisotropy 
(rim) cence c chl $chl a coefficients divided by r 

(nm) ratio of fluorescence 
yields 

%hl ckhl a 

‘khl c’khl a 

432 

(max of ch1 a absorp- 

tion) 

452 

(max of chl c absorp- 

tion) 

452 

(max of chl c absorp- 

tion) 

635 

(max of chl c ftuores- 

Cl3lCC) 

635 

(max of chl c fluores- 

cence) 

671 

(max of chl a ftuores- 

cence) 

8:1 0.050 = 0.01 

3: 1 =4 0.030 2 0.01 

1 : I 0.028 i 0.01 

8: I ==60 0.076 + 0.01 

3:l 0.007 _c 0.01 

==60 

1 : 1 -0.015 c 0.01 

tion polariza?ion spectrum. This spectrum of chI c in 
the Soret band region is much less complex than that 
of chl a [ 13; 4, p. 156; 14, p. 2571. The Soret band 
of chI a is composed of two transitions with different 
polarization and energy, whereas chl c seems to be 
more like porphyrine with symmetry higher than chl 
a and therefore with two completely degenerate transi- 
tions responsible for the Soret band. 

The fluorescence polarization measurements of chl 
c are difficult because of the low fluorescence efficiency 
of this dye. Therefore, the spectral region used in the 
exciting beam had a width of 20 nm, and the spectral 
resolution of the excitation polarization spectrum was 
worse than that obtained previously Kn chl a measure- 

ments [ 131. 
However, fig. 1 suggests that the transitions are 

“almost” degenerate, or at Ieast that the degeneracy 
is removed to a lesser extent than in the case of chi a. 

The addition of chl c to a &I a solution causes 
strong depolarization of chl a fluorescence (table 2). 
in agreement with the conclusion drawn from fluores- 
cence quenching that energy migrates from chl c to 
chl a_ The range of dye c0ncentratior.s used excludes 
self-quenching phenomena. Thus the observed changes 
in fluorescence polarization are related wi*Jr the Follow- 

ing three effects: 
(1) an increase in contribution from chl a to absorption 

and emission of the mixture with increasing chl a 
concentration; 

(2) depolarization of fluorescence by energy migration; 
and 

(3) a decrease in the amount of light absorbed by cltl 
c due to absorption of the exciting beam by chI a. 

Evaluation of these three effects shows that in the case 
of excitation at 452 nm (at the maximum of chl c ab- 
sorption) and observation of emission at 67 1 nm (maxi- 
mum of chl a emission), the most important is the sec- 
ond effect - depolarization by energy migration. An 
increase in cbl a concentration influences also, though 

to a lesser extent, the anisotropy of chl c emission, but 
in this case the effects 1 and 3 play an important role 
because of the overlap in this excitation region of both 
absorption spectra. 

From our results it follows that in model systems 
energy migrates from chl c to cbl a with an efficiency 
similar to migration in viva. The mechanism of this 
migration seems to follow the “slow” inductive reso- 
nance mechanism_ 
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me cooperativity in hemoglobin can be described by the Hill parameter n, the free energy of interaction AFI and 
the allostcric free energy AFA_ By this latter is meant here the free energy change associated with the transition from 
the deoxy to the oxy conformation in hemoglobin_ In this paper some general relations betwzen n. aFr and aFA are 
given. A method is presented by which AFA can be calculated from oxygenation data. 

1. Introduction 

In the cooperative behaviour of the oxygen binding 
by hemoglobin an important part is played by the salt 
bridges which constrain the deoxy form and which 
break up upon going to the relaxed oxy conformation 
[ 1, 2]_ The change in free energy associated with the 
transition from the deoxy to the oxy conformation 
will be defined here as the allosteric energy AF,. This 
free enerw change was called the inter-subunit bonding 
energy by Noble [31 who calculated a vahre of 8 kcal/ 
tetramer for it from-the difference in ligand afftnity 
between deoxyhemoglobin and the (Y and /3 chains, 
whereas Perutz [ I] estimated a value between 6 and 
12 kcal/tetramer. based on the presence-of six salt 
bridges. On the other hand, Wyman [4] has introduced 

,the concept of free energy of interaction, U1, which 
is quite different from MA [S, 61. Besides AFA and 
AFt, the Hill parameter n is frequently used to describe 
the cooperative effects in hemoglobin. The object of 
this paper is to show some relations between Jr, MA 
and AF, and further to give an estimate of the magni- 
tude of MA, based on.oxygenation data of human 
hemoglobin. 

