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THE SELF-ASSOCIATION OF ATP: THERMODYNAMICS AND GEOMETRY
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The concentration and temperature dependence of the self-association of adenosine-S'-triphosphate (ATP) in aqueous
solution was studied by means of ultraviolet absorption spectroscopy ané circular dichroism (CD)- Of several possible
models, 2 model with indefinite linear self-association, in which each step has the same equilibrium constant, describes the
data best. The two different methods lead within experimental error to the same thermodynamic parametess. At pH 8.7,
in 1 M Tris and 0.5 M MgCl,, we find AH® = — 5.1 kcal/mole and AS® = — 13.0e.u. These values do not differ much from
those found for the self-association of uncharged bases and nucleosides in aqueous solution. The CD spectrum that results
from the self-association is conservative and quite similar in shape to that observed for some stacked dinucleotides; it is in-

terpreted as a first approximation within the framework of the exciton model.

1. Introduction

The self-association of nucleic acid bases, nucleo-
sides and nucleotides has been studied by various
methods. The field was recently reviewed by Ts'o
{1]. In aqueous solution the aggregation is thought
to occur via vertical stacking between the bases.
There appears to be very little previous work on
the self-association of the charged nucleotides in
aqueous solution. For adenosine-5"-monophosphate
(AMP), the NMR work by T5’o [2] and the ultracen-
trifuge study by Raossetti and Van Holde [3] show
that these particles associate beyond the dimer stage.
The thermodynamic parameters could not be deter-
mined, however. We have studied the self-association
of ATP as a function of temperature and concentra-
tion by ultraviolet difference absorption spectrosco-
py (UV) and CD difference measurements, with the
goal of obtaining the thermodynamic parameters and
gaining structusal information on the mode of stack-
ing.

The absorption difference between two cells, each
containing the same number of ATP molecules in the
beamn area — one short and filled with a concentrated
partially aggregated ATP solution, the other long and
filled with a diluted not-aggregated ATP solution —
was directly determined. For the CD measurements

this difference was determined by numerically sub-
tracting the corresponding spectra. These difference
signals can be expressed as a function of the total
weighed-in ATP concentration and are a convenient
measure for the extent of association. By measuring
these difference signals as a function of the two pa-
rameters, temperature and concentration, over the
ranges —2°C to 48°C and 0.01 M—0.1 M, the thermo-
dynamic parameters for the stacking process could
be determined.

Some of these results are independent of any
model assumptions, others depend on the particular
thermodynamic model chosen to describe the self-as-
sociation and on the dependence of the optical pa-
rameters on the length of the aggregate. The least
squares criterion was used to distinguish between var-
ious models. If ATP self-associates by vertical stack-
ing, one may expect to see typical couplet type CD
difference spectra; this was indeed observed. The tem-
perature dependence of the rotational strength was
used to determine the thermodynamic parameters,
which agreed with those determined by absorption
spectroscopy. The amplitude of the CD signal con-
tains information on the stacking geometry and was
interpreted in terms of the angle between the transi-
tion dipole moments of the 259 nm transition in
neighboring monomers.
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2. Self-association models

In the first part of this section we will discuss ther-
modynamic models for self-association. In the second
and third part we will consider the way in which the
optical signals depend on the extent of self-associa-
tion, and the dependence of the €D signal on the
self-assaciation geometry.

The literature on self-association models was re-
cently reviewed by Magar [4]. Much of the original
work is due to Kreuzer [5], Schellran [6], Ts’o and
Chan [7], and Steiner [8]. We will briefly review
some aspects of these theories. This also serves the
purpose of defining the quantities needed later on.
The self-association of a molecule A into aggregates
of various sizes is described in a rather general way
by the following set of equilibria:

