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OSMOMETRIC STUDIES ON SELF-ASSCCIATION OF PYRIMIDINES IN AQUEOUS SOLUTIONS:
EVIDENCE FOR INVOLVEMENT OF HYDROPHOBIC INTERACTIONS
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Vapour pressure osmometric studics were pesformed on stacking self-association of 25 uracil derivatives variously C-
and N-substituted with polar and alkyl groups in agueous solution at various temperatures. The respective equilibrium as-
sociation comnstants K were computed on the assumption of the isodesmic madel of self-association (K = K3=..2K,,=Ky)-
Enthalpies of association for most of the compounds studicd were obtained from the temperature-dependence of K. ac-
cording to the van 't Hoff equation. Analysis of the equilibrium and thermodynamic parameters in terms of the associa-
tion mechanism demonstrated the involvement of classical hydrophobic interactiors in the stabilization of complexes of di-
and higher alkylated uracils. Data for the derivatives substituted with polar groups proved consistent with the predominant
involvement of dipole-induccd dipole forces in the association.

1. Introduction

The vertical self-association of nucleic acid bases and
their nucleoside and nucleotide derivatives in aqueous
solutions has attracted much attention over the past
years [1—8], because of the important contribution
of stacking interactions between adjacent base pairs
to the fiee energy of helical polynucleotide structures
[9. 10]. In spite of many accumulated equilibrium
and thermodynamic data, the nature of these interac-
tions and, in particular, the key role played by water
in sustaining the stacked complexes remain unclear.
Recently Lawaczeck and Wagner [11] have presented
an interpretation of the specificity of the stacking as-
sociation in terms of dipole-induced dipole interactions,
in which the polarizability of the m-electron hetero-
eyclic ring system and the polarizing power of polar
bonds were mainly emphasized. The unique solvent
contribution to stabilization of stacked complexes in
aqueous solutions is considered [12] to be due to the
high surface tension of water, because upon stacking
the solvent surface area around the solute species de-
creases. The contribution of the classical hydrophobic
interactions, if any, is believed to remain “hidden™
[3, $3]. in view of: (1) the positive entropy changes

accompanying the transfer of nucleic acid bases from
organic solvents to water {I4], and (2) the negative
enthalpies and negative but more variable entropies

of the stacking assaciation, derived from van “t Hoff
plots [4—7,15—18] and obtained directly from calori-
metric measurements [2, 19, 20] of several systems.
However, most of the systems studied so far concerned
highly polarizable purine derivatives. Thus, natural
diketo-pyrimidines, owing to their lower polarizability,
seem to be more suitable far fusther studies on the re-
lative contribution of hydrophobic and polarization
interactions to the stacking association. Involvement
of this type of association has been demonstrated
{21,22] in studies on the concentration dependence
of photodimerization of several methylated diketo-
pyrimidines.

2. Materials and methods

The compounds were obtained by known meth-
ads [23] and thoroughly purified. Their purity was
checked by melting point determinations and chro-
matography in several solvent systems.

Measuremerts of osmotic coefficients at various
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sofute concentrations were taken according to known
procedure |15, 24], using Knauer’s (West-Berlin)
vapour pressure osmometier. The osmometer was
calibrated against sucrose, sodium chloride and d-
munnitol used as standards. All substances yielded
equivalent calibration plots.

Series of solutions in redistilled water were diluted
by weight from stock sclutions. The Iatter were also
made up by weight, using dried samples of the sub-
stances studied.

The concentration ranges measured were depen-
dent on the sensitivity of the osmometer and solubil-
ity of the compounds; they varied from about 0.03 M
in the case of the least soluble derivatives (moro-
methylated and substituted with polar groups) up to
about I M for di-, tri- and tetra-alkylated uracils.

The mean deviation of the osmotic coefficient at
concentrations lower than 0.05 M exceeded 10%, and
decrcased with rise in concentration of the solute to
attain abaut 2% for 1 M solutions. The most accurate
data were obtained for readily soluble substances,
usually studied within a wide concentration range.