2. The free energy of interaction AF1 

Our discussion will partially be based on experimental 
cxygenation curves and therefore we need parameters 

which satisfactorily describe such a curve. We chose 
the Adair scheme [71 for this purpose. In this model 
the fractional saturation Y is given by: 

Y= 
k,p+3k,k,p2+3k,k,k,p3fklkzk3k4p4 

1+4k,p+6k,kzp2+4k,k,k,p3+k,k,k~k,p4’ 
(1) 

where k, , k,, k3 and k4 are the intrinsic association 
constants for the reaction Hb(O,),_, + 0, * Hb(O& 
(i = 1 to 4) and p the partial oxygen pressure. It should 
be realized that eq. (1) will be used in this paper merely 
as a mathematical description of an oxygen saturation 
curve_ The Adair scheme has been chosen since the 
available experimental oxygenation curves are analyzed 
according to this scheme. The fact that equivalent bind- 
ing sites are assumed in the derivation of eq. (1) provides 
no impediment to the use of it and we are not concerned 
with the physical meaning of k, to k4. The only limits 
we impose on the Adair model in this section is that 
k4 > k3 i3 k2 3 k, _ The models mostly used for a de- 
scription of the interactions in hemoglobin, viz., the 
Monad-Wyman-Chaugeux and the Koshlaud-N& 

methy-Filmer model fulfil this condition [6]. 
The Hill plot is defmed as log[Y/( l-Y)] against Log 

p and the slope #I at Y = 0.5 at the half saturation pres- 
sure pl12 is callea the Hill parameter. 

We now will discuss ‘he relation between tt and AFr. 
Wyman [41 has shown that when Y approaches O’or 1, 
n should become 1 independently of any model. Further- 
more, he defmed AF, as the free enerw of interaction 
per heme which can be calculated from the distance 
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between the asymptotes of a Hill plot. It has been shown 
that in terms of the Adair model 4FI =RTln(k4/k,) 
[6,8] _ The cooperativity, however, as measured by II 

will certainly also depend on k, and k3, so it will be 
evident that AFt can only partrally describe allosteric 
effects. To illustrate this point we investigated the de- 
pendence of n on MI_ 

Let k, =akl, if+ = bk,, k4 = c-lkl and k,p,lz = 
x. Then it follows from the definition of tt and from 

es.(I): 

tz = (6x - Za2bx3 i- 4)/(3x •t 3ax’ f n26x3 f 1). (2) 

where x follows from 

a’E’x4 + 2&x3 - 2x - f = 0. (3) 

Thus the Hill parameter is determined only by the 
relative magnitudes of the Adair constants. For each 
value of AFI, tz may take a range of values, depending 

on k, and kj. However, II reaches a maximum when 
kl =x2 and k3 = k4 _ In that case eq. (2) reduces to the 

simple equation: 

n = qc”2 f l)/(4c”2 i- 3c f I). (4) 

In fig. 1, curve A gives this relation between II and AFI. 
On the other hand, tl becomes minimal for a fixed value 

of4FIwhenkl=k2=k,ork2=k3=k~.lntig.1. 

1 2 3 G AF, 

Fig. I. Dependence of n on M’I (kcal/heme). Curve A repre- 
sents the maximum and curve B the minimum value of n for a 
given AFI under the restrictions mentioned in the text. In the 
calculations a temperature of 2.9 was assumed. 

curve B represents this minimal tz as a function of dF,_ 
Thus as long as k4 2 k3 > kl > k, which seems to hold 

for human hemoglobin (at least in the absence of at- 
losteric effecters as 2.3-diphosphoglyceric acid) [8,9j , 
any observed combination of II and L&t should fall in 
the regian between curves A and B in fig. 1. For example 
tz for human hemoglobin at neutral pH is found mostly 
near 2.7. From the curves presented in fig. ! it follows 
that in that case ?&, should vary between 2.2 and 3.3 
kcal per heme as indeed usually is found. The figure 

further shcws that an increase in AFI does not neces- 
sarily correspond with an increase in tz and vice versa. 