K,
Al + Al =4 Az,

Ai +Al = Ag,

A T4y

in this reaction scheme A represents the monomer,
A, stands for an aggregate consisting of / monomers.
Such a model contains too many parameters to be de-
termined experimentially if extensive aggregation oc-
curs. On the other hand one should ask whether it is
physicaliy reasonabic to have a different equilibrium
constant for each step. Molecules with large planar
ring structures, such as ATP, most likely aggregate by
base stacking, i.e., linear aggregates are formed. For
uncharged bases and nucleosides very short range
forces are involved here and it is thus unlikely that
K; will depend strongly on & For charged nucleotides
in solutions of high salt concentration, such as the
system under study, there are in addition screened
Coulomb interactions which may lead to some ide-
pendence of K;. At pH 8.7, ATP is fourfold negative-
1y charged, and estimates of the screening length for
this species at the salt concentration used show that

the charge repulsion effect upon aggregation is small.
A next nearest neighbor interaction cannot be com-
pletely excluded, however. We will therefore consider
two models with indefinite self-association. In the
first model all equilibrium constants are equal: Ky =
Ky =K4=..=K. In the second model only X, dif-
fers from all the other equilibrivm constants: K3 =
Ky =..=Kand Ky = oK. The first model is of
course the case o = 1 of the more general second mod-
el. When o<1 we would call the system cooperative
since the aggregation is enhanced once a dimes is
formed. The case o >1 would be called anticoopera-
tive. One may expect that =1 for the system under
study. We also considered the dimer case in detail.
Physically there is no good reason why the association
would abruptly end at i = 2. On the other hand such a
model may be useful to describe the data at low con-
centration.

Let ¢ be the total weighed-in concentration of
ATP and ¢; the molar concentration of the aggregate
consisting of i monomers. Mass conservation can be
written as

c= Eici ¢}

for the case of indefinite self-association, and as
c=ecy + Zc2

for the case of dimerization. For the model with 0#1,
we have according to the law of mass action:

cy=0Kel; g=oK'lef, i>2
Introducing the convenient dimensionless variables
L=Kec,

and

s=Kcy,

the sumumation in eq. (1) can be carried out leading
to

L=s —~os+tas/(1 «s)?'. )

By setting o equal to one we arrive at the cormrespond-
ing relationship for the non-cooperative model:

L=sf(1~s)>. €))
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For the dimer case we get
L =5(1+25). @

So far the effects of non-ideality have been ne-
giected. In a more general treatment the law of mass
action should be formulated with activities instead of
concentrations. The activity of the aggregate with {
MONOHIErs, 4;, can be written as a product of ¢; and an
activity caefficient v

a; =CcY;-

Adams and Williams [9) proposed the following ex-
pansion for ;2

Iy =B Mc+tB,Mc?+.., ®)

in which M; is the molecular weight of 4;. This expan-
sion has frequently been used in studies on self-asso-
ciation. When the non-ideality can indeed be described
by (5), one can easily show that

%=1y

and egs. (2), (3) and (4) remain correct.

We now have to consider the contribution of aggre-
gates of various lengths to the optical signals. When a
dimer is formed in which the chromophores of the
monomers stack, the absorption spectrum changes
due to the interaction between the excited states in
the presence of the electromagnetic field. A third
monomer aggregating with this dimer to form a trimer
causes an additional change. When two planar chro-
mophores stack in such a way that the resulting ag-
gregate is “‘asymmetric”, a rotatory strength couplet
is induced which is due to the interaction between the
transition dipoles in the two chromophores {10, 11].

A simple phenomenological description for the i~
dependence of the extinction coefficient of the aggre-
gates, consistent with the assumption that only near-
est neighbor interactions are responsible for the
change in optical parameters, is the following
g =2, % (i——Z)ein,_, =2,

(6

El = Em.

