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I’hc self-association of sdenosine-S-triphosphate (ATP) was studied as a function of pH, additional counterions. concen- 
tration 2nd temperature. Circular dichroism measureme& were employed as a measure of the base-stacking. The sdf-as- 
sociation of ATP is pH dependent with the protonation of the adenine ring helping stabilize the association. Highly charged 
counterions alter this aggregation. At pH 2.8 and ZOT, a dimerizztion constant of 88 L! -’ is obtained, white an isodcsmic 
model leads to an equilibrium constant of 158 M-t _ With increasing pH, the association constants decrcasc. At pH 2.8 
there is a very strong temperature dependence of the CD amplitude. These results indicate the existence of additional elec- 
trostatic stabilization for the stacking of the adenine rings. At acidic pHs. models are proposed to exptain this hi& degree 
of stability and a calculation of the approximate electrostatic contribution to the aggegation shows it to be of the proper 
mxnitude. 

1. Introduction 

In recent publications il.4 the self-association of 
adeaosine-5’4riphosphate (ATP) has been studied. 
This interaction has been characterized as base-stack- 
ing, like that of other purines and pyrimidines as 
shown by Ts’o [3]_ Such interactions of ATP are im- 
portant in the storage of some neurotransmitters 
[+-61 where it is thought the base-stacking plays an 
important role in stabilizing the aggregates. The im- 
portance of the base-stacking in other biological sys- 
tems is well established. Heyn and Bretz [2j used 
circular dichroism (CD) plus W measurements to de- 
termine an association constant and an enthaipy 
change for ATP aggregation. Their studies were done 
largely at one pH (8.7 in a 1 M Tris/HCI buffer) with 
a large excess of magnesium chloride (0.5 M). Fer- 
guson et al. [ iI used sedimentation equilibrium exper- 
iments in 0.154 M NaCl solution, where the pH varied 
from 4.6 to 3.3 as the ATP concentrations varied. 
The results of Heyn and Bretz [2) are fitted to an 
isodesmic association model, yielding an association 
constant of 9 hl-” at 2O”C, while the results of Fer- 
guson et al. [I] we fitted best by a monomer-dimer, 
monomer-trimer association, where KD is 101 M-1 

and KT is 1.71 X LO* &IV2 at 2O’C. Studies of AMP 
indicate that it associates beyond the dimer stage 
17-9]_ 

This variation in association constant of ATP, es- 
pecially the strong association found in acidic solu- 
tions [ I] where the adenine ring is protonated, indi- 
cates an unusual pH dependence. Studies with purine 
bases show a decrease rather than an increase in the 
self-association when the base is protonated [ 10,l I]. 
This decrease results from electrostatic repulsion of 
the charged bases decreasing the amount overlap. In- 
creasing the ionic strength can reduce this repulsion 
through screening [ 121. However in this study, no 
additional salt is present. For ATP to show this strong 
self-association at acidic pHs, this electrostatic repul- 
sion must be reduced. 

We find that the CD spectra of ATP do exhibit a 
very masked pH dependence_ At acidic pHs, the re- 
sults can be interpreted in terms of a monomer-dimer 
model, with the formation of a rather rigid complex 
where the charged phosphate of one ATP interacts 
electrostaticly with the charged adenine ring of the 
other ATP. This binding of one phosphate to the other 
adenine ring could preclude the formation of a-e- 
gates larger than dimer. From the concentration depen- 
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dence of the CD spectra it is possible to obtain an as- 
sociation constant, assuming only monomers and 
dimers contribute to the signal. At basic pHs, the 
dimsr model appears no longer to be valid and the re- 
sults are fitted to an isodesmic model. The inf7uence 
of counterions indicates a decrease in association 
with increasing ionic strength which hkely results from 
ion binding destabilizing the base stacks more than 
electrostatic screening helps stabilize them. 

