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General equations relating fluorescence quantum yield and lifetime of 2 compound with its intramolecular stacking
equilibrium and kinetics were derived. Intramolecular stacking association of 9,9'-[1,3-propylene}-bis-2-aminopurine in
aqueous solution was examined within the range of temperatutes from O to 90°C. A two-state thermodynamic model of
the association was verified. The stacking enthalpy and entropy can be taken, with a good approximation, as temperature-
independent (AH = —2.0 kcal/mol, AS = —3.25 e.u.) although the function AG = ~0.00886 T2 + 8.847 T — 2876 describes
more precisely the observed changes of stacking free enthalpy with temperature. The association rate constants were deter-
mined. Activation energy of the reaction (2 kcal/mol) is the same as in the case of association between free 2-aminopurine
molecules. It confirms a two-step mechanism of the process. The advantages and shortcomings of the fluorescence quench-

ing method are discussed.

1. Introduction

In previous parts of this work, application of the
fluorescence quenching method to investigations of
stacking auto- [1] and heteroassociations [2] has been
presented. The present paper concerns intramolecular
stacking of such molecules as dinucleotides and their
model compounds.

Some studies in this field have already been made.
The equilibrium constants of intramolecular stacking
between indole and nucleobase residues linked by a
propylene bridge have been determined lately by
Mutai et al. [3] from indole fluorescence measure-
ments. Intramolecular stacking equilibrium in dinu-
cleotides and their model compounds, containing
1,NS-ethenoadenine moiety as a fluorescent probe,
was investigated by several authors [4—6].

In the present paper processes responsible for inter-
nal quenching are considered. On this basis we formu-
late the general principles of the fluorescence quench-
ing method as applied to studies of intramolecular
stacking associations. The possibilities and limitations
of the method as well as practical problems of its ap-
plication are discussed. By using this method investi-

gations of intramolecular stacking equilibrium and
kinetics of a model compound, 9.9'-[1,3-propylenel-
bis-2-aminopurine, were performed.

2. Theoretical

The object of our considerations will be a molecule
Z with two chromophores X and Y. Only two thermo-
dynamically different states of the molecule occur:
the stacked E::§ and the unstacked form ¢ _ _ _[
The stacking equilibrium is thus described by a con-
stant K = C/C,; where C_ and C,, denote the concen-
trations of both forms. Formation of intramolecular
exciplexes is postulated. They can be formed either
directly via excitation of the stacked molecule, or by
excitation of the unstacked molecule followed by re-
orientation of the chromophores. Qur aim was to find
an expression describing the fluorescence quantum
yield of chromophore X.

Let ex, ey and e, denote the extinction coeffi-
cients of unstacked chromophores and stacked mole-
cule Z at the excitation wavelenght. Hypochromicity
due to stacking is thus described as follows:
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The measured extinction coefficient of compound Z
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Reactions leading to formation and decay of the ex-
cited chromophores X along with their rates are listed
below. The intensity of light absorbed by a solution

of Z is expressed by I,

bs MOl/R s and concentration

of the solution is denoted by C=C + C,,.
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For the sake of simplification the following process:

x—__l___‘{ /LN X_‘__L.__‘{*

——Fm -

leading to chromophore X excitation has been neglect-

*
X Ty

ed with the assumption that either the lifetime of the
excited chromophore Y* is very short, or the prob-
ability of exciplex dissociation is low. Accordingly,
exciplex dissociation (%::‘_‘])* X T __y*
can also be neglected as not involved in chromophorz
X fluorescence. For more general treatment of the

problem see ref. [7].

Besides, the probability p of exciplex formation
after excitation of the stacked molecule is believed to
be equal to unity and resonarnce energy transfer be-
tween the chromophores has been excluded. The lat-
ter assumptions have been discussed at length previ-
ously [11.