In this expression €, is the fiee monomer extinction
coefficient, g, is the extinction coeflicient of 2 mo-
nomeric unit at the end of an aggregate and €, is the

extinction coefficient of an internal unit. Similar ex-
pressions have been proposed before for aggregating
systems [12, 13]. Oligonuclectides, which can to
some extent be considered as covalent analogs of the
aggregates, have optical properties consistent with
this expression [14]. For the optical density of a cell
of thickness d {cm), filled with partially self-asso-
ciated molecules at total monomer concentration c,
we may now write

=1 ©f

E=d E c.€, ==d(€mct +2e, E;_ c; e, zg (i—.?)cf)

Q)

In the reference cell, we would like to have all mole-
cules in the unassociated state. This can be simply
achieved by taking a reference cell of length d,,
much longer than d, filled with a diluted solution of
concentration ¢, , with

de= dm €
such that at concentration ¢, all molecules are in the
monomer state.

In a Gedanken-experdment we may think of taking
the cell filled with self-associated particles, and trans-
forming it into the reference cell by increasing its
length and filling it up with solvent until the solution
is so far diluted that no seif-association is present any
more. In both cells the bearm will be presented with
the same number of monomers per cm? of area per-
pendicular to the beam direction. The optical density
of the reference cell is thus

Emf=dm I L

For the difference signal we have therefore

AE= ;:1(2(6&w €q) Z; € e —€p) Z/; (. Z)r:“) .

3)
Defining
Be =€y ~€pp Dy =€y~ Ce
e= Aemt/.&ee,

Ae =(AE)/dc,

we can rewrite (8) in the following way:
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)- ©)

For each of the three moaels discussed above, the
sums in (9) can be evaluated. For the case of indefi-
nite non-cooperative self-association this yields:

Be(L) = Ae, {“%“;15 +(i+ 12) VALFT

£
2, 1 1
-f-a[!i—l’ 21;2 (

For the case of cooperative self-association one finds:

2 52
2o §
{L i s*z( "‘*”““r“)} an
from which s may be eliminated with the help of the

cubic mass conservation equation (2). For the dimer-
ication case one has

A1 \18}_’.4') (12

3L 4L

We see that Ae is a funciion of the dimensionless
variable L = Ke, with parameters Ae,, « and o. Ex-
perimentally we can vary L by changing the tempera-
ture or the weighed-in conceniration . The dimer
case has of course the smallest number of parameters,
followed by the case of non-cooperative self-associa-
tion, followed by the cooperative case. On first sight
these expressions appear to be singular at L =0. From
the definition of Ae as the extinction coefficient dif-
ference between an aggregated solution and 2 non-ag-
gregated solution it follows that Ae(0) = 0. Since &¢
must be a continuous function of L, we have for
small enough L, for any model

).

Ae(l) = A

Aell) = Ae, (

— 2 3 -
Ae-ell. +ey L +53L. + .=

5 13
=4,c +A2c2 +tAzc +.,

in which €y, €4, €3 have the dimensions of an extinc-
tion coefficient. Carrying out the Taylor series expan-
sions of (10), (11) and (12), we find of course that

no singularities occur. The expressions for Ay, Ay,
and 4y for the various models are summarized in ta-
ble 1. It is clear from this table that a determination
of 4, is not sufficient to distinguish between the vari-
ous models. Apart from the factor of two, 4y is the

product of Ae, and the dimerization equilibrium con-
stant (K or 6K). Since the first term in (13} is due to
dimerization only, it is the same in all models. Subse~
quent terms in (13) cannot be given such a simple in-
terpretation; to the second term in (13) for instance,
one has contributions from both trimers and dimers.
According to eq. (13), Ay and A, can be determined
by plotting Ae/c versus ¢ for small ¢ (such that the ex-
pansion converges). Ay and 4 are the intercept and
slope of the resulting straight line. Having determined
A; in this way for a number of temperatures, one
may determine AHO from the slope of the plot of

In A versus 1/7¢

AS® AH®1
R R T

From the intercept one gains information on As, and
ASO. We wish to emphasize that the AH? so obtained
is the dimerization enthalpy, and is independent of
any model assumptions, since eq. (13) holds no mat-
ter which model is used. Table 1 shows that the slope
Ay should be negative for all reasonable values of &
and o.

