Iwahashi, Kyogoku | Proton Exchange between Nucleic Acid Bases

Calmon, M.; Gold, V. J. Chem. Soc. B 1969, 659. (d) Lewis, E S.; Alien, J.
D. J. Am. Chem. Soc. 1964, 86, 2022, (e) Funderburk, L.; Lewis, E. S. bid.
1964, 86, 2531. (f) Lewls, E. S.; Funderburk, L. /bid. 1967, 89, 2322. (g)
Wiison, H.; Caldwell, J. D.; Lewis, E. S. J. Org. Chem. 1973, 38, 564.

(15) (a) Kosower, E. M. J. Phys. Chem. 1977, 81, 807. But see also: (b) Kreevoy,
M. Ibid 1978, 82, 2142,

(16) Newman, M. S., Ed. “Steric Effects in Organic Chemistry’’; Wiley: New
York, 1956.

(17) (a) Westhelmer, F. H. Chemn. Rev. 1961, 61, 265. (b) Bell, R, P. Chem. Soc.
Rev. 1974, 3, 513. (c) More-O'Ferrall, R. A. in ref 3a, pp 201-262.

(18) Benezra, S. A.; Bursey, M. M. J. Am. Chem. Soc. 1972, 94, 1024.

(19) Bursey, M. M.; Henion, J. D.; Sammons, M. C.; Parker, C. E. Tetrahedron
Lett. 1973, 4925.

(20) Oimstead, W. N.; Brauman, J. I. J. Am. Chem. Soc. 1977, 99, 4219.

(21) See, for example, (a) Bowers, M. T.; Elleman, D. D.; Beauchamp, J. L. J.
Phys. Chem. 1968, 72, 3599. (b) Buttrill, S. E. J. Chem. Phys. 1970, 52,
6174, (c) Beauchamp, J. L.; Caserlo, M. C. J. Am. Chem. Soc. 1972, 94,
2638. (d) Wiison, J. C.; Bowie, J. H. Aust. J. Chem. 1975, 28, 1993. (e)
Benbow, J. A.; Wiison, J. C.; Bowie, J. H. Int. J. Mass. Spectrom. lon Phys.
1978, 26, 1973. (f) Weliman, K. M.; Victoriano, M. E.; isolani, P. C.; Riveros,
J. M. J. Am. Chem. Soc. 1979, 101, 2242.

(22) (a)Munson, M. S. B.; Field, F. H. J. Am. Chem. Soc. 1965, 87, 4242. (b)
Harrison, A. G.; Lin, P, A,; Tsang, C. W, Int. J. Mass Spectrom. lon Phys.
1976, 19, 23.

(23) Dixon, W. J.; Massey, F. J. “Introduction to Statistical Analysis’’;
McGraw-Hill: New York, 1957; Chapter 8.

(24) Lieder, C. A.; Wein, R. W.; Mciver, R. T. J. Chem. Phys. 1872, 56,
5184,

(25) (a) Su, T.; Bowers, M. T. J. Chem. Phys. 1973, 58, 3027. (b) Int. J. Mass
Spectrom. lon Phys. 19783, 12, 347. (c) Bass, L.; Su, T.; Chesnavich, W.
J.; Bowers, M. T. Chem. Phys. Lett. 1975, 34, 119.

(26) McMahon, T. B.; Miasek, P. G.; Beauchamp, J. L. Int. J. Mass Spectrom.
lon Phys. 1976, 21, 63.

2913

(27) Asublojo, O. i.; Brauman, J. I. J. Am. Chem. Soc. 1979, 101, 3715.

(28) Marcus, R. A. J. Phys. Chem. 1968, 72, 891,

(29) (a) Oimstead, W. N.; Lev-On, M.; Golden, D. M.; Brauman, J. |, J. Am. Chem.
Soc. 1977, 99, 992. (b) Jasinski, J. M.; Rosenfeld, R. N.; Goiden, D. M,;
Brauman, J. I. ibid. 1979, 101, 2259.

(30) Yamdagni, R.; Kebarle, P. J. Am. Chem. Soc. 1973, 95, 3504,

(31) (a) Albritton, D. L. "Kinetics of lon-Molecule Reactions”, Ausioos, P., Ed.;
Pienum Press: New York, 1979; pp 119-142, (b) Lifshitz, C.; Wu,R.L.C.;
Tiernan, T. O. J. Am. Chem. Soc. 1978, 100, 2040, and referenced cited
therein.