Since the pK,, values of the substances studied
(4.5 > pK, > 9.3) were sufficiently far removed from
the pH values of their aqueous solutions, the expected
fluctuations of pH near 7 exerted no effect on the
stacking equilibria. The abbreviations of the names of
compounds used throughout the text conform to the
recommendations of the [UPAC-IUB Committee on
Biochemical Nomenclature [Biochem. J. 120 (1970)
449} and are explained in tables 1 and 2.

3. Analysis of osmometric data in terms of molecular
associations

Analysis of vapour-pressure osmometric data of
small molecule aggregating systems is usually per-
formed on two basic assumptions: involvement of a
multi-step reversible association of solute and ideal
behaviour of all the solute species. According to the
Gibbs—Duhem relationship, the molal activity coeffi-
cient of a solute 7 is related to the osmotic coeffi-
cient ¢ of solution by the following equation:

m
ln7=(¢—-1}+f (@—1)dlnm. )
!

It was also shown [25] that:

In(my /m)=@-1)+ [ (¢—Ddinm ()
‘]

where my — concentration of the monomer, and m —
stoichiometric molal concentration of the solute.
From these relations one can recognize the obvious
result that y = 72y /m. This permits computation of the
monomer concentration #zy as a function of the molal
concentration m of the solute. Then, the stoichio-
metric concentration m can be expressed by the fol-
iowing series of expansions in which the only un-
knowns are the consecutive equilibrium constants:

mjmy~1 = 2Komy + 3K,K3m] + ... 3

Least-squares analysis or linear programming may be
applied to determine the coefficients of the polyno-
mial and hence the equilibrium constants [26]. By
means of the F-test the best fit is sought with a poly-
nomial of lowest degree, corresponding to the highest
aggregating species of significant concentration for an
assumed probability level [26].

The unique and physically meaningful solution can
be obtained when the accuracy of experimental data
is sufficiently high. This is usually not the case and
one has to make certain assumptions as to the relative
magnitude of the equilibrium constants:

(1) The equilibrium constant for the first step of
association K, = K is assumed to be different from
all the other equilibrium constants considered to be

identical: K3 =K, = ... = K, = K. Thus eq. (3) can be
rearranged to the form:
m=m;~fm, + fm,; (1——Km1)2 [€))
and solved for K and 3.

(2) All the equilibrium constants are considered to
be identical (isodesmic madel of association) and can
be computed directly from the experimental data [24]
from the following expression relating stoichiometric
molality and the osmotic coefficient:

1-¢ = Kmo? . ®)

With the aim of comparison of the association ten-
dencies in the whole group of pyrimidine derivatives
studied, an z2nalysis of the osmometric data in terms
of the above three methods was attempted.

The fitting of eq. (3) and of the F-test (significance
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level 0.05) to our data by means of least squares anal-
ysis resulted in various association schemes for close-
ly related compounds, what seems to be physically un-
sound. In many cases the negative coefficients in

eq. (3) occurred, what suggested that the varying
magnitude of experimental errors was probably re-
sponsible for the inadequacy of this most general
method of analysis. This method failed with regard to
a group of the least soluble monomethylated deriva-
tives and derivatives substituted with polar groups be-
cause in these cases representation of ¢ as a polynomial
in m is impossible.

Also application of the second, simplified method
failed to permit the uniform description of the stack-
ing tendencies, because the parameter 8 varied from
compound to compound and from temperature to
temperature, attaining values of §<i,8=lorg > 1.
Ouly the isodesmic model described all the data equal-
Iy well and permitted taking into consideration the
measurements of the least soluble monomethylated
derivatives and derivatives substituted with polar
groups. We have used this model and least-squares
analysis of eq. (5) to determine equilibrium constants.