3. The allosteric free energy aF, 

As stated in the introduction 4F, stands for the 
standard free energy change of the transition 

where CC& represents the non ligated hemoglobin te- 
tramer a;d T and R the tensed deoxy and the relaxed 

oxy conformation, respectively. When ligand binding 
can be described by the two-state modei [S] , MA is 
equal to RTlnL. L being the allosteric constant. Our 

aim is to obtain an expression for M, in terms of 

Adair constants by considering the reactions 

and 

W,l R +40, -+ [~2(O,),P2(O&l p.- (7) _ _ 

The free energy change associated with reaction (6) is 

the total free energy of oxygenation AFO_ The free 
energy change of reaction (7) will be represented by 

AFR _ It will be clear that MA is equal to AFO - MR. 
AFO is simply given by 4RTlnp,, pm being the me- 

dian oxygen pressure [4] whereasp, is refaced to the 
Adair constants by the relation& = (k,k,k,k,)‘l 
[6,8]_ For the determination of LSR we will assume 
that before the last ligation step takes place, the mole- 
cule has switched over from the T to the R state. In the 

model proposed by Perutz [l] a conformational change 

has been suggested after the binding of the second ligand. 
Kinetic experiments [ 10, II] , non-linear relationships 
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between fractional saturation and structural changes 
of hemoglobin as observed by electron paramagnetic 
resonance [ 121, nuclear magnetic resonance [ I31 , 
ultraviolet spectroscopy [ 141 and the release of 2,3- 
diphosphoglyceric acid [ 15, 161 seem to support in- 
deed that at least the binding of the last ligand takes 
place when hemoglobin is in the relaxed conformation. 
Theoretical considerations support this view [6,8, 17- 
19]_ Indicating the affinity constants of the reactions 

rQ#$,(o,), 1 R + 02 + [Q$O~)~P~(O~)~I Rv (8) 

[q~~~*P~(o*~l R + 0, + b~(O~)~P~(O~)~l R (9) 

by a4 and b,, respectively, AFR becomes -RTlnazbz 
and so 

AF A =RTIna3b2 4 
4 4pnl- (10) 

Unfortunately, values of d4 and b4 are lacking for 
oxygen as a Iigand. Only with n-butyl isocyanide as a 
ligand have these constants been determined [20]. 
Here it was found that a4 is about two times b4 _ 

However, for k4 we can write k4 = h4b4/(a4 + b4) 

and with a4 =fb4 eq. (10) becomes 

AFA = R Tin (kzp4,) + AFf, (iI) 

where AFc = 2& Tin [cf+ 1)*/4fl. It should be noted 
that Mf is always positive. Eq_ (11) reduces to 

MA = RTln(kzpL) = RTh(kilklk2k3) (12) 

when f = 1. There are .several’arguments suggesting that 
u4 and 6, do not differ more than a factor 2-3. First, 
the isolated a and p chains have equal or nearly equal 
oxygen affinity [21,22], although an unequivocal inter- 
pretation is obscured by the different association be- 
haviour of the isolated chains; moreover, the affinity 
df the isolated /3 chains has been reported to be equal 
to k4 [22] _ It is also pertinent that on modification of 
hemoglobins or on total dissociation of modified herno- 
globins the cooperativlty mostly reduces but n never 
becomes smaller than 1 [23--251, whereas a difference 
of a factor two in affinity would result in ar, n of about 
0.9 in absence of any cooperativity. 

Studies on artificial cyano- or aquomet intermediates 
of human !-smoglobin indicate a small nofl-equivalence 

of the chains. From reported values of II andplj2 one 
can easily calculate the affinity constants+ and b, 
for the binding of the second molecule of oxygen of 
the intermediates (r& and OL&_ It was found that 
6, is about I.5 to 2.5 timesa, [21,26] _ On the other 
hand, the measurements of blaeda et al. [27] on cya- 
nomet intermediates result in vaIues fora and bz of 
3.9 and 3.4 mmHg_t , respectively, whereas k4 = 4.0 
mmHgt under identical experimental conditions [S] . 