2. Methods 

The adenosine-S’-triphosphate was purchased from 
Merck 3s the d&odium salt and dissolved in doubly 
distiiled water. The concentration was determined by 
the w absorbance at 259 nm in a dilute pH 7.5 sohr- 

tion (emax = 15400) [13].The concentrations of 

A&lP and ADP in the ATP were determined by an en- 
zymatic method [ 141 and their total concentration 
was much less than 1%. The pH was varied by adding 
either HCl or NaOH and was measured using a Poly- 
metron pR meter. 

The circular dichroism spectra were measured on a 
Gary 6 I spectrophotometer using a 0.1 mm cell for 
the concentrated solutions and 5.0 cm for the dilute 
solutions. Since the optical density should not exceed 

2, this narrow path length is necessary for the concen- 
trated sohrtions. All the cells cau be thermostatted 
and the temperature measured using a thermistor_ 
Since the Gary 6 1 is a single beam irrstrument it is 
necessary to measure four different solutions before 
a usable spectrum can be obtained. A base Iine of 
water must be measured in both cells and then the 
concentrated solution and the dilute solution are 
measured. After subtracting the base lines from the 
concentrated and dilute solutions, one can subtract 
the dilute solution, which has the same number of 
ATP molecules in the light path, from the concen- 
trated solution leaving a spectrum that is a function 
of the dimer concentration and a spectral constant 
for the dimer model. 

The sdts used were all the best grade available 
from Merck and were weighed into doubly distilled 
water to obtain the rxcessary concentrations. 

Fig. 1. The CD spectra of ATP at pH 2.83 and 2°C. (---) IO 
mbf ATP in 3 0.1. mm cell, (- - -1 0.1 mSf ATP in a 1.0 cm cell 

and (-4 rrsulkmt spectrum for 10 mM ATP after 0.1 mM 
ATP is subtracted from 10 mM ATP. All spectra have been 
corrected for solvent baseline. 

3. Results 

The CD spectra of ATP in aqueous solutions show 
a signal at neutral and basic pHs quite similar to that 
of the monomer. As the pH is lowered, a positive 
band appears at about 26% nm and the negative band 
of the monomer at about 255 nm increases in ampli- 
tude and shifts to lower wavelengths having a maxi- 
mum ru.iplitude at about 249 run. These uncorrected 
spectra for the concentrated soiutions are very similar 
in shape to those of ApA [ 151 and of ATP awegates 
at high ionic strength and pH 8.7 121. With changing 
pH one obtains an isosbestic point at 254 nm. Fig. 1 
gives the spectra For 10.0 m&i ATP at pH 2.83 and 
2°C in the 0.1 mm cell and 0.1 mM ATP at the same 
pH and temperature in the 1 .O cm cell. The change in 
the monomer spectra with pH :s very slight, reflecting 
changes in the adenfne moiety with protonation. How- 
ever the change in the signal of the concentrated solu- 
tion with pH is very large. Fig. 2 gives the intensity of 
a IO mM sohrticm of ATP at 268 nm as a function of 
pH at 2°C. Above pH 7.0, the signal is constant. As 
the sokution becomes more acidic the intensity in- 
creases to a broad maximum between pH 3.0 and 2.5 



Fig. 2. The p,H dependence of the CD s&nal of 10 mhI ATP 
and 0. I mhf ATP at Z”C, measured at 268 nm and corrected 
for solvent baseline. 

and then decreases again. The inflection point for the 
increasing signal coincides very closely with the pK, 
of 4.2 for the adenine ring protonation [ISI. The 
first phosphate protonation is at pH 6.5 and the rest 
are protonated at pHs of 1 or less 1171. The inflection 
potit for the decreasing intensity is in the proper pH 
range for the additional protonation of the charged 
phosphate group. 