4. Results and discussion

In the figs. 1 and 2, as an illustration of the quality
of direct experimental data, the measured osmotic
coefficients as a function of concentration together
with the smoothed polynomial fits are presented for
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Fig. L. The osmotic coefficients (3) of m}*>Ura vs molat con-
centrations at 25°C (o) and 35°C (#); solid line: smoothed
polynomial fit.

three compounds differing in their association equi-
hbnum constants and thermodvnamxcs of assocutlon‘
mz 3Ura at 25°C and 35°C; ma h') Thy and 07 Thy
at 25°C.

The values of K, at various temperatures computed
according to the isodesmic model of self-association.
are recorded in tables 1 -3 along with the AH® values
obtamed from van "t Hoff plots and the derived values
AGZ5 ¢ and ASO. In order to provide a basis for better
comparison of our data with the results of other os-
mometric studies, we also determine K¢, and the ther-
modynamic parameters for uridine, thymidine and
cytidine (table 3). They agree fairly well with those
reported by Ts’o [15], Solie and Schellman [27] and
Magar and Steiner {17].

Comparison of K;’s at a given temperature for:

(1) variously N- and C- substituted methyl- and
ethyl-uracils (table 1).

(2) a series of 1,3-dimethyluracil derivatives sub-
stituted at CS or C6 with polar groups, and

(3) modified at these positions by aza-substitution,
or 5=6 double bond reduction (table 2).
clearly demonstrates that the stacking affinity of 2,4-
diketopyrimidine can be controlled by chemical mod-
ifications to vary by more th:m one ordcr of m.lﬂm-
tude from K25 = 0.22 M~} (m}-3h3-0 Ura) to K25
about 6 M~ (m% 3116Ura e‘{trapolated value from
higher temperatures) or probably to a higher K in
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Fig. 2 The osmotic cocfficicnts (@) of mz h§ 6Thy (©) and
of ey’ 3Thy (») vs molal concentrations at 25°C; solid line:
smoothed polynomial fit.
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Table 3

Equilibrium constants and thermodynamic parameters of stacking association of pyrimidine nucleosides

Compound Ksp(motal— ") AGYe aH® as?
(kcal/mole) (kcal/mole) (cu)

25°C 35°C 45°C 60°C

uridine 0.64 £ 0.05 0.52=0.04 0,53+0.03 044 +0.02 0.26 —-1.9 +£0.5 7.3+3.1

thy midine 1.03+£0.09 081+£006 074007 064005 0 -2.6+ 0.4 8 7+£1.2

4-thiouridine ) 2.7 =2 —-0.59

2-thiouridine 2} 45 0.7 —0.89

2, 4-dithiouridine 2) 5.0 £0.2 -0.93

cytidine 0.95 +0.08 0.83x0.08 0.77 = 0.09 0.56 = 0.04 0.03 -29:+04 -10.0zx 3.0

2) From ref. [31

the case of m3'3 (NO,)5Ura and m}3io° Ura. Substi-
tution with both a polar group or an alkyl group gen-
erally brings about an increase in K, as it has been
noted previously for homoassaciation of purines

[5, 16, 18,28] and heteroassociation between purine
and pyrimidine derivatives [4,29].

There is an evident correlation between K and
both electronegativity and polarizability of the substi-,
tuent in the series of 5-halogeno uracils, in which Kg 60°
increases by a factor of about 3 on going from the
fluoro to the iodo derivative (table 2). No such corre-
lation exists, however, between K,’s and the molec-
ular dipole moments of these compounds [30, 31],
which are practically independent of the nature of the
halogen atom. Stacking affinity also rises with the
electron-donating ability of the substituent, as can be
seen in the series of 5-substituted mi 3-uraclls (—OH,
-—OCH3, —NHj). Similarly, Kso =2.1M! of

L3 (N02)5 Uta, bearing the strongly electron-accept-
mg nitro group, is about twice as high as =1.1M]
of the 5-carbethoxy derivative. Substitutlon in uri-
dine, of the keto by the thio group of higher polariza-
bility also leads to a distinct increase in K, as has
been shown by us [8], cf. table 3.