(32) (a)Forst, W. ""Theory of Unimoiecular Reactions’’; Academic Press: New
York, 1973. (b) Robinson, P. J.; Holbrook, K. A. "Unimolecular Reactions’’;
Wiley-Interscience: New York, 1972,

(33) Reference 32a, p 205 ff.

(34) Waage, E. V.; Rabinovitch, B. S. Chem. Rev. 1970, 70, 377.

(35) Hase, W. L.; Bunker, D. L. Quantum Chemistry Program Exchange No. 234,
indiana University. The subroutine in this RRKM program was used intact
except for the addition of the capability to handle two-dimensional ro-
tors.

(36) Herzberg, G. “'Electronic Spectra of Polyatomic Molecules’”; Van Nostrand:
Princeton, N.J., 1966.

(37) Wilson, E. B.; Declus, J. C.; Cross, P. C. "Molecuiar Vibrations”;
McGraw-Hill: New York, 1955; p 183 ff.

(38) Merlet, P.; Peyerimhoff, S. D.; Buenker, R. J. J. Am. Chem. Soc. 1972, 94,

8301.

(39) Rush, J. J.; Schroeder, L. W.; Melveger, A. J. J. Chem. Phys. 1973, 56,
2793.

(40) Melander, L. "Isotope Effects on Reaction Rates”’; Ronaid Press: New York,
1960; p 32 ff.

(41) Katritzky, A. R.; Ambler, A. P, ""Physical Methods In Heterocyclic Chem-
Istry”’, Katritzky, A. R., Ed.; Academic Press: New York, 1963; p 274 ff.

(42) Chesnavich, W. J.; Su, T.; Bowers, M. T. J. Am. Chem. Soc. 1978, 100,
4362,

Proton Exchange between Nucleic Acid Bases
in Nonaqueous Solvents

Hideo Iwahashi and Yoshimasa Kyogoku*

Contribution from the Institute for Protein Research, Osaka University,
Suita, Osaka 565, Japan. Received August 8, 1979

Abstract: The saturation transfer method of nuclear magnetic resonance reveals that protons exchange between nucleic acid
bases in nonaqueous solvents. The exchange takes place between the imino proton of 1-cyclohexyl-5-bromouracil (BrU) and
the amino proton of 9-ethyladenine (9EA), and between the amino proton of 1-methylcytosine (IMC) and the imino proton
of 9-ethylguanine (9EG), while the amino proton of 9EG does not exchange at all with the other protons. Experiments at low
temperature show that, of the two amino protons of cytosine, only the proton directly participating in the hydrogen bond ex-
changes with the imino proton of 9EG. Activation energies of the proton exchange between some 1-cyclohexyluracil derivatives
and 9EA in chloroform were determined. They vary from 7 to 16 kcal/mol, increasing in the following order: 1-cyclohexyl-5-
bromouracil, 1-cyclohexyluracil, I-cyclohexylthymine, and 1-cyclohexyl-5,6-dihydrouracil. It is unlikely that all the protons
exchange through water protons in the solvent because the water-proton signal is only partially saturated even when the imino-

or amino-proton signals are completely saturated.

The molecular basis of nucleic acid base-base interaction
has been studied extensively using various physicochemical
techniques including infrared spectroscopy! and nuclear
magnetic resonance.? These experiments demonstrated that
a specific interaction between complementary nucleic acid
bases exists in nonaqueous solvents even at the monomer level.
In spite of much knowledge about specificity, little is known
about the dynamic properties of base-pair formation.3 Speci-
ficity or selectivity in base pairing is a fundamental process in
genetic coding, but fluctuation in the paired structure should
also be relevant to the biological phenomena.? In previous work
we showed that at the monomer level the adenine-uracil pair
using the C(2) carbony! group as a proton acceptor site coexists
extensively with the Watson-Crick type base pair which uses
the C(4) carbonyl group. It has also been suggested that the
keto-enol tautomerism of thymine (uracil) and guanine and
the amino-imino tautomerism of adenine and cytosine may
explain spontaneous mutation and wobble pairing in codon-
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anticodon recognition,® although there is almost no experi-
mental evidence supporting the idea. In a previous paper we
demonstrated the exchange of protons between complementary
nucleic acid bases by applying the saturation transfer method
of proton magnetic resonance.® The evidence may be relevant
to fluctuation in the structure of the bases, particularly tau-
tomerism. Saturation transfer is a well-known phenomenon’
and has usually been employed to elucidate the sites and rates
of exchangeable nuclei.? In the present experiment we analyze
the observed proton saturation transfer on nucleic acid base
pairs in nonaqueous solvents and discuss the mechanism of
proton exchange between the bases.