In the steady-state the following equations are ful-
filled:

€x Cu -
Iabs g_—C+ [E] kde = [X ] (k(,o + kn + ke) (4)
obs
€,C -
Lvs ¢ [X*] ko = [E] (K e * kge + Ee) (5)
From egs. (2), (4) and (5) one obtains:
k, {X*]_ex/(exi-ey)é-cryK k, .
Ton 1+ak Ekr(-mk, ©

where 7 is the probability of exciplex dissociation:

Y= Kgel(kge koot kpe)- )
Let us use the following notations:
D, Tk (K, Tky) and Ty = 1HK, +&y). 3)

The left-hand side of eq. (6) is equal to the fluores-
cence quantum yield ® of chromophore X. Then:

I +akK

P /P=[1+(1—7)7y k] el Fe) Tk’ (9)
When X =Y one obtains in a similar way:

I +aK
D P =[1+(1—y) 7, k] m' (10)

In this case no assumptions, except forp =1, are
necessary.

Eqs. (9) and (10) are analogous to those found
previously in the case of auto- [1] and heteroassocia-
tions [2]. The right-hand side of each of them is a
product of two terms: the static term

1+ak
ex [(ex tey) tayK

_ I+aK
1+ayK

or (1)
equzl to the reciprocal of the excitation quantum
yield of chromophore X, and the dynamic term:

D=1+({1-77ry k. a2

equa! to the ratio of lifetimes D = v, [r, where 7, the
lifetime of the excited chromophore X* is defined by
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the equation*:

— i
ko vk +(1-7)&,”

T

(13)

It is always possible to find such a compound the
rate constants k, and k,, of which are the same as
those of chromophore X. It is an appropriate nucleo-
side when Z is a dinucleotide,and a 9-alkyl derivative
of the base in the case of model compounds e.g.
2AP-C3-2AP. Therefore, according to eq. (8), ¢, and
T values can be found experimentaliy. The dynamic
term D = 7, [7 can be measured as well. If only the
extinction coefficients and « are known, and param-
eter v can be estimated, the equilibrium constant &
can be calculated from eqgs. (9) or (10), respectively.

It should be stressed here that our analysis is valid
and its results are applicable only if a two-state model
of association holds true. That is when only one asso-
ciated and one dissociated form of the molecule occur
both in the ground and in the excited state of the
molecule. Each of the forms may correspond to sever-
al relative orientations of chromophores X and Y, or
to a quasi-continuum of such orientations, but an
energy barrier for rearrangement of the chromophores
is at most of the same order of magnitude as kT,

As far as the stacked form is concerned, the applicabil-
ity of this model cannot be verified directly by fluo-
rescence measurements. Nevertheless, thermodynam-
ically different unstacked forms can be discerned by
fluorescence decay measurements [8]. A single fluo-
rescence lifetime proves that the exciplex formation
rate constant k, is the same for all unstacked mole-
cules, so the Boltzmann disiribution of energy is
realized.

If y=0and ey =0, egs. (9) and (10) take the form
corresponding to the relationships used so far [3—6]
in fluorescence quenching analysis.

*If K +0 and v +0, the fluorescence decay is not exponen-
tial. Nevertheless, the Stern—Volmer quenching law may be
fulfilled, and accordingly 7 values determined from fluores-
cence quenching measurements [7].

3. Experimental
3.1. Marerials and methods

9,9"-[1,3-propylene] -bis-2-aminopurine (CAPC;-
2AP) was synthesized by the method described by
Browne et al. [9]. 9-Ethyl-2-aminopurine (Et-2AP)
was a Cyclo Chemical Co. product. Both compounds
were purified by repeated thin-laver chromatography
on silica gel followed by crystallization from ethanol.
Purity of the materials was checked by comparison of
their absorption and emission spectra as well as fluo-
rescence quantum yields betfore and after the last re-
chromatography. M.p. of 2AP-C3-2AP was 335°C.

The fluorescence signals ot aqueous solutions of
Et-2AP and 2AP-C5-2AP were measured at the appar-
ent maximum of their fluorescence spectra. 370 nm.
with excitation at 304 nm. close to the maxima of
their absorption spectra: 303.5 nm and 302 nm. The
apparatus and method of measurements were describ-
ed elsewhere [10].

Extinction of the solutions was measured at the ex-
citation wavelength with a Cary-118 spectrometer. An
interference filter with transmission maximum at 304
nm was put behind the samples to cut-off their fluo-
rescence light.