On the other hand, reduction of the 5=6 double
bond which lowers the a-electron polarizability of the
dlketopynmldme fing exerts an o?posne effect on its
stac Sg affinity, since Kst of my hs Thy and of

6Ura (table 2) are 2—3 times smaller than
t.hose of the respective parent compounds (table 1).
To our surpiise, 5- and 6-aza substitution had a simi-
lar, though lesser, effect.

Investigation of the temperature dependence of K
for 2 number of uracils bearing polar groups (table 2)
showed that their self-association is accompanied by

fairly large negative enthalpy and entropy changes. In
the case of m—'_,'3 n®Ura they attain values as high as
AHO® = —8.1 kecal mole~! and ASO = —23.5 eu, being
very close to those found for substituted purines
{18,4—7]. With the exception of those for the 5-
carbethoxy derivative *, the thermodynamic param-
eters of association support the conclusion drawn
upon analysis of the K data alone, demonstrating
that the stacking ability of this group of compounds
is a function of the polarizability of their molecules.
Since both keto groups in diketopyrimidines exhibit
large dipole bond moments of about 4 debye units
[31]. the dipole—induced dipole interactions can be
invoked to explain the source of stabilization energy
of the stacked complexes.

The mechanism underlying self-association of al-
kyl-uracils seems to be more complicated. Examina-
tion of the ths data (table 1) shows that the stack-
ing tendency is not a simple function of the number

and size of alkyl substituents. The value of K de-
pends also on the site of substitution (cf m1 Ura and
m3Ura as well as m! Thy, m3Thy and m}-3Ura). The
most striking fact is that the variations in the tem-
perature dependence of K exhibit negative, close to
zero and positive temperature coefﬁc:ents for closely
related compounds, e.g., ez 3Ura and ez 3Thy. Conse-
quently, van "t Hoff plots of In K versus T~ (K)
yield apparent enthalpies AHO® of association ranging
from negative to positive values (fig. 3), and standard
entropies AS9O, derived there of bear the same sign
(table 1). In the case of mz 3¢5 Ura the van "t Hoff

* In the light of the subsequent discussion, the thermodynam-
ics of association of this compound seems to be affected by
the hydrophobic interaction between ethyl groups.
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plot could not be fitted to a linear function, and ex-
hibits an upward curvature with a flat maximum near
50—60°C (fig. 3). Evidently, the enthalpy of associa-
tion varies with temperature. Linear approximation of
the plot within the higher temperature range corre-
sponding to 60—80°C yields a AH© value of about

—5 keal mole— !, while within the range of 25—-45°C
the slope of the initial part of the plot gives a positive
enthalpy AHC of about +1 kcal mole~!.

Thus, it becomes obvious that in most cases the
enthalpies obtained from the slopes of the apparently
linear van "t Hoff plots could be interpreted as being
made up of two ccentributions with opposite signs cor-
responding to different physical processes involved in
the stabilization of the stacked complexes. The lack
of dependence of osmometric K, on temperature for
several compounds and its increase with rise of tem-
perature could only be explained under the assump-
tion that base association is partially driven by large
positive entropy changes connected with the endo-
thermic jrocess accompanying stacking in solution.
This is highly reminiscent of the “hydrophobic bond”
formation between hydrocarbon molecules and hydro-
carbon amino acid side chains in proteins [32—34], in-
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Fig. 3. Van "t Hoff plots of stacking equilibrium constants:
(-0-0-0-) my*3Ura: (-c-0-0) m! Ura: (-o-5-0-) 5> Thy:
(-e-9-e) m5 e Ura.

volving contacts between nonpolar groups, with a con-
comitant decrease in the structural order of water
around the solute molecules. Removal of water mole-
cules from intimate contact with nonpolar groups
upon their aggregation requires energy to break the
hydrogen-bonded water structure around them, with
lower entropy than the bulk of the solvent. The
thermodynarics of this process is thus characterized
by low positive enthalpy and high entropy changes re-
sulting in negative free encrgies of aggregation, which
attain lowest values at about 65 C. Therefore, there is
no doubt that the long sought for [3, 1214, 18, 35]
hydrophobic contribution to the stacking association
of nucleobases is manifested almost classically [32, 33]
in self-association of alkyl uracils.

