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1. Introduction

According to the data described in our previous
publications [1—3] the reactivity of purine residues
in polynucleotides and nucleic acids, and, in parti-
cular, the ability of H-atoms in the C(g,H groups to
take part in the hydrogen exchange reaction with
water depends on the conformation of the macromole-
cules, which in turn influences the electronic state of
purine residues. To estimate the change of electronic
state of purine residues by the rate of 'H->*H
exchange in the groups mentioned, one should know
the mechanism of the exchange reaction.

In the paper by Tomasz et al. [4] data are present-
ed concerning the rate of the isotope hydrogen ex-
change in the C(g)H groups of purine nucleosides
and a suggestion is put forward that the exchange
proceeds via the ylide mechanism proposed earlier
[5] to explain hydrogen mobility in the C(,)H groups
of imidazole and its derivatives.

This report is devoted to the study of *H->'H ex-
change kinetics in the C(g)H groups of some purine
derivatives over a wide pH range. We looked for a
correlation between the kinetic data and the ylide
mechanism of the exchange reaction and for a
relationship between the constant of the exchange
rate and affinity of the purine residues for protons
(pK,), arising from their electronic state. It is evident
that if such a relationship had been found one would
be able to estimate the pK, values of purine residues
in nucleic acids depending on their conformation.
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2. Materials and methods

Commercially available [8->H]guanine and [8-*H]-
xanthine were used [8->H]labelled purine, adenine,
hypoxanthine and [2-*H]-labelled imidazole and benzi-
midazole were obtained after hydrogen exchange in
"H3HO and purified. Upon chromatographic analysis,
a single radioactivity spot was observed for each
compound coinciding with the UV-absorbing spot.
Spectral characteristics of all the purified *H-com-
pounds corresponded to those described for non-
labelled substances.

To measure the rate of *H-! H exchange *H-con-
taining compounds were incubated for a given time
at 80°C at a given pH value. Specific radioactivity
was measured after removal of traces of ' H*HO by
repeated lyophilization. The rate constant of the
exchange (k°b) was calculated by using a first order
equation:

2.3 SA,
bs _ < t
kobs = = log ot (1)

where: ‘¢’ is incubation time in seconds; SA, and
SA, are the specific radioactivities of the compound
under study after and prior to the incubation,
respectively.

Radioactivity was measured in an SL-40 liquid
scintillation spectrometer (Intertechnique, France).
Concentrations were calculated from the values of
optical density. Spectral characteristics of the com-
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pounds studied were read in a recording Hitachi
spectrophotometer in the range from 200 to 300 nm
before and after incubation.

3. Kinetic analysis

For the isotope hydrogen exchange in a compound
‘A’ the following relationship is valid:

Exchange rate = k°bS . [A] )

where [A] is the total concentration of compound
‘A’

For compounds containing up to 3 ionizing groups
one of which is able to accept a proton and two others
can donate one, the total concentration of the mole-
cules ‘A’ is expressed as a sum: [Al = [A®] + [AH} +
[A™] + [A%"] + [A%]. The terms in this summation
represent concentrations of uncharged molecules and
those of protonated, deprotonated, twice deprotonat-
ed and zwitter-ion forms of the compound ‘A’,
respectively.

According to the ylide mechanism [4,5], hydrogen
exchange between water and C g)H groups of purine
residues proceeds in the positively charged ions occur-
ring due to protonation of N-atoms neighbouring to
the exchangeable CH-group and in the corresponding
zwitter-ions. The exchange rate is restricted by a
proton elimination from the C g)H group by OH™
jons of the solvent. Thus if we assume the ylide mecha-
nism to be valid we can write:

Exchange rate =k* [AH'] [OH"] +k* [At] [OH"]
(3)

where k" and k¥ are the true constants of the exchange
rate in AH" and A¥ ions, respectively.
By combining the equations (2) and (3), we obtain:
kobs [A] = k* [AH'] [OH] + k* [A* ] [OH]
(4)

Substituting in the equation (4) the ratios of ioniza-
tion constants of the compounds under study and
[H*] for [A], [AH"], [A*] and K, [H*] for
[OH], where K, is ion product of water, we ob-
tain the general expression for the value of k°Ps:
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k' K_w_ + K Ky - —WT
kobs 2 [H ]
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i [H] ay ayag
te 1 ~ t +Kpw
K,y w1 [HY)?