To check the influence of counterions on the self- 
association of ATP, the ionic strength of a 10 m&l 
ATP solution at 2°C was varied using several differ- 
ent electrolytes at constant pH in the region of maxi- 
mum amplitude. When sodium chloride is added in 
the concentrations as high as 25 mM, no appreciable 
alterations are obxrved in the spectra at 268 nm. 
More sensitive measurements indicate an amplitude 
decrease wNith increasing sodium chloride concentra- 
tion. A 2Q n&t solution of ATP at 5.S°C shows a 30% 
amplitude reduction for a SW n&t NaCI solution. The 
addition of increasing amounts of magnesium chloride 
results in spectral changes analogous to those observed 
when the pH increases. 2.5 mM solutions of sodium 
sulfate, magnesium chloride and cakium chloride all 
yield amplitude decreases of 16% while 7.5 mM solu- 
tions yield decreases of a third. The addition of 5 mM 
terbium &&tide causes a 70% amplitude reduction. 
Cesium chloride at 25 snM causes a slight decrease 
while tetrametbyiammonium chloride causes no ob- 
servable change at 25 mM. Thus, the presence of small 

amounts of divalent and trivalent ions, either cations 
or anions, causes appreciable decreases in the ampli- 
tude of both 268 nm and 249 nm peaks. These changes 
are shnilat to those observed for changes in the pH. 
The magnitude of the changes induced by these ions 
is dependent IargeIy on their charge. The same concen- 
tration of terbium has a much larger effect on the am- 
plitude than the divdent ions which in turn have a 
much larger effect than the monovafent ions. These 
amplrtudc changes could result from either decreases 
in the associarion constant or extinction coefficient 
or both. 

The concentration dependence of the amplitude of 
the CD signal can be used to obtain thermodynamic 
constants. We have determined the equilibrium con- 
stant fur AT!? at severa pHs and salt concentrations 
at 20°C. This was done measuring the CD spectra 
from 320 nm to 230 nm in the 0.1 mm celI. In a 5 cm 
cell, a SClO-f~1d dilution of the concentrated solution 
was also measured and at this dilute concentration 
Only monomers were present. This monomer signal 
was subtracted from the concentrated solution signal 
after base!ine corrections were made and the resuLtant 
spectra were analyzed. The maximum in the peak am- 
plitude at 265 nm will tllen be a function of the 
equilibrium constant, ar, extinction coefficient and 
the initial concentr;rion. Fig. 1 also gives the resultant 
spectrum for CIC 10.0 m&l ATE’ at YC and pH 2.8. 

Since we ate assuming a monomer-dimer model 
is sufficient to explain our results at acidic pHs (see 
section 4), the equilibrium constant can be obtained 
by the following method. The total molar concentta- 
tion of ATP in the sample, CT, is simply a sum of the 
monomer, CT,, , and dimer, CD ~ concentrations such 
that 

The association constant, K,, for the formation of 
dimers from monomers is then 

Ka = CD lch”I . (2) 
Eq. (2) assumes ideal&y far the solutions. To correct 
for non-ideality the activities of the monomers and 
timers should be used and activity coefficients must 
be introduced. Thus eq. (2) becomes 

The activity coefficients can then be expressed by 

(31 
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means of a second virial coefficient (EM,) [ 181 

In ri = i BMI CT, i= 1,2. (4) 

and then -Q, = 7it. &I, the difference in absorbmce 
between left-handed and right-handed circularly 
polarized light, is 

+4 =dr(Cnr&hI •i- 2CD+D), (5) 

where d, is the path length of the cell and *eht and 

AED are the differences between the extinction coef- 
ficients for left-and right-handed circularly polarized 
light of an ATP moiety in the monomer and dimer 
respectively. In the dilute solution, 

A A = d2CsAeh, = d 1 CT* eht (6) 

because d7CS is made to equal dlCT with d7 9 d,. If 
one then subtracts eq. (6) from (5) and substitutes 

for CT from eq. (I), the result is 

AA-4 = 2dlCD6+, (7) 

whereSAe=AED - A eqt _ Then in eq. (2), one can 
substitute for CD and Cht in terms of 6 aA, dt , C’, 
and 6ae. The result is 

(8) 

Since 0O is measured experimentally and 

8’ = 33_0AA, (9) 

we can now determine K= in terms of the experimen- 
tal quantities S@O, CT and dl and the unknown Sac, 
which is a constant independent of concentration_ The 
result then becomes 

C; - 2C,a +a’ - a/2K, = 0, 

where 

(10) 

a = 66°/33d16Ae. 