The fact that the strength of hydrophobic bonding
depends primarily on the number of water molecules
removed from contact with nonpolar groups explains
why the largest hydrophobic contribition to stabiliza-
tion of the stacked complexes is observed in the solu-
tion of highly alkylated uracils and particularly of
those bearing ethyl groups. In ordzr to explain the dif-
ferences in the magnitude of this contribution between
variously mono-, di- and tri-rethyl substituted uracils,
we estimated the number of possible contacts between
substituents in the respective stacked homo-dimers,
using their CPK models. In view of the demonstrated
involvement of electrostatic interactions of the di-
pole—induced dipole type in the stabilization of the
stacked complexes, we considered six possible mutual
orientations of the two molecules, in which one car-
bonyl group of each molecule is situated above the
ring of the adjacent molecule. These orientations may
be expected to correspond to maximum stabilization
energy of electrostatic interactions. They were found
for 2 number of diketopyrimidine crystals and for
their crystalline complexes with purines [36]. Only
contacts between the alkyl groups themselves were
taken into consideration because of the small size of
the pyrimidine C—~H groups, their interactions with
alkyl substituents are not likely to result in substantial
hydrophobic bending. This last point is supported
nicely in the case of m!Ura and m3Ura (table 1) by
the thermodynamic parameters sather typical of elec-
trastatically driven stacking zssociations. In the case
of m!'Ura, in only one of the six rotational isomers
of stacked dimers the N1 methyl groups are in con-
tact. For m3Ura and m! Thy already three rotational
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womezs with single contact are possible while for
m}3Ura the total number of CHiz---CH 3 contacts
rises to 7 in five rotational isomers, and to 8 in five
isomers in the case of m3Thy. In tri-methyl substituted
m§'3Thy in each of the six isomers there are two
CH;---CH; contacts. Because of the expecied relative-
ly small differences in the free energies of stabilization
between various rotational stacked isomers, they all
are likely to be present in solution, and there js a fast
rotational exchange between different species during
their lifetime of the order of 10-2—10-195 {18, 37].

In the light of the above consideration the classical
hydrophobic contribution is expected to be least for
the association of m! Ura, and next in the case of
m! Thy and m3Ura. This expectation is fully borne
out by the experimental £, and thermodynamic data,
which conform rather to a model of electrosiatic stab-
ilization. With further increase in the probability of
the occurrence of hydro Phobxc contacts betwaen the
side methyl groups in m53Ura, m3Thy and mb ¥ Thy,
there Is a drastic change in the thermodynamies of as-
sociation. However, introduction of an adémonal
methyl group into m% 3Thy to form m}{?" *Y{ra ye-
sults in but little change in the AH® and AS® of asso-
ciation. At the same time, K significantly increases
from 1.2 M~ ! to 2.2 M™1; this might be explained by
a rise of the free energy of association, resulting from
the somewhat increased polarizability of the molecule
upon methyl substitution. The upper limit of this rise,
which can be approximately estimated from the dif-
ference between the free energies of the ml Ura and
m! Thy association, is cnly about one fifth of that be-
tween miz Thy and ml'?" $Ura.

We are therefore tempted to explain the increase
of K, of my?Thy on substitution with the C6 methyl
group as due to the possibility of occurrence in
m"3’ SUra of a greater variety of hydrophobically
aggregated species with maximum number of hydro-
phobic contacis.