For the CD signals similar considerations hold, and
replacing everywhere € by 8¢ = ¢; — e egs- (10) to
(12) as well as table 1 can be used without further
change.

The degenerate exciton model has been used to
give a first order description of the CD spectra of
those stucked dinucleotides which show conservative
€D spectra [15]. Non-conservative CD spectra cannot
be explained by exciton terms alone. The CD spec-
trum of the stacked dimer of ATP, however, is con-~
servative for all temperatures (see fig. 5) and the sim-

InA4; =In24e, + =5 14

Table 1
Expansion coefficients for vatious self-assaciation modsals

Maodel  Dimerization  Non-cooperative  Cooperative
indefinite self- indefinite self-
association assgciation

Aq 24ae K 2Ae.K 2AeaaK

Az ~848c.K2 ~{6~a)ae K2 —{8o~2—)

X BeaaK*

A3z 4046 K3 (18—-4a)Acck®  —
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plest theory that predicts such a spectrum is the de-
generate exciton model. The interaction between ex-
cited states, induced by the aggregation of two me-
nomers 1 and 2, leads to a splitting of the absorption
band into two peaks lacalized at A, and X _, with

In this expression Ag is the wavelength of the mono-
mer absorption maximum, ¢ the speed of light, and

& Planck’s constant. V', is the matrix element of the
Coulomb interaction between the state with the exci-
tation on monomer | and the state with the excita-
tion on monomer 2. In principle ¥, can be calcu-
Iated if one knows the ground and excited state wave
functions. Gften a multipole expansion for I}, is
employed, which is usually terminated after the first
term:

_ 3(1"‘1 ‘RN, - Ry))
(R,

}. (15)

Ry, is the distance vector from monomer 1 to mo-
nomer 2. g4 is the transition dipole moment vector
of the 259 nm transition in monamer 1; & the corre-
sponding quantity for the same transition in mono-
mer 2. In cases where this termination is justified, the
advantage of (15) aover the calculation using wave
functions is that one can employ experimentaliy
known transition dipole moments. The rotational
strength induced by the aggregation is given by

R, =Fa/20) Ry, - (1, X22y), ae)

with R, belonging to the band at A, R_ belonging
to the band at A_ . We are assuming all bands to be
gaussian. The complete CD spectrum is then given by

5e@) =8¢y {exp —(?\2\4_)2 —exp —(}:—Z;"—)Z} . a7

In this expression A is the bandwidth of the mono-
mer absorption spectrum. For a gaussian band 8¢4 is
related to R, by

R_=(1/228)(A/A,)5¢,. (18)
When A, —A_[ <€ A, expression (17) can be simplified

considerably by Taylor series expansion. The shape of
the CD band becomes essentially the derivative of the
absorption spectrum and the position of the peaks is
determined by A rather than by A, and A_. In gener-
al, for the CD spectrum induced by self-association to
the dimer stage, one expects a conservative spectrum,
as in (17). Such a spectrum is also often called a
“couplet” {10]. The amplitude of the signal contains
information on the dimer geometry through eq. (16).

3. Materials ond methods

The disodium salt of adenosine-5 -triphosphate
was purchased from Boehringer (Mannheim, Germany).
Elemental analysis showed (theoretical values in paren-
theses) 19.32% (19.84%) C and 3.64% (3.33%) H.
The inorganic phosphate, AMP, and ADP contents
were determined to be (weight percentage) 0.21%,
0.17% and 1.2%. The substance was used without fuy-
ther purification. Concentrations were determined
spectroscopically, using a monomer extinction coef-
ficient of 15400 M~ cm—1 at 259 am. Dilutions
were performed with a Metrohm E 457 microburette
(Herisau, Switzerland). Most measurements were per-
formed in Tris buffer at pH 8.7 (25°C), whese ATP
exists exclusively in its fourfold negatively charged
state.