Eq. (10) was fitted for the two unknowns, Ka and 
6 AE, by means of a non-linear regression analysis. The 
computer program employed the damped Taylor 

series algorithm [ 191 with pure steepest descent cor- 

rection when the parameter vector lies outside the ac- 
ceptable space at maximum damping [20]. Fig. 3 

gives the experimental points for ATP at pH 2.80 2 
0.02 and 20.0” t 0.1” in terms of &I0 at 265 nm ver- 
sus the UV determined concentrations. The solid line 
gives the computer fit for the data for the dimer model. 
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FQ. 3. The concentration dependence of the CD amplitude 
of the resultant spectra For ATI’ at pH 2_8,2O”C and 26.5 nm. 
(0) are the experimental points, (o) represent the fitted values 
at the same concentration. Where the fitted and experimental 
are the same only the experimental are indicated. 

The fitted vaIue of K, is 87.7 C 0.3 M-t with S& 
= 5.76 + 0.28 M-l cmML for 90% confidence limits. 

Eq. (IO) can also be written in linear form where 

(11) 
where 

Q = 68/33d,. 

For the dimerization model, a plot of d versus 
CT/& should be linear yielding &ae from the slope 
and K, from the intercept. Fig. 4 shows the results 
for ATP at 20” as a function of pH. Note that at a 
pH between 5.3 anti 6.5 the dimer model appears to 
be singutar, implying an infmite association constant. 
The dimer model requires a negative intercept for 
eq. (11). The zero or positive intercepts require rejec- 
tion of this model. Thus at pHs where the dimer mod- 
eI would be expected to fail, since there is no longer 

an electrostatic interaction limiting the association to 

the dimer, it does. 

It is thus necessary to employ another model to fit 
the results at basic pHs. An isodesmic model requires 

the fewest fitted parameters and has been used success- 
fully at basic pHs for ATP [2]. For this model [2,21, 
221 the association constant for each step is the sam?, 
thus 
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Fig. 4. The concentrstion dependence of the CD signti for 
ATP at 20°C and varying pHs employing eq. (11) for the 
dimer model. The slope b AED and the intercept yields Ka_ 
For the pHs shown, 6 &ED is: 5.5 for pH 2-g (-). 3.5 for 
pH 4.7, (a). 0.70 for pH 5.3 (0). 0.43 for pH 6.5 (A) and 0.37 
for pH 8.7 (0). 

cT=,GE,z and Ci=K’-‘C;f, for iz=l. (12) 

Assuming nearest neighbor interactions alone influ- 
ence the optical parameters, then 

iAei = 2Ae, f (i-2)4~~,, iL2 

and Aft = Be&,. (13) 

where Arzint is for bases in the interior of stacks while 
4~~ is for the bases on the end of the stacks_ 

If we proceed as in the dimer model, defining 

b = ~AE&SA.E, 

then 

(14) 

60 = 33_0d, 

Eq. (15) may be expressed in terms of total concen- 
tration with L = K,CT. Using eq. (I 2) and letting s 
= KaCht , then L = s/( 1 - s)2 and 

68 = (33.Od, 6Ae/K,.J (16) 

This can be fitted by the same non-linear regression 
analysis used for the dimer. The fit for each pH is 
done by allowing 6A.s and KiF to vary for a fxed b. 
The b is then varied until the sum of squares is a mini- 
mum. This minimum in the sum of squares is a very 
sensitive function of b. Table 1 gives the results for 

Fig. 5. The CD spectrum for the ATP dimcr st 17.9 mXI. pH 
2.97, and 20°C. 

both the isodesmic and dimer models obtained from 
the non-linear regression analysis. Also included is ATP 
at pH 2.7 and 20°C with 20 mhC magnesium chloride_ 

Having a value of K, from the dimer model it is pos- 
sibIe to determine the concentration of the monomers 
in the concentrated solut;ons. The contribution of the 
monomer to the signal can then be subtracted leaving 
the dimer spectrum. Fig. 5 shows the result for an 
ATP concentration of 12.9 m&l at pH 2.97 and 20°C. 
This spectrum is not totally conservative, whereas 
those found for ATP [2] and oligonucieotides of polyA 
1151 are. Spectra of the latter have symmetric cou- 
plets and the interpretation of these spectra has been 
in terms of a degenerate exciton coupling model 1231, 
but such a straightforward interpretation is not pos- 
sible for ATP under these conditions. The ALE found 
for the dimer at 265 nm is 6.6 hi-l cm-1 whi& is 
somewhat smaller than that for the base-stacked ApA. 