Experimental Section

Materlals. 9-Ethyladenine (9EA), 1-cyclohexyluracil (U), 1-cy-
clohexylthymine (T), 1-cyclohexyl-5-bromouracil (BrU), 1-cyclo-
hexyl-5,6-dihydrouracil (DU), 9-ethylguanine (9EG), and 1-meth-
yleytosine (1IMC) were purchased from Cyclo Chemical Co., Los
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Figure 1. 'H spectra of the 1:1 mixture of 9EG and IMC in dimethyl-ds
sulfoxide at 25 °C. Concentration of 9EG and IMC is 50 mM. Arrows
indicate irradiated positions. The spectra are obtained irradiated (A) at
the position where there is no signal, (B) at the imino proton signal of 9EG,
(C) at the amino proton signal of IMC, (D) at the amino proton signal
of 9EG, and (E) at the water signal.

Angeles, Calif. 9-Ethyladenine was recrystallized from a combined
solvent of carbon tetrachloride and chloroform. All other compounds
were used without further purification. The solvents,dimethyl-dg
sulfoxide and chloroform-d|, were obtained from CEA France.

Methods. 'H magnetic resonance spectra were obtained at 100
MHz with a JEOL-FX 100 pulse Fourier transform NMR spec-
trometer locked on deuterium. 'H(*H) double irradiation experiments
were performed using a JEOL homodecoupling unit. Spin-lattice
relaxation time T; was measured using the (Tg-w-2-m/2), pulse
sequence, where the condition T4 > 5T is satisfied and the imino
proton of the uracil derivatives is completely saturated. Signal intensity
was obtained by integrating the signal area corrected relative to the
signal area of tetramethylsilane and using that as the standard.
Sample-tube temperature was controlled by a unit equipped with the
NMR system. Temperatures were corrected by the chemical shift of
the methanol proton and accuracy is within £1 °C

Procedures for Exchange Rate Calculation. We will consider the
system where protons are exchanging between two sites A and B of
different chemical environments. In the present experiment site A
corresponds, for example, to the amino proton of 9EA, and site B to
the imino proton of U derivatives. When a strong radio frequency field
is applied to the protons at site B, saturating the B magnetization, the
following relation holds:”

dMzA(1) _ MA° — MzA(2) 1
Fra Tin - (;;)MZA(I) (1)

Here MzA(¢) is the magnetization at site A at time ¢, M A0 is the
equilibrium magnetization at site A, 74 is the lifetime of the protons
at site A, and T4 is the intrinsic spin-lattice relaxation time at site
A. In the derivation of eq 1, no account was taken of the contribution
of the intermolecular dipole-dipole interaction between the protons
at site A and those at site B to magnetization.!® After a pulse sequence
(Ty-w-t-m/2), with the B protons completely saturated, magneti-
zation of the A protons at time ¢ is given by!!

()

This equation is obtained by solving eq | with the boundary condition
M z2(0) = — MzA(=) and applying the relation?

MzA(=) _ 7 3)

MA® Ta+ Tia

where M zA(=) is the magnetization at site A at infinite time after
applying the strong radio frequency field at site B and M9 is obtained
as the magnetization of site A without irradiation at site B. In eq 2
TaT1a/(Ta + T1a) = Tappcorresponds to T in the measurement of
spin-lattice relaxation times by the normal inversion recovery

method.!2 From eq 2 and 3, 74 and T4 can be calculated. The ex-
change reaction in our experiment is expressed as

MzA(1) = MzA(=) ll — 2 exp [—t M]

TaT1a

k
A-H* + U-H** 2 A-H** + U-H*

where A and U denote adenine and uracil derivatives, and k is the rate
constant for the forward or backward exchange process. The lifetime
74 is related to k as follows:

Ta=1/k[U] 4
where [U] is the concentration of the uracil derivative. Using the above

relation, the rate constant k can be estimated from the concentration
dependence of the lifetime 74.