The analysis of equation (5) shows [4] that to
calculate k* one should know the values of K, and K

and experimentally determine the value of
kS within the range K, 2 > [H'] >K, 2 where this

value is constant. This £°PS value will be designated as
kObS .
e

w

kSbs k+K (6)
1 - Kal

To calculate k¥ one has to know the values of Ky,
K,y and K, ; and to determine experimentally the

value of k°b$ within the range Ky, > H*] > Ka3

where it is constant. This value will be designated as
k‘z’bs :

K, K
k;bs =ki “}( W (7)
a

4. Results and discussion

Figs. 1 and 2 represent experimental data obtained
for pH dependence of k°bS of adenine and guanine,
respectively, used as examples. The pH dependences of
kObs for purine, imidazole and benzimidazole are
similar to that of adenine (fig. 1) whereas the curves
obtained for hypoxanthine and xanthine resemble that
of guanine (fig. 2). It can be seen that in both cases
there are pH ranges where k°PS does not actually
depend on pH. For adenine, such a region is single;
for guanine, two regions are revealed Respective
values of k°bs (k‘l’bs and kg %) for these regions are
given in table 1. In the same table are given the true
constants of the exchange rates in protonated and
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- Igkobs zwitter-ion* forms calculated by using equations (6)
i and (7).
The theoretical curves in figs. 1 and 2 correspond to

" the values k°S calculated according to equation (5)
i with the use of the k(l’bs and kgbs values presented in
table 1. In these calculations we have assumed that in
the case of adenine (and compounds [--II1), a single
exchangeable form is represented by protonated mole-
cules whereas in the case of guanine (and compounds
V-VII), in addition to protonated molecules,
zwitter-ions carrying a positive charge at the N,
atom are also involved in the exchange. This assump-
tion was based on the distinction mentioned above
in the shapes of the k°YS versus pH curves for adenine
and guanine. Dotted lines (a,b) in fig. 2 correspond
to the pH dependence of k°P$ calculated for the

P T T TR S T W T W protonated and zwitter-ion guanine molecules,
2 4 6 8 10 12 pH

Fig. 1. Comparison of the experimental data and theoretical

curve of the observed rate constants of the *H—' H exchange *
reaction of adenine C(8 H groups. (#) Experimental points of

log k°bS; (——) theorefical curve of log kP8 calculated from

eq. (5).

Since the data on the K, values necessary for calcula-
tion of k¥ (see eq. (7)) are not available from the litera-

ture (except for K, for guanosine [4]) we calculated

t
the product of & - K,

_|g kobs

Fig. 2. Comparison of the experimental data and theoretical curve of the observed rate constants of the *H—' H exchange reac-
tion of guanine Cg)H groups. (®) Experimental points of log xobs; ( ) theoretical curve (c) of logarithms over all ¥°°3 calcul-

ated fromeq. (5); (----- ) theoretical curve (a) of log kObs for protonated molecules; (—.—.—.) theoretical curve (b) of log xobs
zwitter-ions.
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Table 1
The constants of ionization (K,) [8,9] and the rate constants of the 3H-'H exchange of the
compounds studied

Compound Pk, Interval pH kobs Kk KK,y
in%vhich -—b—b( N N
obs obs - -
pKal pKa2 pKa3 kO S _ k] k2 secC sec
const.
Imidazole (I) 7.0
N 811 5.0-107% — 1.3-10° -
3N
27 13
)
H
Benzimidazole (II) 5.5
N\ 6-10 5.2:107% — 4.1-10°
N/C_H 12.3
|
H
Purine (III) 24
AN
N ®s 7\a(:-H 3-7 131075 — 1.3:10° -
KM s/
N N 8.9
|
H
Adenine (IV) 4.2
NH,
N
N \C H 6-9 2.1:107% - 3.3-10°
RN '\ll/ 9.8
H
Hypoxanthine (V) 1.98
Q N 3-7 1.2:107% 3.3-10°
J 8.99
oH "N ';l 9-11 5.0-10"° 1.4:107!
H

12.1

184



Volume 49, number 2 FEBS LETTERS December 1974

Table (continued)

Guanine (VI) 3.3
0 N 4-7 2.5-1078 3.1-10°
HN Ne—H 9.2
/KN N/ -4 -1
NH, ) 10-11 1.4:10 2.2:10
H 12.3
Xanthine (VII) 0.8
2-5 3.7-107¢ 1.5-10°
N
7.44
HL EC-H 8-10 5.0-10°% 4.7
N
1 1gkoba
1-3
4-4
"5
-6
~
2 L (] 1 [} t [l I ol\ 1
0 1 2 3 4 5 6 7 8 pKa1