The absorption measurements were performed on
a Cary-15 spectrophotometer, equipped with thermo-
statable cuvette holder, which was connected to a
Lauda TUK 30 thermostat. The extinction difference
between probe cell and reference cell, both filled with
buffer, was used as 2 base line. Temperatures were xe-
corded using a calibrated thermistor. For each solu-
tion, L0 to 12 measurements were performed at
288 nm in the temperature range —2°C to 48°C. Af-
ter reaching the highest temperature, reversibility was
proved by cooling down to 25°C and comparing the
absorbance with the value measured at this tempera-
ture in the beginning-

The CD measurements were performed on a
Cary 61 over the wavelength intervat 230320 nm.
The CD spectra were digitalized using a cutve analyzer
(Bradley Instruments) and subsequently approximated
by a Fourier series by means of a Hewlett—FPackard
9819 A computer. The resulting function was plotted
and directly compared with the original spectrum. No



40 M.P. Heyn, R. Bretz/Self-assaciation of ATP

significant differences could be detected. All neces-
sary manipulations like subtraction of base lines,
scaling in concentrations and subtraction of mono-
mer spectra were done on the vectors of Fourier coef-
ficients. In the end the resulting spectra were resyn-
thetized on a plotter.

4. Results and discussion

In fig. 1 the results of the absorption difference
measurements 2t 288 nm are eollected for various
concerntrations of ATP at pH8.7 in 1 M Tris buffer
and 0.5 M MgCl,. From top to bottom the weighed-
in concentration decreases from 0.1 M to 0.01 M. The
data are plotted logarithmically: In Ae versus 1/7.
The temperature varies from left to right from 48°C
to —2°C. The points can be fitted within experimen-
tal accuracy by straight least squares lines. If only the
first term in (13) were to contribute (very low L),
one would expect perfect Van °t Hoff behavior, with
the same slope (—AHY/R) for each concentration.
Fig. 1 shows that from top to bottom the slope is
monotonically increasing. This means that with in-
creasing ¢ additional terms start to contribute. It can
be shown from eq. (13) that for small enough ¢ the
apparent AH should be linear in c¢. Plotting Af in
this way, one finds indeed a straight line with an inter-
cept at ¢ = 0 of —5.3 kcal/mole. Eq. (13) provides a
much mare accurate way of determining AHO. First

wr-16°
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Fig. 1. Plot of In A¢2ag versus 1/T for various concentrations
of ATP. From bottom to top the weighed-in concentrations
are, in units of 1072 M: 1.004, 1.148, 1.425,1.710, 1.890,
2.195, 2.68, 2.96, 3.22, 4.00, 5.03, 5.94, 10.00.

one determines A, (7) for a number of temperatures,
by plotting Aefc against ¢. At low concentsations one
should find a straight line with slope A,(7) and inter-
cept A; (7). In fig. 2 the low concentration data are
presented in this way, for 12 temperatures ranging
from top to bottom from —2°C to +48°C. The
straight lines are least squares fits. One notices that

Ao is negative, as expected. The logarithms of the

A (T) values so determined are plotted against 1/T in
fig. 3. It may be seen that the data are in excellent
agreement with eq. (13), leading to 2 value for A HO
of ~5.1 kcal/mole. This value is also in good agree-
ment with the less reliable value obtained by means
of the extrapolation procedure mentioned above. At
the same time fig. 3 allows us to determine In 24e, +
ASY/R from the intercept. In principle this procedure

IJ!D.II/IOI

;
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Fig. 2. Plot of Ae/c versus ¢ at various temperatures. £rom
top to bottom the temperatures are: -2°C, 0°C, 3°C, 7°C,
11°C, 16°C, 20°C, 25°C, 30°C, 35°C, 40°C, 48°C.

InA, !
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uv
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Fig. 3. Van "t Hoff plot for the UJV expansian caefficient 4.
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could be continued: plotting [Ae—A4,(T)c] fc2
against ¢, one could determine 4,(7) and 43(T)
from the intercept and slope of the straight line that
should result. In this way one constructs very small
quantities like Ae —4,(7)c which contain the total
experimental error plus errors made in the determina-
tion of all previous 4,s.