Results

Guanine-Cytosine Mixture. Proton magnetic resonance
spectra of the 1:1 mixture of IMC and 9EG in dimethyl-dg
sulfoxide are shown in Figure 1. The signals of the imino proton
of 9EG and those of both the amino protons of IMC and 9EG
shift considerably downfield on mixing.22 The shifts can be
attributed to the formation of hydrogen bonds between 1MC
and 9EG. Irradiation on the imino proton of 9EG induces a
decrease in intensity of the amino-proton signal of 1MC.
Similarly, irradiation on the amino proton of 1MC weakens
the imino-proton signal of 9EG. The nuclear Overhauser effect
due to dipolar coupling should produce signal enhancement
in cases like the present where gyromagnetic ratios of the in-
teracted nuclei are of the same sign!32 and the molecular mo-
tion of the system is rapid.!3® Thus we can explain the observed
intensity decrease as follows. Protons exchange back and forth
between the amino group of IMC and the imino group of 9EG,
and the irradiated protons, i.e., the completely saturated pro-
tons, move to the nonirradiated site (saturation transfer). As
a result, magnetization at the nonirradiated site decreases, if
magnetization recovery at the nonirradiated site is slow
enough. Irradiation on the amino proton of 9EG had almost
no effect on the peak intensities of the other protons. Similarly
the signal of the amino proton of 9EG was not affected by ir-
radiation on the other protons. These results indicate that the
amino proton of 9EG does not exchange with the other pro-
tons.

Although dried dimethyl sulfoxide was used in the experi-
ment, the solvent still contained a slight amount of water. In
fact a small water resonance appears in the spectrum from
which we can estimate the amount of water contained (Table
I). Thus it is necessary to take into account exchange via water
molecules. Irradiation on the water resonance weakens the
intensity of the imino-proton signal of 9EG to a certain extent,
but the percentage decrease is very small compared with the
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Table L. Percent Decrease in Signal Intensity on lrradiation of Other Proton Signals at 25 °C
% decrease in signal intensity [M A% — MzA(=)]/MA%(=) X 100
solvent irradiated A-amino A-amino
base pairs (concn) proton G-amino C-amino 2) (6) G-imino  U-imino
9-ethylguanine Me,;SO G-amino 12 20
+ (01 M C-amino 12 86
1-methylcytosine (0.042 M)= G-imino 0 71
H,0 3 S 20
9-ethyladenine CDCl; A-amino 71
+ (0.2 M)® U-imino 41
1-cyclohexyl-5- H,0 33 58
bromouracil Me,SO A-amino 65
(0.2 M) U-imino 32
(0.052 M)a H,0 17 61
2,6-diamino- Me,SO A-amino(2) 8
9-ethylpurine 0.2 M) A-amino(6) 0
(0.033 M)« H,0 2 1
2,6-diamino- Me,SO A-amino(2) 12 43
9-ethylpurine (0.2 M) A-amino(6) 12 58
+ (0.060 M) U-imino 17 24
1-cyclohexyl-5- H,0 21 19 75
bromouracil

9 Molar concentration of water estimated from signal intensity. ® Water signal is too broad to calculate the amount of water.

case of irradiation on the amino proton of IMC (Table I).
Protons of the water molecules certainly exchange with the
amino protons of IMC and the imino proton of 9EG, but direct
exchange between the imino protons of 9EG and the amino
protons of IMC is predominant in this system.

In the next step, we tried to find which proton of the amino
group of IMC exchanges more easily. It has been known that
the amino group of IMC forms a large potential barrier for
rotation about the C(4)-N(amino) bond and the two protons
of the group are observed as separate signals at low temper-
ature.22 One at the lower field corresponds to the signal of the
proton directly participating in the hydrogen bond with 9EG
and the other in the upper field corresponds to that of the
proton free from the hydrogen bond (Figure 2). The assign-
ments were confirmed by observing the concentration depen-
dence of the two peaks.!4 Under these conditions, the irra-
diation on the imino proton of 9EG produced saturation more
effectively on the proton signal in the lower field, i.e., the signal
of the amino proton directly participating in the hydrogen bond
(Figure 2). Irradiation on the lower field amino proton also
decreased more effectively the intensity of the imino-proton
signal of 9EG (44%) than irradiation on the upper field amino
proton (29%). These observations indicate that the amino
proton participating in the hydrogen bond exchanges more
easily with the imino proton of 9EG. The amino proton free
from the hydrogen bond can also exchange with the imino
proton to a slight extent. It is very probable that the saturated
free amino proton moves to the hydrogen-bonded site through
rotation about the C(4)-N(amino) bond and exchanges with
the imino proton of 9EG. When the free amino proton isirra-
diated, the bonded amino proton signal decreases by 40% and
the imino proton signal of 9EG does so by 29%. About 18% of
the 29% decrease is estimated to be contributed by saturation
transfer to the imino protons through the passing of the bonded
amino proton, because the efficiency of direct saturation
transfer between the bonded amino and imino protons is 44%
as mentioned above. The residual intensity decrease (11%) may
come from the exchange via water and direct exchange be-
tween the free amino proton and the imino proton.