The amptitude of the CD sigmd for ATP shows a 
very marked temperature dependence- Ferguson et al. 
[ 11 observe a very slight temperature dependence of 
the pH at these concentrations which we also find. 
However at 10 mM the pH changes by less than 0.1 
pH unit from 1°C to 32°C. This pH change would 
have a minimal effect on the amplitude as can be seen 
from fig. 2. It is possible to solve eq. (IO) for the K,s 
at each temperature, assuming RAE is temperature in- 
dependent and thus obtain AH. The best fit for sever- 
al concentrations at pH 2.8 and temperature from 
10°C to 36OC gives a AIYof --8 kcal/mole for the 
dimer model. This is not an accurate value for the en- 



Table 1 
Non-linear regression fit For the self-assochtion of ATP at 2@C. Extinction coefficients at 268 nm 

- --_- --- -.---.--- 
hfodei PW A%1 f& 6AE 

(hi-t cm-‘) (&Vi-I) m-t cm-tf 

tsodcsmic 2.3 0.84 158 2.98 
t-2 I .02 166 1.33 
5.3 1.22 60 0.85 

6.5 1.25 58 0.67 
8.i 2.26 51 0.60 
2.7.20 mZI¶ MgClz 0.35 22 3.26 

Dimer 2.8 0.84 88 5.76 
4.2 1.02 102 3.33 

b 

2.001 
2.002 
2.120 
2.170 
2.180 
2.017 

tbalpy change on d~~r~ai~on, but it does give an es- 
timation of the UT involved. The KG and &AC should 
be determined at each temperature to obtain a more 
reliable result. 

4_ Dizzusaion 

It is well established from NMR studies [24-281 
that there exists an interaction between the triphos- 
phate group, a divalent metal ion and the adenine ring, 
in particular the N(7) nitrogen_ This macruchelate 
supposedly facilitates the dephospho~lation of ATP. 
There is also NMR evidence that such interactions 
can occur in ADP 1241 and to a lesser extent in miP 
19,291. 

Naumann et al. [25] noted the influence of proton- 
atian of ATP’s r-phosphate on the chemical shift of 
the H(8) proton and attribute it to the interaction of 
N(7) with the y-phosphate through a hydrogen bond. 
They also find the H(8) signal broadened at pH 3 
again indicating an interaction with N(7). Sundara- 
lingam (301 gives a detailed description of the orien- 
tation of the ATP-divaIent metal ion complex where 
the base is in an anti con~~fation. The protonatio~ 
site is the N(i) nitrogen of the adenine ring- 

X-ray studies [3 l] on the d&odium salt of ATP 
show the base in an anti configuration and the triphos- 
phate group foided back toward the base. In this pro- 
tonated salt, the bases stack head-to-tail with the ribose 

groups on the same side of the aggregate. For S’AMP, 
the X-ray structure [32] indicates clearly an interrno- 

Iecular interaction between the phosphate oxygen of 
one AMP and the protonate? N(I) nitrogen of another 

AMP. For ATP this aIso appears true with the forma- 
tion of an extended network. Solution studies of AMP 
at neutral pH 1331 indicate a head-to-tail stacking 
geometry with the anti conformation preferred by 
SAMP. 

