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The coupling of ion binding to the single strand helix-coil transition in poly(A) and poly(Cc) is used to obtain informa- 
tion about bcth processes by ion titration and field-jump relaxation methods. Cbaracterisation of the field-jump relaxation 
in poly(C) at various concentrations of mcmov~ent ions leads to the evaluation of a stability constant K = 71 SF’ for the 
ion binding to tire polymer. The rate constant of helix formation is found to be 1.3 X 10’ 5-r 
is 1.0 x iO6 s-l. Simii data are presented for pa& (A) and POSY (dA). 

, whereas the dissociation rate 

The intesaction of Mg” and Ca*witb poly<A> and poly (C) is measured by a titration method using the polymer absor- 
bance for the indicatios of binding. The data can be represented by a modei with independent biding “sitesl’. The stability 
COnStantz herCase with decreasing sallt concentration from 2=1 X la4 hfr Et medium ionic strengths up to 2.7 x 10’ hrr at 
10~ ionic strength Ihe number of ions bound per nucleotide residue is in the taage 0.2 to 0.3. Relaxation time constants 
associated with hfg* binding are chancterised over a broad range of hlg* concentrations from 5 p&I to 500 pM. The ob- 
served r*r=centztion dependence SUPPO~S ihe conclusion on the number of binding places inferred from equilibrium 
titratiot$ Ih,” r2’o-z of hfg* and Ca*associztion to the pzymer is,c!ose to the limit of diffusion control <kR = 1 x lOLo to 
2 X 10 &i- s 1. This high rate demonstrates thet big and Ca M~S do not form inner-sphere complexes with the poig 
nuclcc$des. Apparentty the d%a.nce between two adjacent phosphates is too kge for a s~u~~~us site binding of Mg 
or Ca , urd inner sphere complex&ion at a single phosphate seems to be too we&. The data support the view that tie ions 
like hfgc, and Ca* surround the polynucleotides in the-form of a mobile ion cloud witbout site binding. 

1. Introduction 

Many of the biological macromolecules are poIy- 

electrolytes. Owing to their high charge density the * 
conformation of these molecules is strongly influenced 

by the concentration and the type of counterions pres- 

ent in solution. A small change in the ion concentration 

may induce a great alteration in the confo~ation of a 

macromolecule. Tkus tie interactions between poly- 

electrolytes and their counterions have a regulating 

function upon the structure of the polymer. 
The most detailed experimental data on these ef- 

fects were collected for various polynucleotide sys- 
terns [I--4]. Becaw of their w&defined, regular 
structure nucleic acids were also used as convenient 
models for theoretical work [S-8]. By various experi- 
mental investigations it was demonstrated that there 
is a strong association between counterions and poly 

nucleotides [S--14]. However, it has not yet been pos- 
sible to demonstrate convincingly which type of bind- 
ing prevails. TWO types of binding are under discussion: 
diffuse binding and site binding [15,16]. In the first 
case the ions are simply attracted by the electrostatic 
potential of the polyelectrolyte and form a highly mo- 
bile ion cloud around the polymer. In &e case of site 
binding the ions go to specific binding places. The dis- 
cussion on the types of ion binding presented in the 
literature makes apparent that it is very hard to dis- 
tinguish these different types on the basis of the avail- 
able equilibrium data. 

in the present investigation the problem of ion bmd- 
ing to polynucleotfdes is approached by the measure- 
ment of both equilibrium and kinetic parameters. Single- 
stranded poiynudeotides were used as mode1 systems. 
The structure of the single strands is more flexible than 
that of double helices. However, in thC case of the strongly 



384 D. P&schke/Ion condensation to polynuckocides 

stacked polymers, like poly(A) and poly(C), the mol- 
ecular dimensions are rather well defied [2,17] _ The 
formation of a defied structure is due to the stacking 
interaction between adjacent nucleotide residues, 
which keeps them in a helical order with a distance of 
3.4 A between subsequent bases [ 18,191. A particular 
advantage of these molecules as a model system is their 
ability to function as indicators for ion binding to them- 
selves. Moreover the indication is fast enough to Follow 
the kinetics of ion binding by spectroscopic techniques 
[20,21]. The field jump method [3_2] is used to dis- 
place the equilibrium and to measure the relaxation 
due to ion binding. The parameters obtained from 
these investigations provide new quantitative informa- 
tion about ion binding in polynucleotides. 

2. Materials and methods 

Polynucleocides: Poly(A) and poly(C) were obtained 
from Boehringer Mannheim, GmbH. Poly(dA) was pur- 
chased from PL Biochemicals, Inc. The polymers were 
subjected to an exhensive dialysis against 10 mM Tris 
at pH 8.0,l mM EDTA, then 10 mM Tris, 0.5 mM Tris 
and finally for a period of a few hours against two chan- 
ges of quart-distilled water. The dialysis was performed 
(and the material subsequently stored) in vessels made 
from polypropylene, in order to avoid any ion contami- 
nation from glassware. The Mg* and Ca- content was 
checked using a pye Unicam SP 90 B Serie 2 atomic 
absorption spectrophvtvmeter. Lac13 was used as a 
masking agent. It was found that the dialysed polymers 
contained less than one Mg* or Ca# per 1000 nucIeo- 
tide residues. A(pA)13 was isolated as described pre- 
viously 123 ]. Concentrations were determined on the 
basis of the following extinction coefficients valid at 
high monovalent ion concentration (0.2 M, 20°C): 
poly(A), ~257 = IO000 cm-l M-t ; A@A)jx, ‘258 = 
I0200 cm- t M-t ; poIy(C), ~~~~ = 6300 cm-t M-L. 