Adenine-Uracil Mixtures. Similar experiments were per-
formed in a mixture of 9-ethyladenine and 1-cyclohexyl-5-
bromouracil. In Table I the intensity decreases are shown for
cases of irradiation on other exchangeable protons. The effects
of irradiation on the amino-proton signal of 9EA induced a

Ul
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Figure 2. 'H spectra of the 1:1 mixture of 9EG and 1MC in a mixed solvent
of dimethyl-dg sulfoxide and chloroform-d; (1:1) at 3 °C (0.05 M). The
solid line shows the normal spectrum and the dotted line is the spectrum
where the imino-proton signal of 9EG is irradiated.

decrease in the imino-proton signal of BrU in chloroform so-
lution. However, irradiation on the broad signal of water at 3
ppm, which was overlooked in the previous paper,® also induces
a notable decrease of intensity in both imino- and amino-proton
signals. Thus there seems a considerable degree of proton ex-
change between the imino proton and the amino proton via
water molecules. In dimethyl sulfoxide solution the proton
exchange decreases. In this system, however, exchange via
water molecules is reduced and direct exchange between imino
proton and amino proton becomes predominant, because ir-
radiation on the water signal does not influence imino- and
amino-proton signals.

In the spectrum of the mixture solution of 2,6-diaminopurine
(DiA) and BrU, separate signals corresponding to the two
amino groups are observed. Irradiation on the imino proton of
BrU and H;O shows about the same degree of saturation of
the protons at the two amino groups in DiA. However, in the
DiA solution itself, irradiation on the H,O signal does not



2916

Journal of the American Chemical Society | 102:9 | April 23, 1980

Table I1. Proton Exchange Rate Constants between 9-Ethyladenine and 1-Cyclohexyluracil in Chloroform-d; (0.2 M Solution)

intensity
temp, ratio
°C MzA (=) /M0 Tapp Tia, s 1/7a, 57} k,s"1 M1
=5 0.86 0.12 0.14 2.4 12
4 0.79 0.12 0.15 3.6 18
15 0.61 0.12 0.20 6.5 33
26 0.44 0.10 0.23 11 55
435 0.26 0.06 0.23 25 125
. %’;.ﬁ . Ink
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Figure 3. A plot of In [(M zA(=) — M zA(¢))/2M z*(=)] against ¢ for BrU
and 9EG system: O, at =5 °C; A, at 26 °C; @, at 43.5 °C,

weaken amino proton signals of DiA. Therefore the amino
protons of DiA do not directly exchange with water protons
and the decreased amino-proton signal in the mixture solution
is attributed to the exchange via the imino protons of BrU
(H20 — imino proton of BrU — amino proton of DiA). Direct
exchange between the imino proton of BrU and the amino
protons of DiA should exist in this system. An interesting as-
pect of this system is that the lower field signal of the two amino
groups, which is assigned to the 6-amino group, is much more
affected than the upper field signal of the 2-amino group by
irradiation on the imino proton of BrU.

The rate constants and the activation energies of the proton
exchange in the system of 9EA and U derivatives (BrU, U, T,
and DU) were obtained by the above method. Under the sat-
uration of the imino-proton signals of the U derivatives in the
mixture with 9EA, the intensity of the amino-proton signal of
9EA was measured at ten different intervals (¢) in the (74—
w-1-m/2) pulse sequence. If the assumption in the derivation
of eq 2 is valid, the plot of In (M zA(®) — MzA(1))/2M zA(=)
against ¢ should be linear. Such is the case in the SEA-BrU
system as shown in Figure 3, where plots of 43.5, 26, and —§
°C are given. The rate constants of proton exchange were ob-
tained from the slopes of the graphs and the ratios of
Mz8(=)/M D (Table II). It indicates that proton exchange
occurs about ten times a second at room temperature. From
the temperature dependence of the proton-exchange rate
constants, the activation energies of the proton exchange be-
tween 9EA and U derivatives were calculated (Figure 4, Table
111). Activation energy increases in the order BrU, U, T, and
DU.

Discussion

We presented here evidence of proton exchange between
nucleic acid bases in nonaqueous solvents obtained from ex-
periments of saturation transfer in NMR. It has become clear
that two conditions are necessary for effective proton exchange
between the nucleic acid bases. One is the formation of hy-
drogen-bonded base pairs and the other is that the exchanging

L, Tx10% °K

Figure 4. Arrhenius plots of the proton exchange rate constants of BrU-
9EA (0), U-9EA (a), T-9EA (4A),and DU-9EA (@) systems.