The fluorescence lifetimes were measured with a
phase fluorometer in the Institute of Physics. Polish
Academy of Sciences, Warsaw.

3.2. Resuldrs and discussion

Excimer fluorescence of 2AP-C5-2AP is not observ-
ed at temperatures above 0°C. The fluorescence spec-
trum of the compound is close to that of Et-2AP. The
absorption spectra are also very similar. Only a small
(1.5 nm) batochromic shift of the Et-2AP spectrum is
observed. Consequently, the same rate constante &,
and k,, can be expected for both compounds. Et-2AP
is thus a good reference compound for determination
of ¢, and 7., values.

The fluorescence quenching of 2AP-C5-2AP by
bromide anions was examined at 20.1°C. The Stern—
Volmer law was fulfilled and the fluorescence spec-
trum remained unchanged up to 1 mol// of KBr con-
centration. It proves that at all wavelength the fluores-
cence decay is characterized by the same, single life-
time. Thereby, the existence of only one dissociated
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farm of the molecule was established. We could not
ascertain whether only one stacked form occurs as
well. Nevertheless, the results presented below seem
to confirm indirectly the two-state model on which
analysis of data was based.

a} Determination of the dynpamic factor D and
stacking rate constants k.

Fluorescence signals of diluted aqueous solutions
of 2AP-C3-2AP and Et-2AP with and without KBr
were measured at nineteen temperatures within the
range 0.6 to 88.4°C. The optical densities of all sam-
ples were about 0.06/mm. KBr concentration C; =
1 mol/L. The quenching constants £ = k,7,, and
Kq= %o 7 were calculated by the Stern—Volmer
equation:

Py /P=1+x4Cy. (a4
The fluorescence lifetime of Et-2AP was measured at
24°C. For other temperatures the lifetimes were cal-
culated from measured fluorescence quantum yields.
Thus, it was possible to calculate the -ate constants

k, of the compound.

Analysis of the reaction kinetics {7] provides
strong premisses for the supposition that the quench-
ing rate constants for both compounds, &, and k;z,
are close to one another. Direct lifetime measure-
ments fully confirmed these expectations. The ratio
of lifetimes measured at 24°C was, within the limits
of measurement error Iike that of « values: 7, /7 =
9.13, whereas Kﬁ‘/fcq =904,

The calculated values of the dynamic factor
D =g kg are given in the second column of table 1.

From eqs. (13) and (8) one obtains:

D -1
g = e |
€ (1"7)7m
Under the assumption that ¥ =0, the excimer forma-
tion rate constants k, were calcuiated (table 1,
column 3). The rate constant of an intramolecular
reaction can be described formally by a similar func-
tion of temperature as a rate constant of a reaction
between free inolecules:

(15)

const.” Tfn }'Z
const.” /T exp (— AE/RT)
(16)

k,= const.'(T/n) { 1+

After establishing the activation energy AFE by itera-

Table }
Dynamic factors.D of 2AP-L3-2AP fluorescence quenching
and intramolecular excimer formation rate constants &,

Temp. DXP KSXP gint AKSXP  pint
°C Q0857 (16857 (%)

a6 5.74 3.78 3.90 3.1 5.89

55 6.65 4.53 443 2.3 6.53
104 7.20 5.01 501 0.1 .20
i5.2 7.87 5.60 5.58 a.3 7.85
20.1 8.57 6.24 619 07 8.52
250 .20 6.83 6.82 Qct 9.19
29.9 9.88 7.50 747 04 9.85
34.8 10.53 8.17 815 03 10.50
396 11.21 8.90 882 08 11.12
44.5 11.82 9.61 9.53 08 11.74
49.4 12.30 1024 1027 0.2 1232
54.3 12.88  11.02 11.02 0.0 12.88
59.1 13.11 11.52 11.78 ~2.2 13.39
64.0 13.77 12.48 1257 ~038 13.87
68.9 14.27  13.24 13.38 -1.0 14.31
73.8 14.66 14.18 1421 -0.3 14.70
78.6 15.10 1513 1505 0.5 15.03
83.5 15.39 16.00 1592 0.5 1532
88.4 15.71 16.98 16.81 1.0 15.5¢

exp - experimental; int - calculated from eq. (16) for
AaF =2 keal{mol.