In the case of non-equivalence AF, calculated using 
eq. (12) will be too small. but Lu’i_ amounts to only 
0. I4 kcal when f= 2 and to 0.34 kcal when f = 3, In 
view of the absolute magnitude of AFA this is not a 
serious error so we will use eq. (12) as a very good ap- 
proximation- 

We now want to make some remarks about 4FA_ 
By rewriting eq. (12) in the form 

AFA = MI f RTin(k~lkZkx), (13) 

it follows that AFA = AFt when k, = kx = k4 and 
AFA = 3AFr when kt =k2=kj.SoAFIGAFAG 
3AFI. The limits MA = AFt and AFA = 3AFt corre- 
spond with a minimal value of n. whereas the maximal 
value of n may be observed when AF, = 2AFI. Since 
AF’, ranges from 2.2 to 3.3 (see above), MA should 
vary between 2.2 and 9.9 kcal/tetramer. it should be 
noted here that bF, has been defined per tetramer and 
MI per heme. 

It should further be recognized that the occurrence 
of Adair parameters in the several equations does not 
mean that the validity of these equations depends on 
the validity of the Adair equation (1). If a different 
starting model was used odier formulae would appear. 
However, applied to the same experimental data, the 
same vaIue of WA should be found. In other words, 
the value of MA is of course independent of any model. 
The difference between the way of calculating LW, as 
presented here and that of Noble [3] is evident. The 
approximation introduced by Noble is that in eq. (10) 
p,,, is equated to prj2 and n4 to b4, taking for the last 
two the affinity of the isolated chains, thus assuming 
that this affmity does not change if an isolated chain 
is embodied in the tetrameric relaxed hemoglobin mole- 
cule_ 

It should Se xalized that MA changes when eXperi- 

mentai condftirIns as pH, temperature, ionic strength, 
protein concentration and concentration of allosteric 
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effecters are varied. We briefly want to discuss the 
temperature and pH effect- The temperature effect is 
relatively small: in the region 20-30”, AFA does not 
change significantly according to the results of Imai 
and Tyuma [28]. The pH dependence is rather large 
and results from the change in p,,2 with pH. As long 
as k4 remains constant, which seems to be the case in 
pH region 7.0 to 7.8 [22], this change in 4F, is given 
by 4 RT(Alnp,). This means that AFA decreases con- 
tinuously from pH 7 to iligher pH. For example, from 
the data of Bunn and Guidotti [29) one finds a de- 
crease in tiA of about 1.7 kcal going from pH 7.0 to 
7.8 (0.03 M bis-tris, O-0 1 M Cl-, equating pm to pt& 

Applying eq. (12) to the Adair constants reported 
by Roughton and Lyster [9] for human hemoglobin 
(pH 7.0.0.6 M phosphate buffer, 19O) and to the data 
of tmai [S] (pH 7.4,0.05 M bis-tris buffer, 25”) one 

can easily calculate a value for MA of 5.7 kcal and 
4.7 kcal, respectively_ The difference of 1 kcal between 
the two values can be attributed mainly to the difference 
in pH of the two sets of data. 
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IR spectroscopy was used to define the previous observations of Shimanouchi et al. on tSe polymorphism oi 
guanosine in the solid state. It is shown that form II is guanosinc in its crystal form while form I is the helical tetra- 
merit gel. This work was extended to t3-bromoguanosine which also shows polymorphism_ It is shown that one of the 
forms ([I is also that of the helical gel. 

I _ Introduction 

In the field of nucleoside chemistry guanylic com- 
pounds are probably unique [2] _ The high degree of 
rotational freedom of the base around ihe glycosidic 
linkage makes the guanosine derivative conformation 
very sensitive to environmental changes and in particu- 
lar to protonation [3,4]. Also, only guanosine and its 
analogues are known to form gels in concentrated aque- 
ous electrolytic solutions [S, 61 and there is now in- 
creasing evidence [7- I21 +Gch supports the tetrameric 
arrangement between guanosine residues proposed by 
Gellert et al. [6]. 

