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Heteroassociation between A and B compounds in liguid solution was considered. Provided that concentration of A
molecules is low, 2 general equation desaibing fluorescence quantum yield and tifetime of compound A as a function of
B molecules concentration was derived. The heteroassociation between 2-aminopurine and thymidine in aqueous solutions
was examined within the range of temperatures 0 to 90°C. The equilibrium constants of the first step of association, name-
ly heterodimer formation, were determined and its thermodynamic parameters (AH =276 kcal/mol, AS = ~5.9 e.u.) were
calculated. The observed changes of the stacking rate constants with temperature confirm the two-step mechanism of the
reaction. The activation energy (~ 2.7 kcal/mol) and the encounter distance (~ 10.7 A) are only slightly larger than in the
case of 2-aminopurine autoassociation, most probably because of a stronger solvation of thymidine molecules.

1. Introduction

The theoretical basis and practical application of
the fluorescence quenching method to investigation
of stacking autoassociations have been discussed in
the first part of this paper [1]. Here, the application
of the method to investigation of equilibrium and
kinetics of stacking associations between moleculies of
two different compounds is described. The resulis ob-
tained for the 2-aminopurine + thymidine aqueous
system illustrate the practical problems to be envisag-
ed in such investigations.

2. Theoretical

In a two-component solution of A and B com-
pounds both auto- and heteroassociations are possible.
When C, , the concentration of compound A, is main-
tained low enough, the autoassaciation of A molecules
can be neglected, and the concentration of heteroag-
gregates with more than one A molecule is practically
zero. Besides, the concentration of heterozpgregates
AB;, composed of one molecule A ard i > 1 molecules
B, is [ow as compared with Cp, so that the antoassocia-

tion of B molecules is not disturbed by the presence

of compound A.

The excitation of a stacked molecule A leads to ex-
ciplex formation. The exciplexes can be formed, as
well, by the reaction of excited molecules A with mol-
ecules B or their aggregates. Our aim was to describe
the fluorescence quantum yield of compound A asa
function of compound B concentration, Cg.

The following assumptions, thoroughly discussed
in the first part of this paper [1] are made:

1) After excitation of a stacked molecule A, the prob-
ability of exciplex formation is equal to 1.

2) For all kinds of exciplexes, realized in the system,
the probability of dissociation ¥ = k., Tay is the
same. Kk 4., and 7., are the exciplex dissociation
rate constant and the exciplex lifetime.

3) All exciplex formation processes

A* + B" g EX, (I)

independently of the size of aggregate B; oceur with
the same rate constant k.
4) Resonance transfer of excitation energy can be ne-
glected.
Let @y denote the fluorescence quantum yield of
the sofution of compound A at C, concentration.
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After addition of component B the fluorescence quan-
tum yield drops te the value ®. The similarity of the
quenching mechanisms in hetero- and autoassociating
systems suggests that in both cases the general form
of quenching functions should be the same:

$y/P=DS. (1)

The reciprocal of the static term S is the quantum
yield of molecules A excitation. In other words, it is
a fraction of the excitation light absorbed effectively
by a solution. Extinction of the solution is equal to:

€ex = eBm(CBm + BB) + EAm(CAm + ﬂA)' @)

where €51, €gm» Cam» and'CBm denote the extinc-
tion coefficients, at the excitation wavelength, and
concentrations of monomers A and B.

ba = 22 22 [aBy], -T2y,
i=1 €gm n=2 €Bm

€ap; is the extinction coefficient of heteroaggregate
AB, and ep; the extinction coefficient of molecules B
associated in aggregates B;. The coefficients
€aRil€am = ®4;and €p,;/€py, = 0g; describe the hypo-
chromicity due to stacking hetero- and autoassocia-
tions.

The static term can thus be expressed as follows:

(eBm IeAm) (CBm + BB) + CAm + ﬁA (3)
Cam ¥ BaYex
At a very low Cy concentration, when all other dy-

namical quenching processes, apart from reaction (1),
are negligible, the dynamic term D is:

D=1+70ku(l—7,) ?1 [B,], @)

where 7 is the natural fluorescence lifetime of
molecules A.