Photometric titrations were performed in a Zeiss 
PhlQ III spectrophotometer using thermostated cuvette 
holders. Ions were added from a Hamilton syringe us- 
ing an Agla micrometer syringe outfit. The pH of the 
polymer solutions was adjusted before the titrations 
to a value of 8.0 by addition of small amounts of 
NaOH. Titrations with buffer concentrations below 
0.5 mM were performed under a nitrogen atmosphere, 
in order to avoid pH shifts by CO, absorption, which 

may result in the formation of doubIe helices from 
poly(A) and poly(C). The relative accuracy of absor- 
bance readings (within a given titration experiment) 
was f 0.00 l_ Absorbance spectra were taken by a 
Gary 118 spectrophotometer. 

Relaxation experiinems were conducted using the 
tieid jump apparatus developed by Griinhagen [24]. 
The application of electric fields to solutions of single 
stranded polynucleotides caused both chemical and 
orientational effects. For the selective investigation 
of the chemical processes the relaxation was observed 
with polarised light with the polarisation plane in- 
clined at 54.8” with respect to the vector of the eIec- 
tric field [25]. It has been shown previousiy that this 
technique allows the separation of the chemical and 
physical effects [26] _ In the case of the polynucleo- 
tide-Mg* systems orientational effects are much 
greater than those observed without addition of Mg* 
(reduced dichroism AeJe for poly(A) f Mg* up to 
-0.9). Thus the conditions For the selective observation 
of chemical effects had to be fulfilled very accurately. 
An air spaced Clan-prism (from B. Halle, Berlin) served 
as polariser. The optical parts had to be adjusted very 
carefully. The main technical problem came from shock 
waves induced by the field jumps. These shock waves 
caused strain in the observation windows of the meas- 
uring cell, which in turn resulted in birefringence and 
rotation of the polarisation plane. In order to avoid 
these perturbations the quart windows of the measur- 
ing cells had to be selected and inserted extremely care- 
fully. The cell contained a sample volume of about 
1 ml. matinum electrodes covered the sample volume 
at a distance of 6.7 mm. The light path was 8.5 mm. 
Urdc~s indicated otherwise, the relaxation was ob- 
served at h = 248 nm. Time constants were evaluated 
from the relaxation process observed, when the field 
was turned off, i.e., at zero field strength. A simulator 
for exponential curves devetoped by C.R l&b1 (pub- 
lication in preparation) was used for data fitting- The 
time constants reported are average values obtained 
from 5 to 10 jump experiments. 

Temperature-jump measurements at high ionic 
strengths were performed with an improved version 
of the cabie temperature jump apparatus [27]_ De- 
tails about these measurements will be reported sepa- 
rately (D. Piirschke, in preparation)_ 

Computer calculations were performed on the 
Univac 1108 of the Cesellschaft f. wiss. Datenverar- 
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beitung, m-b-H-, Gttingen. Relaxation spectra were 
calculated using a program developed by G. Ilgenfritz 
(publication in preparation). 

3. Results 

3.1. hfonovalen t ion binding 

3.1.1. Equilibrium titration curves 
In a previous investigation 1261 it has been shown, 

that the helix coil equilibrium of single stranded 

poly(A) is influenced by ion binding- Low ionic 
strengths lead to an increase in the UV absorbance 
around 260 nm indicating a decrease in the number 
of stacked residues. A similar phenomenon is ob- 

served in single stranded poly(C) (cf. fig. 1). The ionic 
strength dependence can 5e readily explained by the 
fact that the single strand helix is characterised by a 
higher charge density than the extended coil form of 
the polynucleotide. Thus an ion depletion will lead to 
the dissociation of stacks and the formation of an ex- 
tended coil form. In contrast to poly(A) and poly(C), 
equilibrium titration curves performed with poly(dA) 
do not show similar changes of UV absorbance, al- 
though it has been demonstrated that there are strong 
stacking interactions in poly(dA) [28] _ The difference 
may be due to a peculiar spatial arrangement of the 
nucleotide residues in poly(dA)_ There is independent 
evidence for a specific poly(dA) structure [28,29]. 