tive procedure and calculation of the parameters const!
and const.” by the least-squares method, a very good
fit of function (16) to the experimental A'F values
was obtained. Thereby, the correctness of the assump-
tion 7y = 0 was confirmed. The interpolated values of
the excimer formation rate constants k" are given in
table 1 (column 4), along with the deviations of the
experimental points from the interpolation curve
(column 5). The D™ values calculated from the inter-
polated &I constants are given in the last column of
table 1. They were used in further calcuiation.

For AE = 2.0 kcal/mol the fit of function (16) was
the best. Exactly the same value of the activation
energy was obtained in the case of 2-AP excimer for-
mation [1} and a very similar one (AE = 2.7 kcal/mol)
for 2-AP + thymidine exciplex formation {2]. This
confirms the twostep mechanism of the reaction
proposed by Pdrschke and Eggers [11] and discussed
in the first part of this work {1 ]. According to it, the
activation energy depends mainly on the solvent prop-
erties and is expected to be very similar for all asso-
ciating species, if only the solute-solveat interaction
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energies are not dramatically different. Therefore, the
activation energies of assocjation in the ground and
excited states of the molecule are very similar. So are
the frequency factors of the reaction and diffusion co-
efficients of the reacting species. The &, values can
thus be considered as the 2AP-C3 -2 AP intramolecular
stacking rate constants.

b) Determination of stacking equilibrium constants
K.

The optical densities of the investigated samples
were very similar, and low enough to presume that the
measured fluorescence signals V were proporttional to
the absorbance. In such a case, a more convenient

form of aq. (10) can be obtained after simple transfar-

mations. Ify =0,

V. '

- ;‘i"——=0(1+x)a;,bg, amn
m

where A" and A}, are absorbances, and ag, the ob-

served hypochromic coefficient at 20°C.

The latter value was deduced from a comparison
of the extinction coefficients of several 2-AP deriva-
tives in aqueous and ethanolic solutions. For 2-AP,
Et-2AP, N N.dimethyl-9-methyl-2AP and N-methyl-
9methyl- 2AP the ratio of the extinction coefficients
in ethanol and water is the same and equals 1,01,
whereas in the case of 2AP-.C3-2AP it is 1.21. This
phenomenon can be attributed only to the intramo-
lecular stacking of molecules, when dissolved in water,
leading to a decrease of their extinction coefficient.
The calculated hypochromic coefficient oy, =0.843.

The equilibrium constants K calcuiated from
eq. (17) are presented in table 2, column 2. The Van't
HofY linear relationship In & = (1T is fairly well
fulfilled (see fig. 1). AH = 200 kecal/mol and AS =
~3.25 eu. The interpolated K values and deviations
of the experimental points from the interpolation
curve are given in columns 3 and 4 of table 2. In col-
umns 5 z2nd 6 the results of interpolation when using
the second-order relationship:

AG = —0,00886 T2 + B847 T — 2876 a8y

are shown. This function, corresponding to the dash-
ed line in fig. 1, fits better the experimental points.
The thermodynamical parameters of the association
seem thus to change sliphtly with temperature ina
similar way as those of 2-AP dimerization {1].

The hypochromic effect of 2AP-C3-2AP intramo-

Table 2
JAPLCH2AP intramolecular stacking equilibrium constants

Temp. K%P +yeiar +ageXp Frgiat A, gexp
Oy (%) %3
06 783 767 20 7.80 0.3
5.5 7.32 719 1.8 7.27 0.7
104 6.82 6.76 0.9 6.79 0.4
182 6.35 6.37 3.4 6.37 —~0.4
20.1 592 6.01 ~1.5 599 -1
150 561 5.68 ~1.3 5.65 ~Q.7
29.9 5.29 338 -16 5.3% ~0.8
348 5.06 3.0 ~0.8 5.03 0.1
396 4 83 4.85 ~0.1 4.80 a.9
44.5 462 4.62 0.0 4.57 1.0
484 £.39 440 ~0.3 136 a6
54.3 4.19 200 ~03 317 0.5
59.1 3.94 4.02 ~2.0 3.99 ~1.4
64.0 383 3.84 ~0.4 383 a0
689 369 3168 a1 3.68 a.l
73.8 3.35 3.53 a.s 3.33 0.2
78.6 343 340 1.0 342 9.2
83.5 3.30 3.27 1.1 3.31 ~0.1
88.4 319 344 15 3.20 0 0.2