The fluorescence measurements at such a low con-
centration are difficult in practice. Two other ways of
quenching:

A* + A—E, {n
and
A* + AB; — Ex, {1

must then be taken into account and the necessary
correction introduced into eq. (4):

D=1+71 ko (1—%.) Z% [B,1. )
(:
7 =7/[1 +7g(1 ~ VI ke Cam
+7o(1 — %) ?3 [AB/] k(] (6)

where 7 is the probability of excimer E dissociation,
k. and k. are rate constants of the reactions (II) and
(I11), respectively.

Because of a low C, concentration, the difference
between 7y and 7' is small, and even a rough simplifica-
tion of eq. (6) is possible. Putting vy =7, and &, =k
one obtains:

T':T()/[I+To k(1-7)Col, 9

7 is then the fluorescence lifetime of compound A in
the solution of 4 concentration.

Introduction of eqs. (3) and (5) into eq. (1) gives
finally:

By = |1+ — %) 27 [B;]
0 =1

(GBm/EA.m) (Com ¥+ Bp) + Cam 84
CAm + BA‘Yex

where k" = 7" Kgy.

The same expression was obtained in a rigorous
way, when comparing the rates of all processes lead-
ing to formation and decay of the excited species in a
steady-state equilibrium system. We describe the auto-
association equilibrium using the model applied previ-
ously [1]. For all steps of the association the equilib-
rium constants Kg = [B,, ;| /Cgy, [B,,] are supposed
to be equal to one another apart from the dimeriza-
tion constant: Kgg = [B; [ /CZ,,,. The concentration
Cp and colligative concentration Cé can be expressed
by the equations:

, ®)

¥ CBm

Cyg=——-—-——— :.br Cam ¥ Cm>» ©)
¥B CBm
Chy=oB® iy Coym * Coms (10)
BT} +Kg Cgo, B ~Bm Bm

where Yg = K p/Kg. Similarly, we describe the hetero-
dimer, AB, formation by the equilibriu m constant
Kgap = [AB1/Cy ., G- 2nd all other 1eteroassocia-



tion processes by the same constant Ky g
={AB,1/[B,] C4,,- Hence:
Pt CA L£11N
C = - [
A1+ K g (Ch ~ Cam + Yar Com) .
where ¥, 5 = K3,3/K sp- According to our basic as-
sumptlons eqs. (9) and (10) are valid not only in pure
solution of B but aiso in that containing compound A.
In the latter case, however, the colligative concentra-
tion is not only a sum of B,, aggregates concentration,

| Sy

guc

I (12)

Thus, eq. (8) takes the form:
Do/ =[1+&"(} — 1, )(Cg + Cam — Cal

% (eBmieAm)(CBm * BB) + CAm + ﬁA
Cam ¥ 04 Tox

Because of the simplifications made in the derivation

of eq. (13), its applicability is limited to low concen-

trations of compound A. Namely, the foliowing
values:

(13)

[AB] _ 1AB;]

Gom ~ Kaas Cam: fEy = Kas Cam-
AA] _

éAm =Kga Cam>

Al

(where Ky, is the dimerization constant of com-
pound A), should be small; smaller than 1% in prac-
tice. For association constants not exceeding 10 2/mol,
it means that C, should be lower than 103 mol/e.
All other limitations of our treatment are given by the
assumptions 1—4.

Apart from the extinction and hypochromicity ¢
efficients €5 o, €gm» ®ai 204 ag;, which may be
found from absorption measurements, the function
D = f(CR), given by eq. (13) along with egs. (9), (10)
and (11), depends on the following parameters: @,

& s Yexs KdB' KB, KdAB and KAB‘ Oﬂly some of them
can be calculated iteratively by fitting functions (13)

tes tha avnmarimantal data Mathamatical analycic nf
O tas CXpOrandnian 4ata. Maanaliiailda: aniaiysis o1

eq. (13} shows that the value of v, cannot be found

in this way. As the other are parameters concerned, it
can be proved, similarly asin the case of autoassociation
{11, that there is no more than one set of their values

associgtions., 11 ple L
123

which describes properly the observed changes of &
with Cg concentration [2]. Nevertheless, because of

a coupling between the parameters K g, Kg and

K 3ap- only one of them can be calculated, in practice,
and two others must be known. Besides, similarly as

in the case of autoassociation, the parameters & and

K gap are strongly coupled with each other. [t is ne-
cessary to separate them by the quencher method de-
scribed previously (1).