Table III. Activation Energies of Proton Exchange in Mixture
Systems of 1-Cyclohexyluracil Derivatives and 9-Ethyladenine

compd AE, kcal/mol
dihydrouracil 153 +1
thymine 13.8+£0.2
uracil 12.5+0.05
S-bromouracil 78+0.2

protons are located in the cyclic hydrogen bond system where
keto-enol tautomerism can take place.

When we compare the extent of saturation transfer between
the dimethy! sulfoxide and chloroform solutions of the 9EA
and BrU mixtures, proton exchange occurs more effectively
in the chloroform solution than in the Me,;SO solution. Gen-
erally, hydrogen bonding between the solute molecules in di-
methyl sulfoxide solution is less than in chloroform solution.
The association constant between SEA and BrU in chloroform
is bigger than that in dimethyl sulfoxide. As shown in Table
I11, the BrU mixture has the lowest activation energy for
proton exchange and the DU mixture the highest. The asso-
ciation constant between 9EA and BrU is the biggest and that
between 9EA and DU the smallest among those of the mixtures
of the uracil derivatives with 9EA.14 Thus readiness of proton
exchange is correlated with the association constants. But we
cannot deny that the water molecules also have an affinity to
the uracil derivatives in parallel with the association constants
with 9EA. More direct evidence to support the hypothesis that
the formation of hydrogen bonds is necessary for proton ex-
change is the fact that among the two amino protons of IMC
the proton participating in the hydrogen bond exchanges more
effectively with the imino proton of 9EG.

In the mixture system of 9EG + 1MC, the 2-amino proton
signal in 9EG was hardly affected by irradiation of imino
protons. We can write the keto-enol (amino-imino) tautomeric
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structure of 9EG + IMC, 9EA + BrU, and DiA + BrU using
the amino groups of IMC, SEA, and DiA, while the tautomeric
form using the 2-amino group of 9EG cannot be written down.
The order of activation energies in proton exchanges of uracil
derivatives may be relevant to their ease in assuming the enol
form. A previous study on tautomerism revealed that 5-bro-
mouracil assumes an enol structure more easily than thy-
mine.!3

Based on the above data we present possible mechanisms
for proton exchange between the complementary base pairs.
They are conjectures and do not follow rigorously from the
experiments. Firstly, when SEG forms a hydrogen-bonded
dimer with IMC, the amino proton of IMC moves to the
carbonyl group of 9EG and the imino proton of 9EG to the 3N
position of IMC. IMC and 9EG then become imino and enol
forms, respectively. The possibility of such double tunneling
in the base pair was pursued theoretically by Lowdin!6 and the
existence of the imino form of cytosine derivatives has been
demonstrated.!” To interpret the proton exchange between the
amino group of IMC and the imino group of 9EG, the recovery
to the normal tautomeric form through rearrangement of the
moved protons should occur inside the molecule (Figure SE).
It is not clear whether such an inner-proton jump is possible.
In this mechanism it does not matter whether the hydrogen-
bonded pair dissociates after the double tunneling. However,
the lifetime of the base pair in chloroform is said to be of the
order of 1078 s.3 The contribution of the dissociated species
to the proton exchange should then be considered. For example,
after the double tunneling, they dissociate, keeping the
imino-enol tautomeric forms, and then they may form self-
associated dimers which would easily induce recovery to the
normal tautomeric forms (Figure SD).

Another probable mechanism is the formation of protonated
species instead of double tunneling. Formation of a hydro-
gen-bonded pair may allow proton transfer of the imino proton
of 9EG to the counterbase, | MC.!8 After dissociation of the
base pair the amino group of the protonated IMC may directly
attack the deprotonated imino group of 9EG in random colli-
sions and the rearrangement of exchangeable protons may
occur inside the I MC. This would also explain the proton ex-
change between the imino group of 9EG and the amino group
of IMC.

At the present stage we cannot determine the actual
mechanism of the observed proton exchange, but at least it is
clear that such exchanges occur without water molecules and
also that the formation of the base pair is necessary for the
exchange. If the contribution of the dissociated species from
the base pair is essential for proton exchange, such an exchange
occurs scarcely at all or is at a low rate in the double-stranded
nucleic acids. An experiment on the polynucleotides would help
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Figure 5. One possible mechanism for proton exchange.

the interpretation and the results would also make clear
whether the phenomenon has some relevance to mutations,
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