In order to obtain K;°c and the spectroscopic pa-
rameters in a more reliable way, we performed a least
squares fit with all the data, using the values of AHY
and In 2 A€, + ASO/R as determined above from the
low concentration data as fixed input values. Accord-
ingly a least squares fit of the data was made to the
complete expression (10) for the case of infinite non-
cooperative association with Kys°c and « as parame-
ters, and to the expression (12) for the dimer case
with Kpsoc as parameter. The best fit was achieved
with Kpgec = 8.4M~! and = 4.0 for the case of in-
finite non-cooperative association. With K known,
one can calculate L = Ke for each concentration and
temperature. Fig. 4 shows the Ae values plotted ver-
sus L, together with the least squares fit to eq. (10).
The fit using the dimer model was not as good (larger
residual error), but this was not in itself considered to
be sufficient evidence fo reject this model. For the
dimer model one gets Kysoc= 2.1 M—L. The data
were not considered to te good enough to make a fit
meaningful which allows an additional parameter to
be adjusted (such as in the cooperative model).

The CD data were analyzed in essentially the same
way. The construction of the difference spectra is

ae

2004

% i 3 3
| B

Fig. 4. UV extinction ceefficient difference plotted versus
L =Kec. The curve is the least squares fit for the model of in-
definite non-cooperative self-association.

O 103 [des]

-¢}

-6

Fig. 5. CD spectra of ATP in 0.5 M MpCla, 1 M Tris/HCI at
pH8.7. (---~1 ) CD spectrum of ATP at weighed-in concen~
tration 1.148% 107% M, measured in a cefl of 0.1 mm path
length; (+ + +++) CD spectrum of ATP at weighed-in con-
centration 1.148%X 1072 M, measured in a cell of 1 cm path
length; ( ) CD difference spectrum.

straightforward and llustrated in fig. 5. By definition
Ade is the difference between the CD signal of a par-
tially associated sample and the CD signal of the

same number of chromophores in the monomer

state. Accordingly accurate measurements of the
monomer CD spectra were needed. Fig. 5 shows that
the monomer spectrum has an approximately gaussian
band centered at the 259 nin ATP absorption maxi-
mum. Nine monomer spectra taken at various concen-
trations were normalized and averaged. These mono-
mer spectra showed the expected Lambert—Beer be-
havior. A slight temperature effect was detected and
corrected for. All manipulations on the spectra were
performed using the Fourier program described in the
previous section. At the ATP concentration of fig- 5,
only monomers and dimers are present in measurable
quantities. The shape of the difference spectrum re-
mains approximately the same for all temperatures
and concentrations used, i.e., a positive peak at

268.5 nm, a crossover at about 260 nin and a2 negative
peak at about 252 nm. The temperature dependence
at fixed concentration is shown in fig. 6. The maxi-
mum signal at 268.5 nm was used in our further eval-
uations. As above for the UV data, In Ab¢ was plotted
versus 1/7. The resulting straight lines gave apparent
AH values, which resulted in an extrapolated value of
AHY = _5.2kcal/mole at zero concentration. Plotting
A8efe versus ¢ gave the expected straight lines, which
are shown in fig. 7 for various temperatures. The inter-
cepts from these plots, 4;(7), are logarithmically
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Fig. 6. CD diffsrence spectra of 1.148% 1072 M ATP solution,
measured in 2 cell of path length 0.1 mm, at varions tempera~
tures. At 268.5 nm the temperatures are from top to bottom:
—A.5°0, +2.2°0, +9.8°C, +304°C.

plotted against 1/T in fig. 8. An accurate value of
—5.1 kealfmole for the dimerization enthalpy could
be determined in this way. Using this value for AFH°
and the combination of AS? and Ad¢, determined
from the intercept in fig. 8, a least squares fit was
made for-all the data in order to determine the re-
maining parameters. A best fit for the case of indefi-
nite non-cooperative association was achieved with

abe
<
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L) Qo Y2 2

< [w]
Fig. 7. Plot of ASe/e versus ¢ at various temperatures. From
top to bottom the temperatures are: —-2°C, 0°C, 3°C, 7°C,
11°C, 16°C, 20°C, 25°C, 30°C, 35°(, 40°C, 48°C.
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Fig. 8. Van "t Hoff plot for CD expansion coefficient A, .