in solution, infrared spectroscopy would afford a 
major contribution to the structural investigation of 
these helical aggregates, if the technique were not 
strongly restricted by the presence of water in the gel 
formation. In this respect, Raman spectroscopy appeared 

i Part 11 is ref. [I]_ 
Boursier de ThOse du C.E.A. <1968- 1973). This work is part 
of the Thesis of J.F. Chantot, which has been presemed to 
I’Universitb de Paris-Sud (Centre d’orsay). 

to provide a more sensitive method [ 131 which could 
give much useful information on the base stacking and 
the backbone conformation of these pseudo-polymers 

r141- 
Most of the experiments with monomeric guanosine 

have been carried out in deuterium oxide [ 1%181 or 
in Nujol [ 19, 20]_ In the solid state [21], two forms 
were observed in Nujol for neutral guanosine with quite 
different spectra in the iange 1500-1800 cm-l _ In- 
frared spectroscopy is used here in a first attempt to 
precise the observations made by Shimanouchi et al. 
12 I] and to study .the polymorphism of guanosine and 
8-bromo-guanosine in the solid state when included in 
potassium chloride matrices and to compare its infrared 
spectra with those of the gels drawn from aqueous solu- 
tions. 

2. Material and methods 

Commercial guanosine (Merck, Darmstadt, Germany) 
was recrystallized from water to yield guanosine di- 
hydrate. 8-bromo-guanosine dihydrate was prepared as 
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previously reported [Sl _ The 

samples were 

examinated 

pellets which gave well resolved spectra. Infrared 
measurements 
viscous gels which were to dry on nickel grids 
or CaF, plates or from ground solid fibers [7] inclcded 

spectra were recorded in 
and sulphoxide 

3. 

3.1. 

Early this it observed depending 
the of of sample. 

ferent were for (Guo). 
suspension Guo in gave spectrum 

of 1 was to of films 
sample on or plates. the 
did vary markedly when these mulls or films were 
subjected to large temperature changes from - 150 to 
25°C. In KC1 pellets, the most interesting feature is 
that the spectral response was strongly dependent on 
the thermal treatment of the sample. In fig. 1 is shown 
the spectrum c at room temperature of Guo dihydrate 
in a KC1 pellet without previous heating (form II). If 
the same pellet was first heated for a few minutes at 
120--130°C. then spectrum d of fig. 1 was obtained 
(form I) with an enlarged absorption intensity around 
1695 cm-l and disappearance of the peaks at 1635 and 
1735 cm-l _ On the other hand, if Guo dihydrate was 
heated to 120- 130°C before making the KC1 pellet, 
form II (spectrum c) was observed again, even if the 
disk was subjected to further heating. In return, a sam- 
ple which had yielded form t could be readily recon- 
verted to form 11 by dissolving in water, drying in air 
and then making z new pellet. This excluded any thermal 
degradation_ The conditions are summarized in rhe 
legend of fig. 1. 

If gels of Guo were allowed to dry slowly on grids 
at S”C, no precipitation occurred_ Samples prepared 
in this way also yielded spectra identical to form I 
(spectrum d). 

form II 

form I 

tlberr 

> 
1800 1600 I400 em-’ 

Fig. 1. Infrared spectra of Cue at room temperature. Conditions: 
(a). Nujol mull of Guo; (b), DMSO solution-of Guo; (c), crys- 
talline Cuo in KC! disk; cd). Guo in KCI disk. The pellet wns 
heated to l?O- 130°C for a few minutes before taking the spec- 
trum: (e). fibe:; 2wwn from Guo gel solutions included in 3 
KC1 pellet. 

In a further attempt to clarify this point. fibers of 
Guo were drawn from aqueous gels as for X-rays fiber 
diffraction [7] _ The fibers were ground with KC1 to 
make a pellet (spectrum e). Again, form I was obtained. 
On some occasions mixed forms I and II were observed. 
Since Guo gels sometimes give rise to local precipita- 
tions, this resuit is not surprising. 
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J c 

1600 1600 1400 cm-’ 

Fig. 2. Infrared spectra of 8BrCuo at room temperature. Con- 
ditions: fa), DMSO solution of 8BrGuo; (b), crystalline 8BrGuo 
in KCI dis$ cc). 8BrGuo in KC1 disk. 7he sampIe was heated to 
120- 130 C a few moments before making the pellet; (d). 
8BrGl;o in KCI disk. The pellet was tirst heated for a few minutes 
before taking the spectrum; (e). fiber7 drawn from 8BrGuo gel 
solutions included in 3 KCI pellet. 