More quantitative information about the coupling 
of ion binding to the helix-coil equilibrium can be 
obtained from relaxation experiments_ By a short 
puIse of electric field the ion-helix-coil equilibrium 
is shifted [26] and, when the pulse is terminated, 
the relaxation towards equilibrium is observed_ Both 
poly(C) and poly(A) exhibit a single relaxation pro- 
cess, when the polymer solution contains monovalent 
ions such as sodium or tris ions. The relaxation pro- 
cess is strongly dependent upon the ionic strength 
(cf. fig. 2). The time constant of this process is not 
affected when tris ions are exchanged against sodium 
ions provided that the ionic strength is kept at the 
same value. At low ionic strengths there is a linear 
dependence of the reciprocal relaxation time upon 
the ionic strength. When the ionic strength is increased 

I . i 

Fig. I- Absorbance of poly(C) at 280 nm as a function of the 
ionic strength (tris ions, pH 8, 20°C, cp = 0.15 mW). The line 
represents a least-squares fit according to a model with indc- 
pendent ion binding sites on the polymer (interrupted line = 
limit absorbance at high ionic strength). 
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Fig. 2. Reciprocal relaxation time l/7 as a function of the ionic 
strength (tris ions, pH 8, 20°C, cp = 0.08 mXI). The line is caI- 
culated according to eq. (2) with -he parameters given in 
table I [interrupted lime - knit slope according to eq. (3)1_ 
ITte limit I/r vatue at high ionic strength (I.05 M) is 14.1 ~.~s-l 
(measured by temperature-jump method). 

ta medium values a deviation from the linear depen- 
dence is observed_ Finally at hi&h ionic strengths the 
relaxation times attain a constant level. 

A kinetic scheme consistent with these relaxation 
data is given by 
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kox kt2 
1+c =+ I-C ++ I-H 

kro kar 
(I! 

where the bimolecular step represents the binding of 
the ions I to the polynucleotide C (in the coil form) 
followed by an intramolecular step representing the 
stacking or helix-coil reaction. This reaction scheme 
is character&d by two relaxation processes. If one of 
the reaction steps is fast compared with the other, a 
simplified expression can be obtained for the time 
constant of the slaw process. When ion binding is as- 
sumed to be fast compared with the stacking reaction, 
the rebucation time for the stacking reaction is given 
by C301 

(2) 

with k& = kOl (ci f cc), where ci and c,__ are the free 
concentrations of ions and binding sites (coil form) 
respectively. At Iow concentration (F& <kro) eq. (2) 
may be simplified further to 

This relation is used to derive the terms k,, and 
k12 ko#clt, from the first linear part of the I[r 
V~XSUS (Ci f cc) plot represented in fig. 2. At high ion 
concentrations, where k& S klO, the relaxation time 
is given by 

The relation (4) is used to derive the rate constant k12_ 

According to this procedure the rate constants k, 1 
and kzl as well as-the pre-equihbrium constant kb;/klo 
can be obtained directly from relaxation measurements. 

It has to be demons&ted, however, that the assump- 
tion made about the rate of ion binding is justified_ 
Complex formation invohring UnivaIent ions is known 
t0 be a Very fast process [3 I J. Since in the present 
case there is hardly any chance for chelate formation, 
the rate will be diffusion controlled; i.e., kor =$ 1 X 
lOLo M-t s-l. Using an estimz&ed value k /k z 

100 M-I the rate constant k10 is about 10 ‘8” fp s” . Thus 
the relaxation time due to the ion binding 

will be in the nanosecond time range with r~ G 10 ns 
and the assumption made above clearly is justified. 

Relaxation data were obtained for three different 
poIynucIeotides: poIy(C), poIy(A) and poly(dA). It 
was possible to measure field-jump :elaxation in poIy(dA), 
although this polymer did not exhibit effects in ion- 
titration experiments under eq~b~um conditions, This 
result demonstrates that high eiectic fields cause a sub- 
stantial depletion of the ionic atmosphere around the 
polymer, resulting in a strongly increased electrostatic 
repulsion between the nucleotide residues. 

The data evaluated from the relaxation experiments 
are sumrnarise~ in table 1. The pre-equibbrium con- 
stants for the ion binding are of the same order of mag- 
nitude for aii the polymers. Some dependence upon the 
nature of the polymer is observed in the rates of the 
helix-coil transition. However, the parameters given 
for poly(A) and poiy(dA) can only be taken as purely 
empirical and their interpretation as prebminary. In 
both polymers a second relaxation process [20] is ob- 
served in the long wavelength range @ > 280 run). ‘Ibe 
nature of this process is not yet fully elucidated. A dis- 
cussion of this aspect on the basis of more data will be 
given elsewhere (D. Piirschke, to be published). 

A simple test of the data given in table 1 is possible 
by comparison with the equilibrium titration curves, 
The curye presented in fig. 1 was analysed using the 
following model: (I) Ions bind to independent binding 
sites at the polymer according to the law of mass ac- 
tion. (2) Each binding step makes the same contribu- 
tion to the absorbance change. The number of binding 
sites cannot be determined in the present case, since 
the ligarnis are present at much higher concentrations 
than the polymer binding sites. The equilibrium con- 
stant is defied according to 

Table i 
Rate parameters of the sir&e strand heI& coil transition in the 
presence of monovalent ions at 20°C. [Deftition of parameters 
corresponding to eq. Cl)] 

Polymer k&m 

PO~YiC~ 71 
~01~ CA) =I 61 
poly(dA) a) S? 

a)tbeliminarVdata, cf,text 



where eh is the concentration of the occupied ~mairdy 
h&c@ sites, Least sqriares fietistg of the titration 
curve given in fig. 1 led to a value K = 23 X 103 M-l, 
which is in reasonable agreement with the product 
K = (k&kiO)(l f kIdk2L) = 990 M -1. 