&= 2 and Kpse = 8.0 M1, The dimer model allows
a possible fit as well with Kyson =4.0M71,

The thermodynamic parameters determined in
this way, together with the values for slightly differ-
ent conditions of pH and ionic strength are summar-
ized in table 2. A reduction of the ionic strength
leads to a slight decrease in the association constant.
No clear dependence on the type of salt is observed.
The measurements at pH 7.7 show that no significant
pH effect is present in this range. This is of some im-
portance, since the pH of Tris buffer has a large tem-
perature coefficient.

For the purpose of comparison, thermodynamic
data for the self-assaciation of a number of nucleo-
sides and nuclecbases in water are coflected in table 3.
The sign and order of magnitude of AHY and AS© for
ATP is the same as for these compounds. The equilib-
rium constant is thus also of similar magnitude. It ap-

Table 2
Thermodynamic parameters for the selfassociation of ATP
in various buffers

Buffer pH AH® as® KasPe
(kealfmole)  (ean.) (M-1)

0.5 M MgClz

1 M Teis/HQL 8.7 51 ~13.0 8.2

1 M NaCl

1 M Tris/HO 8.7 -5.7 -15.7 5.6

1 M Teis/HO 87 8.6 ~16.6 3.1

0.5 M MCla

1 M Tris/HCL 7.7 55 —14.5 1.2
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Table 3

Thermodynamic parameters of self-association in water

Compound aH® AS®  Kasoc
(kcal/mole)  (euw.) (M™1)

Purine 2) —4.2 —13 2.1

Ribosylpurine &} -25 -7 1.9

6-Mcthylpurine 2} -6.0 ~16 6.7

Deoxyadenosine €) —6.5 —18 4.7-15

6 NZ-Di -
N eyt -8.7 —21.6 45.6
ATP —-5.1 —13 82

a) Data from refs. [{23] and [24].
b) Data from refs. {25] and [22].
€) Data from ref. [1]-

d)} Data from ref. [13].

peass that under the conditions of high ionic strengit
employed, the self- assocumon is barely affected by
charge effects.

Several reasons may be advanced for favoring the
model with infinite self-association over the dimer
model. There is no obvious physical reason why self-
association should terminate at the dimer stage. Ultra-
centrifuge studies of AMP [3] and other adenine de-
rivatives [16] show that aggregation occurs beyond
dimer formation. The quality of the least squares fit is
best for the infinite model. Fitting the UV and CD
data with the dimer model leads to identical AHO
values but different equilibrium constants for the two
methods, whereas the infinite model leads to identi-
cal enthalpies and identical equilibrium constants.

Fig. 5 shows that the observed CD spectrum is in-
deed of the couplet type, and quite similar in shape
to that of ApA. The amplitude is considerably small-
er than for ApA. The lezst squares fit leads to a 8¢
value of 1.8 M—! cm—! per monomeric unit in the
self-associated dimer, which is 5 to 6 times smaller
than the corresponding value for ApA.

To interpret this value in terms of geometry, a set

of dimer spectra was simulated using expressions (15),

(16), (17) and (18). For A and lg; | we employed the
values determined from the monomer absorption
spectrum: A= 16 nm, lpll =3.92 D. Since the self-as-
saciation is believed to occur via vertical stacking of
the base moieties [}, even for the charged nucleotide
AMP [2,17], we have adopted the model of a vertical

stack with R;, perpendicular to the bases and equal
to the van der Waals distance of closest approach
(3.4 A). This is also the value normally used in calcu-
lations on dinucleotides. With ¢ the angle between
2 and g, (see fig. 9a), eq. (16) now simplifies to

R, =F@2N )R ey 12 sin co.