The total standard free energy of association can be
written as the sum of the electrostatic AG; and the
hydrophobic AGy;, contribution:

4G 0% = AGy * AGyy,

o1t Oy~ T(ASy + AShp) - ©)

‘The hydrophobic contribution to the fiee energies of
association of all alkyluracils studied can be approxi-

mately evaluated when assuming that (1) the thermo-
dynamic parameters of the m! Ura association sefiect
mainly the electrostatic contributions to the change
in the state of solute upon association and the con-
comitant change in water structure, and (2) these
parameters remain constaat for the whole homologous
sexies of alkyluracils. In the light of experimental data
and the preceding discussion, the first assumption
seems to be well justified. The validity of the second
assuruption should hold good provided that the distri-
bution of the solute molecules within aggregates with
all possible mutual orientations would not vary with
the site and number of alkyl substituents and that the
introduction of an alkyl group would not affect the
state of hydration of the polar carbonyl and N~H
groups. However, this does not seem quite probable.
One would rather expect a decrease in the electrostatic
contribution with the numbel of alkyl groups. Name-
ty, in stacks hydrophobic interactions should favour
molecular packing with CH,y---CHj3 overlap, and the
adherence of water molecules to sites adjacent to both
amide groups [38] should certainly be less favoured
upon NV-alkyl substitution. Conseguently, the hydro-
phobic contributions to the thermodynamic param-
eters of association (table 4), evaluated on the basis
of eq. (6) and of both above mentioned assumptions,
ate ovesestimated to an extent dependent on the ac-
tual structure of a given alkyl derivative of m! Ura.

It is of interest to compare some of these values
with the standard eathalpies and entropies of forma-
tion of hydrophobic bonds between hydrocarbon
side-chains in proteins, computed by Memethy and _
Scheraga {34} on the basis of their statistical thermo-
dynamic theory of aqueous hydrocarbon solutions
{331. The thermodynamic parameters of formation
of the hydrophobic bond between two alanine groups
have Pbeen predicted to remain within the range of:
A.thh from +0.4 to +0.7 kcal mole~! and AS?Iph
from #2.1 to +4.7 eu, depending on the actual geom-
etry of adherence of both groups. In the case of the
mz 3Thy association we arrived at AHD . = 4.4
keal mole~! and AS{ ) = 15.6 cu; formally this
would correspond to the formation of two alanine—
alanine hydrophobic bonds, because in each of the six
{owest-energy rotational isomers of stacked m2 Thy
dimers there are two pairs of CH;y---CH5 contacts.
Bearing in mind that our data are rather overestimated
and that they comprise also the hydrophobic contri-
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Table 4

Calculated feq. (4)] enthalpies and entropies of “hydrophobic
bonding” in stacked complexes of alkylated uracils

Compound A!-!ﬁph A-S‘gph
(keal mole™ ) (eu)
m>Ura 0.3 1.6
m’ Thy 1.1 3.9
m%’s’sUra 4.1 14.0
m® Thy 4.2 15.0
my3 58U 4.3 16.4
mi 3 Thy 4.4 15.6
my >Ura 4.6 14.4
el 3Ura 5.2 17.3
mb'3e5Ura 6.3 22.1
ez >Thy 6.6 23.5

bution from higher aggregates, the two sets of thermo-
dynamic data exhibit fairly good agreement as to the
order of magnitude.
An attempt was also made to analyse the tempera-
ture-dependence of the thermodynamic parameters
of hydrophebic bonding in terms of the Nemethy—
Scheraga theory [34] in the case cf the m, 3¢5 Ura
association. In view of the distinct curvature of
InK vs T}, according to this theory, AGgph can be
expressed in the form of a second degree function of

temperature:

BG{, =a +bT +cT?