exp - experimental; int - caleulated from the equations:
(+3 G =3.25 T — 2000, (++) AG = ~0.008B6 T + $ 847 T
— 2876.

lecular association could be calculated from eq. (3)-
1ts value @ = 0.816, much lower then in the case of
2-AP autoassociation [1], seems to indicate that the
telative orientations of the stacked molecules are dif-
ferent in both cases.

In a 2AP-C3-2AP molecule, the number of allowed
relative orientations of the chromophaores is limited
hecause of steric hindrance. The realized orieniations
correspond, evidently, to sirong interactions between
trapsition moments of the chromophores, since an ex-
cimer of low dissociation probability can be formed,
Hence, a stronger hypochromic effect is observed than
in the case of free molecules association, where a
much greater variety of chromophore orientations
OCCUYs.

4. Conclusions

The fluorescence quenching method seems to be
particularly promising when applied to intramolecular
stacking investigations. lts precision in detenmination
of stacking equilibrium and kinetics is beyond com-
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Fig. 1. Van't HofT plots of 2AP-C3—2AP intramolecular stacking equilibrium constant. The full line correspondsto AH = —2.00
keaal/mol und AS = —3.25 e.u. The dashed line was calculated from the cquation AG = —0.00886 T2 + 8.847 T — 2876.

parison with any other method used so far. Analysis
of fluorescence decay provides a deeper insight into
the conformational structure of the compound, name-
ly it allows to discern Zifferent thermodynamic states
of the unstacked form: of the molecule.

5. Limitations of the fluorescence quenching method

Three conditions have to be fulfilled by a com-
pound to be investigated by this method: 1) its fluo-
rescence must be quenched by the association, 2) its
fluorescence quantum yield must be high enough to
be measured with a sufficient accuracy, and 3) its flu-
orescence lifetime should be longer than 0.1 ns.

Among aromatic and heterocyclic compounds ex-
cimer and exciplex formation is a common phenom-
enon. The first condition is, hence, usually fulfilled.
Still, there are some purine derivatives, such asthe Y
base, and several dyes the fluorescence of which is not
quenched, but on the contrary enhanced by associa-
tion. Stacking properties of those compounds are
examined fluorometrically, but of course not by the
method here described.

If exciplex emission is observed, separation of the
monomer and exciplex fluorescence bands can always
be done, and analysis of both fluorescence quantum
yields done independently. Then, the results obtained
from monomer fluorescence quenching may be com-
pared and confirmed by those derived from exciplex
fluorescence measurements.

No serious limitations arise from the second condi-
tion. The measurement techniques are so well devel-
oped nowadays that even extremely low fluorescence
signals can be determined with satisfactory precision.
By the single-photon counting method, the fluores-
cence of natural nucleic-acid basis (& < 10—4%) is eas-
ily measurable [12].

The most limiting condition is the third one. If flu-
orescence lifetime is shorter than 0.1 ns one cannot be
sure that the exciplex formation probability p is equal
to 1 (see basic assumptions in part I [1]), and it is dif-
ficult or even impossible to determine its actuzal value.
Unfortunately, this difficulty has to be envisaged in
the case of all natural nucleic bases, apart from Y base.
Nevertheless, a great deal of valuable information on
the stacking properties of nucleic bases can be cbtain-
ed by using their fluorescent model compounds, such
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as 2-AP and 2-aminopyrimidine. As the stacking rate
constants are only slightly dependent on the chemical
structure of associating molecules, the stacking kinet-
ics can be fully examined in this way.
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