Fig. 3. pK, -dependence of logarithms of the rate constants of the * H—' H exchange between water and CH-groups of the com-

pounds I—VIL (e) Experimental points of log k°bS; (o) the values of log k* calculated from eq. (6).
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respectively. It can be seen that the experimental data
both for adenine (fig. 1) and guanine (fig. 2) coincide
rather well with the curves calculated on the basis of
the ylide mechanism. Similar coincidence of experi-
mental and calculated data was observed also for all
the compounds studied in this work. Some shifts of
the experimental points towards lower pH values
observed in the protonation region for all the com-
pounds may be accounted for by the fact that the
calculations were performed by using the ionisation
constant determined at 20°C whereas experimental
data were obtained at 80°C.*

Fig. 3 shows ratios between k" values for all the
compounds under study listed in table 1 and respec-
tive protonation constants (K, ) on logarithmic
scales. It can be seen that the lowest k* value is
inherent to the protonated form of the compound
with the greatest proton affinity, viz. imidazole. In
the series imidazole, benzimidazole, purine and
oxypurine (i.e. on decreasing order of proton affinity)
the k” value increases. If the ylide mechanism is
assumed this fact shows that the weaker the ability
of molecules to bind a proton the easier is the elimina-
tion of a proton from the C(gyH groups of the
protonated molecules by OH ions. Linear dependence
between log k" and pK, . shown as dotted curve
in fig. 3, favours the assumption on the general
mechanism of the exchange reaction for all the com-
pounds under study. The slope of the straight line
(about 0.6) may serve as a quantitative characteristic
of this dependance; a 10-fold decrease of Kal corres-
ponds to a 4-fold increase of k.

It should be emphasized that the above-mentioned
linear dependance corresponds to the k* value which
was not measured directly but calculated from
equation (6) using the experimentally obtained
k‘l’bs values, and known values of K, . The solid
line in fig. 3 shows that the values of experimentally
measured k‘l’bs in contrast to &*, decrease upon a de-
crease in pK, (that is upon decreased proton affinity).
The relationsfllip kfbs and pK,,  is of practical interest
for the compounds whose pK,, values are not known.
We mean, in particular, purine residues in polynucleo-

* [t should be noted that the experimental values of kobs

at pH >12 (figs. 1 and 2) are rather approximate since
we failed to carry out accurate measurements in such
strongly alkaline solutions.
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tides and nucleic acids with ordered secondary struc-
ture since in these cases pK, values are known to
depend on the conformation of a respective macromoi-
ecule.

Measurements of the > H-! H exchange rate at
different temperatures have shown that the values of
activation energy for all the compounds under study
is 2121 kcal/mole. This makes it possible to suggest
that a decrease in the exchange rate upon a fall in
temperature should not be accompanied by any
changes in the slopes of the curves presented in fig. 3.
This means that the Alog k‘l’bs/ A pK, value found
at 80°C (0.39) should be maintained tlor lower tem-
peratures more typical of experiments with biopoly-
mers. Measuring in the experiment (within the pH
range Kal > [H'] >Ka2) a change of the kcl’bs value
due to the change in the'macromolecular conforma-
tion and using the ratio Alog k‘l’bs/A pKal =0.39
one can estimate a change of pK|, .

Data published in our previous papers [1-3] have
shown that the ordering of the secondary structure
of polynucleotides and appearance of stacking inter-
action between the bases is accompanied by a retarda-
tion of hydrogen exchange. In view of the facts men-
tioned these data may be interpreted as indicating a
decrease of proton affinity of purine residues after
the ordering of the secondary structure.

In this connection it was interesting to evaluate
the changes in pK,  of purine nucleotides and their
residues within the double-stranded DNA molecule
by using the values of ratio constants of hydrogen
exchange in Cg)H groups. Previously it has been
shown [6,7] that for DNA incubated in 1 X SSC in the
range of 35—70°C an independance of the coefficient
of exchange retardation (K = k‘l’bs (of NMP mixture):
k‘l’bs (of DNA)) on the temperature is observed. The
K, value for DNA with 50% (G + C) content was
found to be 2.4. Therefore, for this DNA

Alog k‘l’bs =log k‘l’bs (of NMP mixture) — log k(l’bs
(of DNA) = 0.38.
By using the above relation we find that

ApKa1 = Kal (of NMP mixture) — pKal (of
DNA) = 0.38/0.39.
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Thus, pK, = of purine residues within double-stranded
DNA according to this calculation should be about

one unit lower than pK, . of the respective nucleotides.

Direct measurements of pK, = for the purine nucle-

otide residues within the double-stranded DNA cannot

be performed since their protonation results in DNA
denaturation. One may only notice that the value of
ApK,, = 0.98 found by us (for purine residues of
DNA (in 1 X SSC)) agrees rather well with the values
of 0.8 and 1.5 which were obtained [10] upon
measuring the degree of protonation of cytidylic
residues of double-stranded DNA in 0.02 M KC1 and
0.2 M KCl, respectively.
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