D

and the remaining thermodynamic parameters derived
thereof are the following functions of temperature
and of the empirical parametersa, b and ¢:

AHD . =a—cT2,

A‘ggph= ~b—~ ZCT,

(AC p)hph = 2T

®
@)
(10)

Under the assuption that the electrostatic contribution
to enthalpy of association is independent of tempera-
ture, this being justified as a first order approximation
because of the apparent linearity of the InKy vs 7—1
plotin the case of m* Ura, we calculated AGy,p =

AGT(m

3¢5 Ura)—~ AGT (m! Ura) at various tempera—

E. Plesiewicz et al. [Stacking self-association of pyrimidines

* 4G Keol- rote!)
8
R 1

i 1. z L

303 313 23 333 343 353
TFK]

Fig. 4. Temperature dependence of hydrophobic ccmn‘butwn
to frec energy Ghph OF stackmg agsociation for mz »3eSpra:
o) calculated valucs (AGh h = AGO -AG?n!Um). solid fine:
fit to the function AGAph = 310881827 + 0.257°.

tures usmg the experimental Kst and fitted the so ob-
tained Athh values to eq. (7). The results are shown
in fig. 4, in which the solid line represents the com-
puted function with parametersz = 31088,5 = —182,
¢ =0.25 and the squares the experimental AGh 5 val-
ues. The fit is very good indeed, with a mean devmtmn
of 6%. At 25°C the thermodynamic functions attain
the values: AH{) , = 8.8 kcal mole~! and AS] , =

33 eu. while (A"p)hph amaunts to —150 kcal mole™!
deg~1. They are by about 50% higher than those ob-
tained by direct subtraction of the respective AG?
of m4'3e>Ura and m! Ura (table 4). Taking into ac-
count the average (3) number of hydrophobic contacts
between the alkyl groups in m;lz’ 3¢3Ura lowestenergy
stacked dimers, we come once again to the conclusion
that there is fair agreement between the present and
the predicted {34] values of the thermodynamic
parameters of hydrophobic interactions between hy-
drocarbon side-chains. The change in the heat capacity
of formation of the hydrophobic bond between alkyl-
uracils per side-chain pair (Acy Yypn —50 keal mole™!
deg! also remains within the. range of the predicted
values (10 to —50 kcal mo!e“’ldcg“i)
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If the hydrophobic contribution to the free enthal-
py of stacking AGY is a second-order function of the
temperature, the question arises, why in most our ex-
periments the In K, vs 7! plots are apparently linear?
Therse is no doubt that the low precision of osmo-
metric determinations of the association constants, as
well as the limited range of temperature changes, can
be the main reason of our inability to distinguish be-
tween linear and nonlinear fits. Consequently, the re-
sults obtained for m}>e5Ura might be rather for-
tuitous. However, other factors could also be re-
sponsible for the observed slopes of the plots.

First of all, since each ““hydrophobic bond™ is
characterized by a specific temperature cf its maxi-
mum stability, in an aggregating system bearing severat
alkyl groups on the monomeric units one would ex-
pect their continuous redistribution between various
possible aggregates with rising temperature. This ex-
pectation finds strong support in the result of our re-
cent photochemical studies on photodimerization of
some alkylated diketopyrimidines in concentrated
aqueous solutions [21,22].

Under these conditions photodimerization is almost
exclusively a very fast excited singlet state reaction
K gim form. = 1012 s—1) taking place within associa-
tion complexes formed prior to excitation. Thus, com-
plexes with mutua! orientation of monomeric uanits
appropriate for cyclobutane-type dimer formation,
become photoselecied and their relative content is
manifested in the distribution of the dimeric photo-
product between various steroisomers of the cylco-
butane dimer. This distribution is different for each
studied compound and varies with temperature in a
characteristic manner. For instance, in the case of
m53Thy in 0.02 M solution-at 26°C only twao cis
stereoisomers (syre and anti) were formed with an al-
most equal probability, whereas at higher tempera-
tures the third trans—gnti dimer appeared in an in-
creasing proportion at the cost of the two former spe-
cies. The apparent enthalpy of dissociation of the pre-
cursor ground state complex of the latter dimer varied
with temperature from positive to negative values of
about I kcal male™! within the temperature range of
25-75°C, as it could be inferred from the van *t Hoff
plot Ind,e vs T—1_ Thus, the frans—anti isomer is
probably formed from some laterally aggregated spe-
cies which correspond to maximum hydrophobic
stabilization. On the contrary, Inggc vs 7! plots for

both cis isomers yielded negative enthalpies of associa-
tion of the respective precursor complexes: an appar-
ently temperature-independent enthalpy of about