Wnen div&nt ions like Mg* or C.s* are added 
to desalted poly(C) or poly(A), substantial changes 
of the poZynucfeotide absorbance are observed (I% 
fig.‘f). These changes are attributed to zm increase in 
the nurntrer of stacked bases due to a decrease of the 
electrostatic repulsion. Such effects were observed 
previously [I 1,321, but have never been used for any 
quantitative analysis of ion bindig. Ibis is prabably 
due to the fm~t that a direct quantitative ana&sis has 
to be based upon an assum@ion about the rehition be- 
tween the absorbance change s.nd the degree of ion 
binding. in the following it will be assumed that the 
absorbance change is a linear function of the degree 
of ion binding. The titration curves may then be ana- 
lysed accordirrg to models of varying complexity. It 
was found, however, that the experimental data can 
be represented very at~~ately by a simple mod& AC- 

cordfrtg to &is model there is a number ofbindii~ sites 
IE per nucfeotide residue (with n usually smalkr than 1). 
The binding of the ions to these sites is described by the 
lawofmass actianwithastabili~constant 

Wh@TecC,Ch &dcSfe are the equihbrium toncentra- 
fions of the free sites, occupied sites cod the ions res- 
pectively. The relations of mass conservation are 

P =tti fc=* @I 

with CL t total ioxx concentration -and cP 1 total con- 
centration of nucleotide residues. The information 
available from the titration curve is the ratio CC meas- 
ured at various ion concentrations 

cr = c& = CE, - QI(E - Ef), (9) 

where E is the absorbance at a given ion concentmtion, 
EQ the absorbance before the addition of ions and Ef 
the Limiting absorbance approached at high ion concen- 
tratiors. A combination of the equations (6) to fs) 

E 

Fig. 3. Specimd ~frange ofpoIy(e) upon addition af Mg* iatt$ in 0.S m&i tris, pH 8, c - &147 mhr. Tota! hfg* concentrations: 
(1) C 0.5 PM; (2) 8.2 KM; (3) X9,1 pM; (4) 46.3 &MI, 



388 D.P~~ci.kelloncondensorion topoIynucleor&ies 

yields by rearrangement 

According to this equation a plot of ty versus c~&/or 
+ 1) should result in a strai&t line. An example is 
given in fig. 4b, using the data of the titration curve 
represented in fig. 4a. Within experimental accuracy 
a linear relationship is obtained. The slope is equal to 
the stability constant K, and the number of binding 
places n can be calculated from the point of intersec- 
tion at the abscissa. The graphical evaluation accord- 
ing to eq, (10) yields parameters (K= 1.8 X LO6 M-t; 
n = 0.18) which are in close. agreement with parameters 
obtained from a feast squares computer evahratian of 
the titration curve (K = 2.2 X 1 O6 M-t; n = 0.19). 
The validity of these parameters was tested by tide- 
pendent titrations at a nucIeotide concentration hi&or 
by a factor of 5. Both parameters, K and n, were equal 
to those @en above within experimental accuracy_ 
Titration data were collected far Mg* and Ca* bind- 
ing to poly(A) and Mg* binding to poly(C). The re- 
sulting parameters are compiled in table 2. 

37L 

Table 2 
Stabi3ilyconstantsK andnumber ofbhiingplacesnobtained 
ftom titration curyes. (Average values obtained from seved 
titrations; estimated accuracy 5 2lN4 

System Tris-buffer con- R n 
centmtion (m&f) W ) 

- _~- 

&y(A) + Mg - 2.7 X 10' 0.29 
0.L 1*8X 10' O-30 
0.2 1.6 X 10' 0.31 
0.5 3.8 x 106 0.22 
2.0 1.1 x LO6 0.22 

10.0 1.9 x 10s 0.19 
20.0 27x 104 - 

polyCA)+Ca 0.5 3.6 X lo6 0.23 

poiy(C) i- Mg 0.5 2.0x lob 0.20 
- 

The deoxyribopolynucleotide polyfdA) showed 
rather small changes of absorbance when MgH or Cati 
ions were added. A least squares analysis of these data 
indicated a slightly lower binding affinity of Mg* to 
poly(dA) than of Mg++ to poly(A). However, because 
of the rather hia& error involved in the poly( 

5 

a 

4 

- 

/ 

J evaha- 

Film. 4. (a) POSY(C) abrarbance at 280 nm as a function of the total hfg* concentration (20%. cP = 2.94 X lo-* hfj. The tine repre- 
sents a least squares fit according to the model described in the text (intecrupted line = limit absorbance at high Mg concentration). 