3.2. 8-bromo-guanositte 

In fig. 2, the spectral results on 8-bromo-guanosine 
(8BrGuo) are presented. Three forms can be clearly dis- 
tinguished. Form II (spectrum b) was obtained from 
KC1 pellets of the crystalline product_ If the pellets 
were heated to 120°C, then a transformation into form 

I (spectrum d) took place. But in contrast with Cuo, a 
third form (form III, spectrum c) was observed when 
SBrGuo hydrate was heated a few moments to 120°C 
before making the pellet. The disk, in turn, did not 
give rise to noticeable spectral changes on further heat- 
ing_ Conversely. pellets which w?e form I or III could 
be redissolved in water and dried in air. New disks pFe< 
pared from these powders gave spectra characteristic 
of form II. Visibly, no thermal degradation was involved 
in these transformations_ As for Guo, gels of 8BrGuo 
deposited on grids or dried gel fibers pelle:ed with KC1 
yielded spectrum e, characteristic of form I. It can be 
noted that a mixture of KCI and guanine nucteosides 

in water, dried to 120°C and then pelleted also gave 

form I. 

Gels formed in zH20 in the presence of KCI (fig. 3) 
showed very similar shape to those of the dried fibers 
(fig. 2). Increasing the temperature, a gradual shift of 
the bands at 1690 cm-l, v(C=O), to 1670 cm-t and 
of the ring vibration at 1592 cm-t to 1580 crnmL was 
observed in amdogy to these observations on guanosins 
3’ and 5’-phosphate [ 151. 

4. Discussion 

Shimanouchi et al. 1211 had already mentioned the 
existence of two forms for neutral Guo in Nujol mulls 
which gave two very different infrared absorption spectra 
without studying this dimorphism in detail. Unfortu- 
nately, no details about the obtainment of the different 
forms were published which would allow the comparison 
with our results_ The two sets of data may be correlated, 
however, by a close resemblance in the reported spectra_ 

If one compares, in the region I500- 1800 cm-l, 
where the z&=0) and 6(NH2) bands are located, the 
spectrum of 8BrGuo (Guo is very similar) in DMSO 
with that in 2H20 (figs. 2 and 3), the disappearance of 

the 1635 cm-l band in DMSO by deuteration is partic- 
ularly noteworthy. This band corresponds therefore to 

the angular deformation vibration of the NH, group. 
The band at 1688 cm-t in DMSO (1692 cm-l for 

Guo) is displaced to 1680 cm-l in KCLcontaining 
2H20 (gel). It is probably due to the valence vibration 
of the C=O group. The displacement results from the 
variation of the dielectric constant and from the forma- 
tion of hydrogen bonds with the carbonyl group (te- 
tramer formation) which do not exist in DMSO. 
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1600 f6OO 1400 cd 
r 

0.0 

I . . * * * ’ * 
20 40 60 60 “C 

Fig. 3. Infrared spectra in *Hz0 solution of BBrGuo (O.lM; pD 7; 5Clp path length: O.lM KC0 as a function of the temperature. In- 
sert: melting curves of 8BrCiuo. AI 1680 cm-l; a: 1580 crx-‘; o: 1592 cm-l; -I 1518 cm-‘. The lack of a plateau at higher tempera- 
tures resuhs from incomplete melting d ae to the high thermal stability of this gel [ 8]_ 

The bands below 1600 cm-t can be attributed to in- 
plane ring skeleton vibrations of the puke rings and 
show very little displacement if the solvent is changed. 

In case of Guo or SBrGuo gel formation (figs. 1 and 
2, spectra d and e) the absorbance at 1690 cm-t is greatly 
increased (compared with crystalline form or in DMSO). 
It appears reasonable to suppose that the vibration 
y(C=O) and 6QJH-J are superimposed. This implies that 
the wavenumber of the latter vibration increased, if 
hydrogen bonds are formed. This is represented in the 
heating curdes (fig. 3) where the wavenumber of the 

band at 1680 cm-t decreased by 10 cm-1 between 20 
and 80°C. Similar observations were made by Miles and 
Frazier [ 151 for the melting of guanylic acid gela The 

ring vibration at 1592 cm -* at 20°C is displaced and 
split into two bands indicating the liberation of the 
purine rings from the tetramer stack at higher tempera- 
tures. 