4.5 keal mole—! in the case of the cis—syn dimer, and
a temperature-dependent one which took on progres-
sively less negative values from about —8 to about

—2 keal mole~! in the case of the cis—anri dimer. The
average enthalpy of photoselectable complexes

AH® = —2.420.2 keal mole~! {21} is much more neg-
ative than that derived from osmometric data

(table 1). In other terms, within the temperature range
studied, the quantum yield of dimer formation ($4¢)
from photoselectable complexes, and hence also the
concentration of the latter, is reduced to about one
half of the initial value at 25°C, whereas at the same
time the total concentration of aggregates drops by

no more than about 20%. This clearly indicates that,
besides the photoselectable complexes with high elec-
trostatic contribution to their stabilization, a number
of other complexes — stabilized to a high extent
hydrophobically — occur in solution. Some of these
complexes differ in their maximum temperature st
bility.

In the light of the above considerations there re-
mains little doubt that the isodesmic model of associa-
tion oversimplifies the actual processes of stacking in-
teractions which exhibit far greater specificity and
diversity than it is tacitly assumed in the model. In
fact, for each polymerization step several separate
equilibrium constants should be considered and,
moreover, their variation with the polymerization num-
ber and actual packing mode could to some extent be
expected. Unfortunately. the osmometric data alone
neither provide sufficient information nor are accu-
rate enough to permit deeper insight into the molec-
ular mechanism of association with the aid of such
comglicated models.

Finally, consideration has to be given to the specif-
ic hydration of polar groups within stacked complexes,
being likely to contribute also to their stabilization
beside interfacial energy [12]. Recent theoretical cal-
culations [38] have demonstrated the occurrence, in
the first hydration layer of thymine, of two favour-
able, symmetrically situated hydration sites on each
side of the C(2}=0(2) carbonyl oxygen and a third
one between N(3)-H and the C(4)=0(4) carbony!
oxygen. Bonding energies in all three sites were found
to be similar for both coplanar and perpendicular
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orientations of H,O with respect to the plane of the
thymine ring. These findings, as well as similar results
obtained for other nucleobases indicate that the most
stable position of water alieady hydrogen-bonded to
one atom is generaily determined by another neigh-
bouring proton-donor or proton-acceptor atom [39].
If so, then for certain mutual osientations of mono-
mers in stacked complexes, corresponding to maxi-
mum electrostatic stabilization, vertical bridging of
polar groups by H,O molecules may be a more favour-
able mode of hydration, and hence an additional
source of the driving force of the stacking association.
The varying degree of hydration with temperature can
thus be another factor contributing to the apparent
constancy of the enthalpy of assaciation in cases of
simultaneous electrostatic and hydrophobic stabiliza-
tion of complexes; namely, the respective discrete
contributions to enthalpy are expected to be similar,
though opposite, functions of temperature.

In cases of predominant electrostatic and specific
hydration stabilization, a progressive decrease in the
enthalpy of complex formation with increase of tem-
perature could be expected. Provided that the experi-
mental data are sufficiently accurate, one would then
observe the temperature dependence of the free
energy of association to be a second-order function
with downward curvature opposite to that of hydro-
phobically stabilized aggregates.

It is obvious that much more experimental and
theoretical work must be done in order to verify the
proposed modes of association and the underlying
mechanisms. Direct microcalorimetric determination
of enthalpies of association, heats of hydration and
heat capacities at various tempeciratures and concentra-
tions of solutes should be particuiarly useful in this
respect.
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