3. Experimental
3.1. Mazrerials and methods

2-Aminopurine (2-AP) and thymidine were Sigma
Chemical Co. products and used without purification.
Two series of unbuffered aqueous solutions of 2-AP
and thymidine were prepared. Each of them consisted
of 17 solutions containing a constant concentration
of 2-AP, 10— 3 mol/e, and various thymidine concen-
trations within the range 0 to 0.26 mol/¢. One of the
series contained KBr as quencher at constant concen-
tration of 0.15 moi/Q.

Fluorescence msuu1¢ of the solut
ed at the apparent maximum, 370 nm, w1th e\c1ta~
tion at 320 nm. The apparatus and method of measure-
ments were described elsewhere [3]. The absorption
measurements were made with a Cary 118 spectro-
meter. The calculation method was described previous-

v [1].

3.2. Results and discussion

H
iCns

The fowest energy absorption bands of 2-AP
(Anax = 305 nm) and thymidine (A, =267 nm) are
well separated from one another. At excitation wave-
length 320 nm, the ratio of the extinction coefficients
is€g, /€am = 1.3 X 1074, Hence, the optical density
of samples changed with thymidine concentration
within the range of a few percent only, and was 0.353,
approximately.

It is worth mentioning here that a high spectral
purity of compound B i{s not necessary. The term
€gm(Cam * B }€am in eq. (13) is merely a correction
for the inner filter effect, and is always calculated cor-
rectly if only the effective absorbances of B materialis
determined precisely enough.
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Fig. L. Van't Hoff plot of the 2-AP + thymidine hetero dimerization equilibrium constant; AH = —2.76 kcal/mol, AS = —59 c.u.

The observed fluorescence signals V are related to
the quantum yields of the samples by the equation:

V = const. ® (1 — 10~ %ex) (14)

where ! the optical length of the sample, const. the
apparatus factor, and €, is given by eq. (2).

Therefore, eq. (13) can be transformed into a more
convenient form:

Vo/V=[1+k'(1 -7 )(Cp +Con— CAI1 S

X (1—10"1€AmCA)/(1 10 eex), (15}

If the optical densities /e, are low, or they do not dif-
fer much from €5y, €, , €q. (15) can be simplified as
follows:

Vo/V = [1+&' (1= 1 )(Ch + Cagn — Ca)]

X Cp [(Cppn t Ba Yex)- (16)

In such a case, the function ¥p/V does not depend on
the absorption properties of the compounds if only
Yex = 0. In our calculations eq. (15} had to be used.
However, the shape of the function depends so slight-
ly on the hypochromicity coefficients ay ; and ag;
that their values could be fixed arbitrarily: ag;=1and
a Al =0.9.

The fluorescence spectra of all samples were exactly
the same, independently of thymidine concentration.
It proves that the fluorescence quantum yield of the
exciplexes is very low, lower than 5 X 104, and their
lifetime probably very short. It could be assumed
then that, analogously as in the case of 2-AP exciplex-
€s, Yex = 0. This assumption was confirmed by the ob-
served temperature dependence of the dynamic factor
discussed below.

Thymidine autoassociation constants were taken
from the osmometric data [4] interpreted in terms of
the isodesmic model (g = 1). The necessary inter-
and extrapolation of K ;5 values was done assumed a
linear relationship In K ;g = f(1/T) (4).

The fluorescence signals of the samples were meas-
ured at ten temperatures within the range 0.6 to
88.4°C. For each temperature independently, the pa-
rameters ®q, k', Kgg and Y4 g were calculated by fit-
ting function (15) to the experimental points simul-
taneously for both series of selutions. It was assumed
that the ratio of parameters ®g/x" as well as all associa-
tion constants were not altered by the quencher [1].
For all temperatures a very good fit was obtained.
Systematic deviations, observed in a few cases, ware
not higher than 0.5%. Statistical dispersion was similar
as in the case of 2-AP autoassociation (1). The calcu-
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Table 1
Stacking equilibrium constants and fluorescence quenching
constants in 2-AP + thymidine aqueous solution

f Kgp Kaag VAB x
O (2/mol) (@/mol) (2/mol)
0.6 1.437 8.09 0.38 22.70
104 1.208 6.59 0.37 29.21
20.1 1.030 6.09 0.50 35.42
29.9 0.887 5.31 0.61 42.76
396 0.773 4.33 0.62 51.10
494 0.679 3.94 1.24 57.66
59.1 0.602 3.49 148 6443
68.9 0.538 3.12 11.41 70.33
78.6 0.483 2.66 35.14 75.14
884 0.438 2.24 44.17 78.01