Comparison of the solid state spectra of GUO and 
8BrGuo (figs. 1 and 2) shows very significant differences 
on the r&=0) level (band at 1735 cm-* in Guo, ab- 
sent in 8BrGuo). This indicates that less (or weaker) 
hydrogen bonds are formed in the case of Guo than in 
8BrGuo crystals. Inspection of the published crystal 
structures of these two compounds [22,231~ which 
are considerably different in many respects. confirm 
this idea. While in 8BrGuo [22] the carbonyl group 
forms two hydrogen bonds (with NH of its neighbour 
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and with a H,O molecule), mainly one hydrogen bond 
(with the amko group of its neigbbour) seems to exist 
in Guo, while one of the hydrogen atoms of one water 
molecule is shared by hvo carbonyl oxygen atoms [231, 
i.e.. only one carbonyl of every two has a water hydrogen 
bond. 

in DMSO the two compounds show great similarity, 
indicating that the suppression of the hydrogen bonds 
in the crystal renders the C=O group quite similar in 
both cases. On the other hand, the 1530 cm-l band in 

Guo (fig. I) is displaced to 1512 cm-t in 8BrGuo (fig. 
2). This substitution effect makes it probable that we 
deal with a ring deformation vibration of the purines. 
A similar displacement is observed in the spectra of 
form I of Guo and 8BrCuo which is the main difference 
between the two compounds. 

As stated above, the spectra observed in KC1 pelIets 
of Guo and 8BrGuo in form I and in dried gels or fibers 
are quite similar (see figs. 1 and 2, spectra d and e). The 
following additional points can be made: 
- Gels of 8B1Guo prepared in 2H,0 (0. I M KCl) at 
20°C gave spectra characteristic of form I taking into 
account the isotopic effect of deuteration (fig. 3). In- 
crease of the temperature from 30° to 80°C (at which 
monomers are mostly present) produced profound 
changes and the high temperature spectra showed es- 
sentially the characteristics of form II. 
- in T previous study [9], it had been observed that 
certain Guo analogues only formed gels. While 2’, 3’ 
substituted Guo derivatives easily led to aggregation, 
this structuration did not take place in 5’-0-acetylated 
Guo. S’-O-acetyl-Guo and 2’,3’.5’-tri-0-acetyl-Guo were 

therefore subjected to the Same treatment as Guo. De- 
spite repeated attempts, oniy one spectral form was ob- 
served, similar to form 11 (considering the effects of 
acetylation). 3eoxyguanosine has been found to awe- 
gate in concentrated aqueous solutions. This compound 
showed a clear shift towards the spectral form I for the 
helical structure_ Heating of this nucleoside, however, 
produced irreversible changes, probably due to partial 
pyrolysis. 
- Although circular dichroism is not well indicated for 

various powders drawn from ground pellets correspor?d- 
ing to the different forms of the two Guo derivatives_ 
In form I, unit repeat at IO.5 i% for Guo and at 7.2 A 
for 8BrGuo was observed which cannot belong to the 
corresponding hydrates in form II. Comparison of this 
result with those found by X-ray fiber diffraction [71 
shows that the above periodicities can be roughly re- 
lated to the distances between the two nearest mole- 
cules of Guo or 8BrGuo in two adjacent tetramers. 

It appears therefore reasonable to assign form I of 
Shimanouchi et al. 1211 to the helical tetrameric form 
of Guo and 8BrGuo while form II appears its crystalline 
form. 

After terminating this work, a paper of Howard 
et al. [ 181 came to our attenti In on the aggregation of 
8-bromo-guanosine-5’-phosphate and its interaction with 
poly(C). While their cocclusions on the band assign- 
ment resemble in many respects those observed here, 
these authors seem to be unaware of the four papers 
published on many Guo analogues in the last four years 
[8--l 11, among that the gel formation of 8BcGuo [8] _ 
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