In our CD studies, there are no divalent cations 
present in the solutions that give the largest signais. 
The pH dependence of the 268 nm peak (fig_ 2) indi- 
cates that the protonation of the adenine ring is im- 
portant in increasing the signal and that the second 
protonation of the phosphate group is important in 
decreasing the amplitude. St Ts apparent from the pH 
dependence of the Kas that the charge on the adenine 
ring stabilizes the base-stacking. This seems at first 
contradictory since two positively charged adenine 
rings wilI repel one another. If, however, there is an 
eiectrostatic interaction between the positively charged 
adenine ring and the tripIy negatively charged triphos- 
phate, then the positive charge could be ~eutr~ed_ 
This would then constrain the doubIy charged phos- 
phates, shielding them from one another and reducing 
their electrostatic repulsion. When more acid is added 
to a pH 2.8 so!ution, the strength of the electrostatic 

interaction between the ring and the phosphates will 
be reduced. The phosphate tails wiU not be so tightly 
bound to the adenine ring and the charge on the ring 
not so effectively neutralized. When the amount of 
charge is reduced on the adenine ring by adding base, 
the result will be a more loosely bound triphosphate 
tail, ffiereby reducing the stability of the stacked nu- 
cleotides and altering the confo~at~on of the bases. 
Ka and dAe do decrease with increasing pH as wouid 
be expected from the arguments above. 

The results from the addition of salts to the ATP 



sohrtions can be explained in terms of preferentiat 
binding of the divalent and trivalent cations to the tri- 
phosphate groups, thereby reducing the charge neu- 
tralization of the adenine ring and making the tri- 
phosphate tail mare mobile. The divalent ani has 
the same effect through preferential biding to the 
charged adenine. The monovalent ions only bind ap- 
preciably when they are in large excess and presurn- 
ably more than one cation will bind to the tsip~~sp~~~e 
at such concentrations_ Since sodium and ctioride 
ions will have fewer affinities for the triphosphale and 
the adenine ring respectively than the Iatter have for 
each other, low NaCi coiicentrations do not effectively 
alter ffie asregated ATPs, More highly charged ions 
are capable of di~~pt~g this species at much lower 
concentrations, either by decreasing the amount of 
stacking or by changing the conformation, The results 
using 20 rnM EfgCl~ indicate that decreases in K, are 
the most htff uentiai at acidic pHs_ The infhrence of 
the magnesium counterion on the ATP aggregation 
could then accuunt for the large Ka and smaller 6&e 
we fmd at pW 8-f and ZWC, as opposed to those 
found previously [Z] _ 

The aggregation constant determined for the fomta- 
tion of an ATP dimer from its monomers is larger than 
that seen for other adenine systems 121,34j. The hi&- 
est association constants are found for the methyl sub- 
stituted adenines, with N6,N~-ddimethyIadenine being 
the largest with a Kc, of about 50 M-1 at 2S’C E 11, 
2 I J _ ATP at acidic pWs in a low tonic strength solution 
did show a very strong OFF-as~c~tion with dimerita- 
tion constant of 101 W’- at 20°C and a tr-imerization 
constant of 1.7 1 X IO5 MW2 11 f - This value of the 
d~er~ation constant is ckxse to GUS result.. Unfortuu- 
ately it is not possible to compare their result with 
ours since the pH in their exper-knents varied from 
3.3 to 4.6 as the concentration was varied. Fig. 2 in- 
dicates a strong pH dependence of the ~~~~t~d~ at 
constant concentration in this region. The s%rong XS- 
&xi&ion they observe probably does result partly 
from the Qqe of ioteraction we postulate at pH 2.8 
and their result if done at cunstan~ pH. should be corn- 
parable to ours. As the pH increases, other modes of 
association are likely to dominate. Ferguson et al. [ 11 

afso found a bH of - LS kcallmole for ~~e~atio~ 
where we fmd approximately -8 kcallmo%e. The 
former value is substantkdly higher than those found 
for other base-stacking interactions [I 1,21. ,221, while 

the latter is rather typical. 
To develop a model which will fir these experimen- 