@) Titration data shown in fs 4a plotted according to eq. (10). 



tion, these data are not included in table 2. 
An OligonucIeotide, A&NA)~~, was also tested for 

its Mg*-binding properties. The titration curve ob- 
tained was the only one which could not be fitted ac- 
cording to the model described above. A best least- 
squares fit was obtained for K = 1.2 X lo5 M-L and 
n = 0.07 (corresponding to one bindin site per oli- 
gomer; titration at 0.2 mM Tris). However, the fitted 
cwwcs deviated clearly from the experimental paints, 
mainly at high MgCe concentrations. These deviations 
are probably due to “end effects”, which are expected 
to be more apparent in an oligomer than in polymers. 

3.22. Relaxation experiments 

The dynamics of bivalent ion binding to polynu- 
cleatides were studied by the field jump method [22, 
26]_ AU experiments were performed in the presence 
of tris buffer, in order to ensure constant pH values. 
An example of the relaxation observed in the poly(C)- 
big+-+ system is represented in fig. 5. Two relaxation 
processes are clearly separated. The slower one is as- 
sociated with an amplitude of about 30% of the total 
amplitude. The nature of the two processes could 
clearly be demonstrated by the characterisation of 

their concentration dependence. When the tris concen- 
tration was increased at constant Mg* concentration. 

the time constant of the “fast” process TE was de- 
creased, whereas the time constant of the slow pro- 
cess 7S remained almost unchanged. Furthermore the 
time constant obtained for the “fast” process at a 
given tris concentration agreed well with that meas- 
ured in the absence of Mg* (except at high Mg* 
levels). Thus the “fast” process is associated with the 
biding of tris ions to the polymer. The “slow” pro- 
cess, associated with the Mg” binding, showed 2 very 
characteristic concentration dependence (cf. table 3). 
At a fixed polymer concentration the time constant 
of the ‘Lolls process” shows rather little dependence 
upon the Mgtt concentration, as long as the Mg- con- 
centration remains below 2 certain limit. At higher 

Mg* concentrations a rather strong concentration 
dependence is observed. FinaUy at high Mg* levels 
the “slow” and the “fast” relaxations merge into a 
relaxation curve which is represented by a single ex- 
ponential within experimental accuracy. 

The qualitative explanation of these data is fairly 
simple. Due to the high binding constant of Mg* to 
the polynucleotide almost ail Mg* ions are bound to 

AT T I 

Fig. 5. Field-jump relaxation observed at 248 nm (cf. methods) 
for poly(C) (cp = 59 r&I) at 10 PM Xl&l2 and 0.5 m&C tris buf- 
fer’aftet termination of the field putse (53.7 kV/cm). The time 
units (r) are: (I) 0.5 ws; (2) 2 GS. and (3) LO ccs (each per big scale 
unit). The amplitude units <AZ-) arc 2% transmissi,m change per 
big scale unit. (Starting points are shifted for each experiment). 

the polymer as long as free binding sites are available. 
In this range an increase in the Mg++ concentration 
does not lead to an increase in the free reactant con- 
centration and thus is not reflected by a decrease in 

the relzuation time of the slow process. However, 
when the Mg* concentration exceeds the concentration 
of binding sites, a strong decrease in the relaxation time 
is observed at increasing Mg++ concentration. mus the 
concentration dependence of the Mg* relaxation gives 
a clear indication of the number of binding sites present 
on the polymer. 

Table 3 
Experimental (exp) and calculated (talc) relasstion time con- 
stants Tf and rs for poly(C) as a function of the total Mg* 
concentration c&g (at 0.5 mY tris pH 5, 20°C; ~$2 total nu- 
cleotide concentration) 

c& bW c”p WI) Tf (exp) 5f (talc) 3?; (exp) ~~ (talc) 
--____ 

5 6.5.L 0.65 0.70 11.3 12.9 
LO 59.1 0.67 0.70 10.9 20.7 
3-S 37.8 0.83 0.67 8.1 8.6 
25 60.7 0.68 0.66 7.0 
50 59.9 0.64 0.62 1:; 3.6 

100 58.6 0.47 OS9 - 
200 59.2 0.26 0.32 - - 
500 57.1 0.16 0.15 - - 
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The rate parameters of Mg* binding were evaluated 
by computer simulation of the measured relaxation 
time constants. Several models were tested. ‘Ihe data 
given below were obtained by simulation according to 
the following reaction scheme: 

H=Mg 

c + 21 
2501 ke1 
&e CmI+I * C*I* 

2kro (1 lb) 

kI2jr k21 hZfrb21 

w-t H l I2 

The first part of reaction scheme (1 la) reflects the bind- 
ing of Mg* with a bimolecular step followed by the in- 
tramolecular stacking reaction. The second part shows 
the tris binding reaction under the gumption that the 
binding site for one Mg- can be occupied by two tris 

ions. The rate constants involved in the tris binding were 
taken from the evduation described in section 3.1.2. 
A statistical factor of 2 was employed (cf. eq. 1 lb). 
It may be expected for a first approximation that the 
rate parameters of the stacking reaction reflect mainly 
the properties of the polynucleotide and do not de- 
pend very much upon the type of ion bound, Thus 
the rate constants k2 and k-Z used in the sinrulati~n 

were equal to k,, and k,, respectively. Finally there 
is information about the overall equilibrium binding 
constant 1y obtained from the titration curves. Since 
K = (kl/k_ 1) (1 + k2/k_2) there is only one param- 
et% left, that can be adjusted for simulation of the 
relaxation data. in the case of Mg” binding to poLy(C) 
a satisfactory fit is obtained with a rate constant k, = 
1.3 x 10’0 M-1 s-l_ 