K 3p thymidine autoassociation constants taken from osmo-
metric data [3]: K g4 g 2-AP + thymidine heteroassociation
equilibrium constants; ¥ o g = Kgap/K AB heteroassociation
cooperativity factor; k' constant of 2-AP fluorescence dv-
namic quenching by thymidine.

lated values of parameters, along with K45 = K con-
stants, are presented in table 1.

The errors of the results are mainly due to the un-
certainty of the thymidine autoassociation constants.
Unfortunately, the osmometric data are not accurate
enough for our purpose. The K 35 values calculated
from the osmometric measurements strongly depend
on the association model on which calculations are
based [4]. On the other hand, it is impossible to de-
cide which model is actually correct so, the isodesmic
one (¥g =1) is adopted. Although the association
constants calculated in this way describe very well the
measured molality of solutions, they probably fail to
express adequately distribution of associating mole-
cules among various kinds of aggregates.

For the temperature of 29.9°C, the iterative calcu-
lations of the parameters Kgp, ¥ap, Kgap and &'
were made for the cooperative (¥ =0.5), isodesmic
(¥g =1) and anticooperative (¢ =2 and 100) models
of thymidine association. They were repeated once
more under the assumption that ¥ g = ¥g =1. The
results were then compared (see table 2) with those
obtained previously for Ky and Y values taken from
the osmometric data. In all cases, apart from the latter
one where low (0.5%) systematic deviations were ob-
served, 2 perfect fit of function 15 to the experimen-
tal points was obtained. It is obvious hence that the

(8]
(9]
3

Table 2

Stacking equilibrium constants and fluorescence quenching
constants in 2-AP + thymidine aqueous solution at 29.9°C,
calculated for various models of thymidine autoassociation:
cooperative (¢ g & 1), isodesmic (".’B = 1) and anticooperative
(vg>1)

Kap vp Y AB Kgap ¥

0.360 0.5* 5.1 516 41.21
0414 1.0* 8.8 517 4142
0451 2.0* 8.1 5.16  41.55
0.460 100.0* 250.0 515 4162
0.563 1.0% 1.0* 498 4245
0.887* 1.0* 0.6 531 4276

The values with asterisks were taken as invariable.

thymidine association constants cannot be deteimin-
ed from our measurements. Neither are the i, values
certain. Even the order of magnitude of parameter
Y is doubtful because of the uncertainty of the
thymidine association model. In spite of that, quite
exact values of ¥’ and K44 can be found. Their er-
rors can be estimated from the data given in table 2 as
not exceeding +3%. Similar estimations made for the
other temperatures lead to the same conclusion. In
fact, the values of «’ and K 4g calculated with assump-
tion of the isodesmic model of auto- and heteroasso-
ciations (Ug = Y = 1) were, for all temperatures,
not only close to those listed in table 1, but gave the
same values of thermodynamic heteroassociation pa-
rameters and practically the same value of stacking
activation energy.

The association constants K4, given in table 1,
can be interpolated fairly well by using Van’t Hoff’s
relationship, AH = —-2.76 kcalfmol AS=—-59e.u.
The experimental points and the interpolation func-
tion are presented in fig. 1. At high (78.6 and 88.4°C)
and low (0.6 and 10.4°C) temperatures some small
systematic deviations are noted. It is not certain
whether they are due to actual temperature changes
of heteroassociation enthalpy and entropy, or rather
to some systematic errors introduced by the thymi-
dine association constants taken for calculations.