tal results it is necesszuy to account for the pH and 
counterion dependence, the high association constant 
and the Ia~ge L&. Since charge neutralization of the 
adenine ring is important irt the stacking at acidic pHs, 
cme must then postulate an electrostatic interaction of 
the phosphate tail with the adeninc ring. This charge 
interaction of the ATP molecules should yield an addi- 
tional decrease in the free energy relative to the simple 
adcnine bases and nrrcleosides- This charge ncutrdiza- 
tion cotrid clccur in two ways, intramolecularly or in- 
termofecularly. Although sterically feasible, the intra- 
moIecuIar interaction between the phosphate tait and 
its own adenine ring should not result in base-stacking 

that is more stable than the base-stacking of the un- 
charged bases. This intramoiecular interaction still 
Ieaves the monomer with trtro negative charges and 
base-stacking as the only means of cqgrega tion, 

The intermolecular charge neutralization could oc- 
cur in two ways. The first (shown in f3g_ 6) would be 

FQ. 6. Proposed ccmfiqratian of ATP dimer at sidic pHs_ 



where the faces of the two adenine rings are stacked 
head to tail and the phosphate tail from one would 
interact wirh the adenine ring of the other. Here the 
ATP could maintain its preferred anti configuration 
[30,31] and the sites of protonation would be as far 

apart as possible. This dirner could then have double 
ion-pair formation giving additional stabilization to 
the base-stacking- The remaining charges on the phos- 
phate tails would be well separated. Such an interac- 
tion couId account for the observed experimental re- 
sults. The second possibility is that the inter-mofecu- 
lar electrostatic interaction creates chains where the 
bases are stacked head to tail or head to head, but 
the phosphate tail of one stacked base does not inter- 
act with the adenine ring of the other stacked base. It 
interacts with a different adenine base. The network 

formed would be analogous to the hydrogen banding 
of alcohols and similar to that found in the crystalline 
state. However because of the interaction of the phos- 
phate tail with the backside of the stacked adenine 
dngs, it is not likely that more than two bases stack in 
either case. In the latter case the extra electrostatic 
stabilization wouId be less than in.the former. Both 
models would ‘yield only dimerization constants be- 
cause the CD method is onIy sensitive to base-stacking 
and is not influenced by Possible electrostatic interac- 
tions that could cause Larger aggregates- 

It is possibIe to estimate the contribution of this 
electrostatic stabilization to the dimerization constant 
of ATP. First 

RTtnK, =-AGO,, 071 

where AGE can be split into a contribution from base 
stacking_ AC:, and from the electrostatic interaction, 
AG$- With RTlnqel = -A@,, then 

il “a =Q&~- 

We can then evaluate AG$ from 

(1% 

where u is a screening factor, i.e., the effective dielec- 
tric constant between the aggregating species including 
screening by the electrolyte [ 12]_ NA is Avogadro’s 
number, eg the elementa-y charge and et, the absolute 
perrnittivity of a vacuum- The sum gives the efectra- 
static forces in two monomers and in the dimer. Using 

a (T of 160, assuming there is no change in orienta- 
tion between the monomer and dimer and measuring 
the distances from the CPK madeIs used for fig. 6, 
we fiid a AC,, of-I.5 kcaJ/mole_ This gives a qe! of 

13andaK,of6.8M -t . This value of Kti compares 
favorably with the 9 M-1 found when any electro- 
static contribution should be eliminated 121. Although 
the value of u is mereIy an estimate, it is comparable 
ta values used in other base stacking systems C12J. 
The actual conformation in soluiion will be dynamic 
and the charge separations in the monomer and dimer 
can be somewhat different. Thus this is not rigorous 
but does give an estimate if the electrostatic interac- 
tion postulated can account far ffie Iarge equilibrium 
constant encountered at acidic pi%. 

At neutral and basic pHs, the triphosphate tail sti.U 
seems to give additionalstabilization to the stacked 
bases. The orientation of the bases probably changes 
appreciabIy since 6Ae changes substantially from 
acidic to basic solutions_ The electrostatic interaction 
is no longer possible, so there must be other forces 
stabilizing the base stacks which can be influenced by 
counterions. Since the bases would be no longer ob- 
strutited-g the.electrostatic interaction, higher aggre- 
gates could be formed. 
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