An exampIe of a relaxation spectrum calculated by 
a computer is given in table 4. The nature of the six 
different relaxation processes will not be discussed in 
detail. From simulations at various concentrations and 
from the amplitudes (cf. discussion berow) it can be 
shown that the slow process (N= 1) is associated with 
the Mg* biding, whereas the process & = 3 is asso- 
ciated with the tris birrdimg, The other processes cm 

be neglected because of their fow relative amplitude_ 
At Mg” concentrations above 50 &i the simulations 
yield a rather strong decrease of the amplitude A i, 
whereas the amplitude A3 is increased, accompanied 
by a decrease of ~3. 

Table 4 
Retnation time constants 7 and relative ampl$udes A (%} cat- 
c;Ia?d according to reaction scheme (11). <cam= 3.0 &f, 
CT 0.3 $t, “cp = 12 &?& rate parameters accordi& to 
t ‘ f. and 5. cf. text) 

N W fisl AN 

1 20.7 40.3 

; 
1.05 
0.703 5;:: 

4 0.07 -0.4 
5 0.006 -0.5 
6 0.003 < rob 

As shown in table 3 the relaxation was measured 
over a very broad range of Mg* concentrations. The 
rather close agreement of the experimental and the 
calculated relaxation time constants over this broad 
range demonstrates that the model and the rate param- 
eters used for the calculation are essentially correct. 
There is one disagreement between experimental and 
calculated time constants at c$, = 10 PM, which is 
probably not due to experimental error. According 
to the calculations the value of is should have a maxi- 
mum around co &ig = 10 .KM- It may be that this maxi- 
mum is not found in the experiments, because there 
is some exchange reaction of Mg* ions by direct trans- 
fer from occupied to free binding sites. 

All the calculations presented above were performed 
with n = 0.2 as the number of Mg* binding sites per 
nucIeotide residue. Some relaxation data were caicula- 
ted with different values of n. it could be shown that 
the measured set of time constants are not represented 
as accurately when the value of n is significantly lower 
or higher than 0.2. In particular it was shown that a 
value of n =: 0-S (expected for biding with complete 
charge compensation) is not appropriate for an accurate 
representation of the experimental set of time constants. 

The amplitudes observed in the field jump experi- 
ments contain valuable information abut the equili- 
brium shift in the presence of the electric Reid. Model 
calcuiztions indicate that the relative change of the 
equ~b~um constant for Mg* bhniing depends upon the 
Mg*-to-polymer concentration ratio in a different way 
than does the corresponding change for the binding of &-is. 
This may be due to a different response of the Mg* and 
tris field effects to changes in the charge den&y of the 
polymer. At present there is no satisfactory theory of the 
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Table 5 
Rate constants of ion binding to polynucleotides (definition 
of kt end k-t 2ccordiig to scheme (11); estimated accuracy: 
poLy(C) f 20%, poly(A) and A@A)i3 f 30%) 

Polymer T&buffer 
concenu2tion 
(m,tf) 

Ion k, k 
(&s-r> -I <s-r 1 

POlY c 
POLY A 
PLY A 
A@A)ta 

dissociation field effects [33] in ~o~yele~tro~~es. Due 
to these difficulties the amplitudes are not discussed 
in further detail. The relative amplitudes given in tabIe 
4 are calculated with the assumption that the species 
H- Mg and H - 2L give the same contribution AA to 
the absorbance change, whereas the species E-l’- I con- 
tributes only &4/Z. 

A compiIation of the rate parameters obtained ac- 
cording to the procedure described above is given in 
table 5. me parameters for Mg- binding to A(pA)13 
were evaluated according to the reaction scheme (1 la) 
without consideration of (1 lb), since the amplitude 
due to the tris binding wxs very smrJl in A(pA)L3. 

3.2.3. Temperuture jirnrp relaxation 
‘Ihe field jump method can only be applied at low 

or medium ionic strength. Thus the kinetics of Mg* 
and Ca* binding at high ion concentrations had to be 
studied by the temp~ra~re-jump method [27,30] _ 
Again the stacking of the nucleotide bases was used 
for the indication of binding. It has been reported pre- 
viously that bivalent ions can exert a specific influence 
upon the kinetics of the single strand helix-coil ~CII-E& 

t.ion in poIy(A) [ZO]. In the present investigation, us- 
ing an improved cable temperature-jump apparatus, it 
was possible to resolve the seSaxation curves observed 
previously into further detail. Two different rekxation 
processes were found for poly(A) in the presence of 
5 mM Mg(Jlz and Ct.1 M sodium cacodylate pH 6.9: 
rl = 0.44 W, ~2 = 8 N, amplitude of the slow process 
about 30% at 248 nm. Experiments performed with 
C3* ions under correspon~g conditions a&o showed 
the existence of two different selaxation processes: 
T~ = 0.3 JE, ‘2 = 4 p, amplitude of the slow process 
about 40% at 248 mu. A control experiment using 

poly(C) in the presence of 5 mM !v@& and 0.1 M 
sodium cacodylate pH 6.9 did not show auy slow re- 
laxation process (r < 0.1 ps). All the relaxation time 
constants reported in the present section were deter- 
mined by temperature jumps from 20 to 24°C (ob- 
servation at h = 248 run). 