The 2-AP + thymidine association enthalpy is by
about 2 kcal/mol higher than that of 2-AP dimeriza-
tion. This difference is compensated, however, by an
increase of entropy. At about 10°C the free enthalpies
of both processes are equal and so are the equilibrium
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Tablc 3
Rate constants of 2-AP + thymidine exdplex formation
t kexP iy Akgy
o] (e/mol X 10%)  (2/molXx 109) (%)
0.6 1.821 1.820 0.1
104 2.382 2.376 0.2
20.1 2.951 2.996 -1.5
29.9 3.661 3.691 -0.8
39.6 4,525 4450 1.7
49.4 5.325 5.291 0.6
59.1 6.250 6.198 0.8
68.9 7.232 7.190 0.6
78.6 8.254 8.249 0.1
88.4 9.234 9.396 -1.7

exp — experimental; int — calculated from eq. (17) for
w=1,aF=27Xkcal/mal, p = 10.7 A.

constants. This result does not agree with the data
published so far [5]. According to them, heteroasso-
ciation between purine and pyrimidine bases are char-
acterized by lower association constants than the as-
sociations between purine bases themselves. This dis-
crepancy is probably due to the fact that our results
concern association between single molecules only,
whereas the phase partition measurements, on which
the previous investigations were based, do not make a
distinction between different steps of association. A
good agreement of the results can be achieved by as-
suming that the heteroassociation between 2-AP and
thymidine is a strongly anticooperative process:
(a2 1.

The values of exciplex formation rate constants
calculated from the parameters k' = T'kex are given in
column 2 of table 3. The lifetimes 7’ were calculated
from the natural lifetimes 7, and selfquenching rate
constants of 2-AP measured previously [1]. The 2-AP
fluorescence lifetimes depend slightly on the excita-
tion wavelength. Necessary corrections amounting to
about 3% were introduced to achieve an agreement
with the measured ®g values and KBr quenching con-
stants.

The rate constants &, were analyzed with the use
of the formula:

Kair

-1
k. =kqyell+ N an
o d"’[ P2/ Tt exp (— AE/RT)}

discussed in the first part of this work [1]. The diffu-
sion rate constants Ky were calculated from the

Smoluchowski—Einstein equation:
kgix =8 RT/3000 1. (18)

The correction for different radii of the reacting mole-
cules (about 3%) was neglected. The following values
of the reaction parameters were found: steric factor
@ =1, encounter distance p = 10.7 £1 A, activation
energy AE =2.7%0.1 kcal/mol. As has been mention-
ed before [1], additional errors of the results Ap =
+2 & and AE = £1 kcal/mol are not excluded because
of the uncertainty of k4 values. Still, comparison
with the results obtained in a similar way for 2-AP ex-
cimer formation is possible. The reaction mechanism
proposed previously seems to be confirmed. Accord-
ing to expectations, the encounter distance is some-
what larger for the 2-AP + thymidine reaction, because
of the larger Van der Waals radius of thymidine as com-
pared with that of the 2-AP molecule. (The estimated
difference is about I A.) The increase of activation ¢
energy may be attributed, probably, to the higher sol-
vation energy of the thymidine molecule, due to its
two hydrophilic cyclicamide groups. Nevertheless, the
solvation energy of the reacting molecules seems to be
but of secondary importance, since the activation
energies of 2-AP excimer formation (2 kcal/mol) and
that of 2-AP + thymidine exciplex formation (2.7
kcal/mol) are very similar. This confirms our previous
assumption that the rate constants of the reactions
between molecules in their ground and excited states
are very similar and the &, values measured by us de-
scribe the stacking reaction as well.

The interpolated k., values and the deviations of
the experimental points from the interpolation curve
are presented in table 3, columns 3 and 4.

4. Conclusions

Heteroassociations are a particularly difficult ob-
ject of investigation. It would hardly be possible, by
the methods used up till now, to examine the Kinetics
of the process. All descriptions of heteroassociation
equilibrium had to be limited to the isodesmic model
only, although its validity is doubtful especially in
this case. Association of 2n A molecule to an aggregate
B,, leads to at least two thermodynamically different
species with molecule A stacked outside and inside
the complex. Thus, it is obvious that not only the



equilibrium constants should be expected to change
from one step of the association to another, but even
the equilibrium at each of the steps should be describ-
ed by at least two different association constants. The
main advantage of the fluorescence quenching method
is its ability of determining separately the stacking
equilibrium between A and B monomers. Accordingly.
thermodynamical parameters of a single, well defined
heteroassociation process can be found.

The shortcomings of the method will be discussed
in the third part of this work [6].
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