Eq. (15) for ¥}, now reads

V].Z Iyll* €OS .

R

CD spectra were simulated using these expressions,
for various values of . Since § = I\, —A_l is smaller
than A, the positions of the peaks are determined by
8 rather than by A (as mentioned above) and are thus
independent of Vlz and of any approximation made
in the calculation of ¥;5. A best fit to the dimer CD
spectra was obtained with w = 1.8° or w =181.8".
Even if an appreciable error were made in the calcula-

Snnmmanaand

£
=
X

)

Fig. 9. (2) Geometry for vertical stack of two imaginary plan-
ar molecules. (b) Proposed head-to-tail stacking geometry for
ATP. R stands for the sugar—phosphate rest.
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tion of V5, for instance due to our use of the dipole-
dipole approximation, this would not materially af-
fect our conclusion that the angle between the transi-
tion dipole moment directions is quite small. An even
smaller angle would result if we had made the error of
underestimating [ ¥4/, whereas an overestimation of
¥} by a factor of 10 would still lead only to an an-
gle of about 18°. An error of this magnitude in ¥y,

is quite unlikely, however, since the value of & we cal-
culated using the dipole-dipole calculation at ¢ = 36°
s a control, is of a magnitude comparable to the one
calculated for ApA in the same geometry by the mo-
nopole calculation {15,18]. In addition it is unlikely
that the dipole--dipole approximation breaks down
so dramatically at | Ry,{ =34 A,

We cannot arrive at 2 unigue geometry on the
basis of the CD data alone, however. Of the four pos-
sible geometries (head-to-head and head-to-tail each
with w=1.8" or 181.8%), we feel that head-to-tail
with w = 181.8° is most likely. In this geometry, the
phosphate chiarge repulsion, the repulsion between
the permanent dipole moments, and steric hindrance
are minimized. No NMR experiments have been per-
formed as yet on the self-zssociation of ATP, whereas
on the closely related substance adenosine-5"-mono-
phosphate (AMP) two such NMR studies exist {2,17].
Ts’o et al. [2] prefer a head-to-head geometry, witha
small angle between the transition dipole directions,
but cannot exclude the head-to-tail alternative. Their
interpretation is consistent with our measurements
and corresponds to one of our geometrical possibili-
ties. The charge repulsion would seem to be larger in
their model than in the one we prefer. Son and
Chachaty [17] <laim that the Hy proton must be
above the five membered ring and cannot be above
the pyrimidine part, thus favoring the head-to-tail
geometry with ¢ 2 180° shown in fig. 9b. We em-
phasize that these NMK results refer to AMP rather
than to ATP. In conclusion one may say that our CD
measurements on ATP are consistent with the NMR
measurements on AMP. No unique geometry could
be assigned, but the number of possibilities could be
reduced to four.
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Note added in proof

Recently a paper appeared on the self-association
of 6-methylpurine [19]. In this study the equilibrium
constant was determined by means of UV absorption
measurements. Good agreement was obtained with
the results of previous independent calorimetric [20,
21} and osmometric {7] measurements, thus showing
that the results of the optical methods and the ther-
modynamic methods agree in this case. Meanwhile,
we have also carried cut absorption and CD measure-
ments on the self-association of N-G-dimethyladenc-
sine. The results of this study, to be published else-
where, confirm the conclusions reached in this paper.
Conservative CD spectra are again observed for the
dimer. The thermodynamic parameters determined
by the absorption and CD measurements agree
amongst each other and with those derived from ul-
tracentrifuge measurements [16] and osmometry
[22]. It thus appears that the optical methods provide
a reliable way to study the self-association of purine
derivatives.
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