4. Discussiou 

4. il. Thermodynamics 

The titration method used in the present investiga- 
tion provides a very convenient procedure for the 
characterisation of Mg* and Ca* binding in single 
stranded polynucleotides. Although the evaluation of 
quantitative thermodynamic parameters has to be 
based upon an assumption about the relation between 
absorbance change and degree of ian binding, it seems, 
that the assumption of a linear relation (cf_ section 3.2.1) 
is quite realistic. The results obtained from the titration 
experiments can be subjected to various tests. First of 
all it has been shown that titrations at various nucleo- 
tide concentrations yield the same result. The most con- 
vincing evidence in favour of the thermodynamic data 
is the fact that they can be used for the shmdation of 
the relaxation data without any constraint. Finally the 
data can be compared to some results, which were ob- 
tained previously by different methods. The comparison 
will be arranged according to three different aspects: 

(a) Indepe&enee of binding sires, which was found 
in the present investigation, was reported previously for 
the binding of ?& * to single stranded po~ynuceotides 
[9,10,34]. The binding of this specific ion was studied 
by NMR techniques. Other techniques had to be used 
for the characterisation of Mg* binding. Some data ob- 
tamed by the application of specific dyes [ 11 ,121 and 
also by potentiometry 1131 showed electrostatic inter- 
action between the ~~~d~g sites with a decrease of the 
biding constant as the degree of biding increases. 
Thus the result obtained on interactions between bmd- 
ing sites depends upon the method used for characterisa- 
tion. 

(bj The number of bijzding sites obtained in the pces- 
ent investigation is clearly lower than expected for a simple 
stocbiometry based upon complete charge compensation. 
The experimental results obtained previously on the nun+ 
ber of binding sites are somewhat contradictory. Conduc- 
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tometric titrations performed by Felsenfeld and 
Huang [35] showed a strong point of inflection cor- 

respondin,: to II = 0.29 and a second, somewhat weaker, 
corresponding to )I = 0.5. The authors concluded that 
there is a stochiometry of one bivatent ion to two 
phosphate groups, but did not explain the strong 
point of inflection corresponding to t1 = 0.29. The 
stochiometry in the case of Mn* binding to single 
Ttranded polynucleotides could be studied by the 
NMR method. The results vary from )I = 0.4 trlO.5 
reported by Eisinger et al. [9] and n = 0.38 to 0.43 
reported by Cohn et al. [IO]. 

(c) Binding corrstants are obtained for a broad 
range of ionic strengths in the present investigation. 
‘The parameters evaluated for high ionic strengths are 
compatible with those reported previously [g-13] _ 
A considerable increase in the binding constants is 
observed with decreasing ionic strength_ This effect 
can partly be expIained by an increase of the effective 
charge density of the polymer at low ionic strength. 
In addition there is a contribution from the stacking 
equilibrium in the polymer. The titration curves dem- 
onstrate (cf. fig. 1), that the number of stacked residues 
is reduced at low ionic strengths. When bivalent ions 
are bound to the polymer under these conditions, a 
relatively high contribution of free energy is obtained 
from the incorporation of base residues into the single 
strand helix. 

4.2. Kitmics 

Relaxation data are presented for the binding of 
both monovalent and bivalent ions to single-stranded 
poIynucleotides. In the case of monovalent ions it has 
been possibIe to determine a pre-equilibdum constant 
for ion binding as well as the rate parameters of the 
single-strand helix-coil transition. The latter param- 
eters are of particular interest, since the evaluation 
was based excIusively on measured reiaxation time 
constants. It was not necessary to use any equilibrium 
parameter obtained from optical melting curves. The 
results obtained for poIy(C) are in satisfactory agree- 
ment with those evaluated in a recent investigation 
12 1 ] . For poly(A) and poly(dA) more data are re- 
quired to elucidate the nature of the second relaxa- 
tion process observed. 

The rate constants obt%iied for the binding of Mg* 
and Cafe ions to polynucleotides clearly demonstrate 

that the binding of these ions is a diffusioncontrolled 
process. There are no comparable data on bivalent ion 
binding to polynucleotides. However, many data were 
collected for the reaction of more simple ligands with 
Mg* and Ca*. All these data showed a characteristic 
low s:ibstitution rate (k~ = lo5 s -I) fo; hlg* com- 
plexes, being almost independent of the iigand 1361. 
It was demonstrated that the low rates are due to the 
process of Hz0 dissociation from the hydration sphere 
of the tt Mg ion, which precedes the formation of an 
“inner sphere” complex in aqueous solution. With this 
information it can be concluded immediately that Mg* 
does not form an “inner sphere” complex with single 
stranded polynucleotides. The measured rate constants 
can only be explained by the formation of an “outer 
sphere” complex. This means that the inner hydration 
sphefe with the first layer of water oFmolecules around 
the M g * ion remains unaffected when the Mg* is 
bound to the polynucleotide. 

In the case of Ca* ions the formation of inner sphere 
complexes is a much faster process [3 1,36] with k, = 
lo8 to lo9 s-l. Thus there is not as much difference 
between the “inner sphere” rate constants and the rate 
constants observed for polynucleotide binding. However, 
it is very likely that Ca* also forms an “outer sphere” 
complex with polynucleotides. 

At a fist glance it may be surprising that the Mg* 
and Ca* poIynucleotide complexes, characterised by 
very high binding constants (up to 3 X LO7 M-t), do 
not effect the inner hydration sphere of the metal ions. 
A satisfactory explanation seems to be possible however, 
when the structure of the polynucleotides is considered. 
Models of single-strang helices show that there is a dis- 
tance of 7 to 8 A between adjacent phosphate residues, 
Thus hlg* and Ca* could form an inner sphere com- 
plex at one phosphate binding site only, but not simul- 
taneously at two adjacent sites, because the distance is 
too large. The formation of an inner sphere complex at 
one phosphate site would leave a local positive charge, 
which seems to bk unfavored. It may be that the Mg* 
and Ca++ ions are preferentially located between two 
adjacent phosphates providing a minimum of electro- 
static energy. it may also be that this minimum is rather 
shallow and that the ions move more or less freely in 
the ion cloud around the polymer. At any rate there is 
no evidence for a binding involving a direct attachment 
of the ions to a specific group. 

It may be expected that inner-sphere complexes are 



formed at high concentrations oFmetal ions. The 
4Sslow’” process observed For poly(A) at 5 rnM Mg* 

(cf. sectioin 32.3) may be considered as an indication 
of inner-sphere complexation, Since a similar process 
is obsaved in the presencf: of CaH-, however, it is more 
Skdy that this process is due to SOW specific poIy(A) 
structure formed in the presence of bivalent ions. 
Moreover, poly(C) at 5 mM Mp,* did not show any 
“siour” relaxation prucess. This observation conftrms 
the ~Q~~~~~~Un that th ‘*SfQd’ t$&Ct QbSX-Ved in 

poly(A) is an ~nd~~a~~ou of the farmatiian of a specific 
poly(A) structure and not an indication of inner- 
SpherecampIexation. 

In summary, the kinetic data obtained in the pres- 
ent investigation support the view that ions like Mg* 

and Ca* surround the p&m-m in the form of a mla- 
bik ion cloud. The associalion of these ions with poly- 
nucleotides seems to be designated properly by ?he 
term “ion condensation”. 

At the end of this discussion it should be mentioned 
that the reaction schemes used for the evaluation of 
~e~odyn~c and kinetic ~f~~ati~n are not expec- 
ted to reflect the real processes correctly in every as- 
pect. io general, reaction schemes are selected which 
allow the representation af experimental data in the 
most simple way. Thus the evaluation is b&ed upon a 
reaction scheme =suming *e existence af btinding 
sites, although tile kinetic ditga do not give =y evi- 
dence for the existence of such ~~d~g sites. At tie 
present stage of experiment& accuracy it would be 
useless ta apply sophisticated models, which consider 
the specific type of interactions expected for ion at- 
mosphere binding. Mast of the relevant information 
casl already be obtained by ~p~lic~~~on of simple Fodels. 

The dynamic properties of the Mg#--polynucleotide 
complex are quite remarkable. Urkti mw this Mg?+ 
complex is the only one which exhibits both high 
stability and hi& rate constants. ft may well be that 
ffiesc specific properties are not accidental, but are re- 
quircd for the bialogicaf function of the poiynucleo- 
tides. As has been discussed pr~&usly, one require- 
ment for tie f~@&3n af pofynucleatides is a high clu_ 
narnic i%xibiEQ, In order to assuxe high rates of infor- 
rnation transfer, It is apparent that in the case of Mg* 
binding to poZynucleotides this flexibility cm be achieved 

in a much better way by auter.sphere cwnplexation, 

characterised by high rates, than by inner sphere com- 
plex&ion, wi& i‘~s relatively low rates. In this respect 
it seems to be an advantage thar: ubiquitous ions like 
big* do not form sp ecific c~~rdinatiun complexes 
wit21 polynucIeeotides. MWC specific interactions with 
an adapted spacing of charged groups may be reserved 
fur protein-polynucleotide interactions. 

The technical assistance of J. Ronnenberg and 
K.H_ Schaenen is gratefirlly actiowledged. The author 
is indebted to; Drs. IX Diebler and P. WW.U~ fur critical 
comments on the manusc~~t. Special thanks are due 
to F’ruf. UP. Strauss for his helpful comments. 
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