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NMR Study of Stacking Interactions between
Thymine and 1,3-Dimethylxanthine Rings

TOSHIO ITAHARA

Department of Bioengineering, Faculty of Engineering, Kagoshima University, Korimoto, Kagoshima 890, Japan
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Stacking interactions between thymine and 1,3-
dimethylxanthine rings of 7-[w-(2,4-dioxo-1,2,3,4-tet-
rahydro-5-methyl-1-pyrimidinyl)alkyl]-1,3-dimethy-
Ixanthine were studied by means of "H NMR spec-
troscopy in aqueous solutions and organic solvents.
The spectra were compared with those of 1,1'-(a,-
alkanediyl) bis [thymine] and 7,7'-(«,w-alkanediyl)-
bis [1,3-dimethylxanthine]. On the basis of the
chemical shifts of the ring protons and methyl groups
of thymine and xanthine rings, a stacked conforma-
tion between thymine and 1,3-dimethylxanthine
rings in aqueous solutions was estimated.

Keywords: Stacking, NMR, thymine, xanthine

INTRODUCTION

Molecular aggregation between purine and
pyrimidine rings has been of interest in connec-
tion with the structure of nucleic acids [1]. The
UV hypochromic effects due to purine - pyrimi-
dine association were found in an aqueous
solution containing the complementary base-
pairs [2]. Leonard and co-workers [3] reported
the UV hypochromism and fluorescence studies
of the dinucleotide analogs linked with tri-
methylene group between purine and pyrimi-
dine bases. On the other hand, the NMR studies
have greatly contributed to the understanding of
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the molecular aggregation in solutions and have
offered a significant information about the
conformations. In earlier papers dealing with
NMR spectroscopy of mixtures of pyrimidine
nucleosides and purine, it was shown that the
pyrimidine ring protons were shifted to a higher
field with increasing purine concentrations [4].
Furthermore, the NMR spectroscopy of nucleo-
tides such as purine-pyrimidine dinucleotides
[5] has been investigated in detail. However,
stacked conformations between purine and
pyrimidine rings in solutions are still not
completely elucidated.

Xanthines play an important role in vital
functions and most xanthines containing caf-
feine and theophylline is known to inhibit both
A;- and Aj-adenosine receptors [6]. The
xanthine skeleton is also of importance as
synthetic medicines {7]. Therefore, a molecular
aggregation caused by xanthine rings is of
interest in connection with the physiological
functions of xanthines. Previously we reported
the intramolecular stacking interactions between
two theqphylline molecules of 7,7'-(a,w-alkane-
diyl) bis [1,3-dimethylxanthine] (4)[8] by means
of NMR spectroscopy. The intramolecular inter-
actions between two thymine molecules of 1,1'-
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(o, w-alkanediyl) bis [thymine] (3)[9] were also
examined in a similar manner. In the present
investigation, NMR spectra of 7-[w-(2,4-dioxo-1,-
2, 3, 4-tetrahydro-5-methyl-1-pyrimidinylalkyl]-
1,3-dimethylxanthine (1), which linked between
thymine and theophylline molecules with poly-
methylene chains, were compared with those of 3
and 4 in order to elucidate stacking interactions
between thymine and 1,3-dimethylxanthine rings
(Chart 1).
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RESULTS AND DISCUSSION

The preparation of 1 was performed by the
treatment of theophylline (1,3-dimethyl-
xanthine) and 1-(w-bromoalkyl)thymine (2)[9]
in the presence of tert-BuOK in N,N-dimethyl-
formamide (DMF). The results are shown in
Table L

The concentration dependence of chemical
shifts of the ring protons and methyl groups of
thymine and xanthine rings of 1a and 1b was
investigated in D,O and in CD;OD at 27°C.
The measurements in D,O were made on
solutions ranging in concentrations of 1a from
0.05 mmol/dm® to 2.1mmol/dm® and of 1b

TABLEI Reaction of theophylline and 1-(w-bromoalkyl)thy-
mine (2) in the presence of tert-BuOK *

Substrate Product/Isolated yield, %

2 1 2 theophylline
(recovered) (recovered)

2a 1a/12 2a/38 50

2b 1b/43 2b/20 38

2c 1c/46 2c/24 38

2d 1d/48 2d/20 34

2e 1le/46 2e/23 35

2f 1f/44 2f/25 37

2g 1g/48 2g/22 35

# Reaction conditions: theophylline (1 mmo}), 2 (1 mmol), tert-BuOK
(1 mmol), DMF (50 ml), stirring at room temperature for 24 h.

from 0.05mmol/dm? to 3.5 mmol/dm?, but the
differences of the chemical shifts were not
observed. The chemical shift differences of 1b
in CD3;0D were also not observed in concentra-
tions from 0.25mmol/dm® to 2.5mmol/dm>.
Therefore, intermolecular association of 1 may
be neglected at the concentrations of less than
2.1 mmol/dm°.

Relationships between the chemical shifts of
the protons of thymine and 1,3-dimethyl-
xanthine rings of 1 and the carbon numbers of
the polymethylene chains (n=3 —10) were in-
vestigated in several types of solvents. Table II
shows the values of the chemical shifts of
thymine and 1,3-dimethylxanthine rings of 1 in
the buffer solution at pD 7.0[10] and organic
solvents such as CD;OD and DMSO-d, at 27°C.
Figure 1 shows the relationships between the
chemical shifts of H-6 and Me-5 of thymine ring
of 1 in the buffer solution at pD 7.0, CD;0D,
DMSO-dg, and CDCl; at 27°C. The concentra-
tions of 1 in the buffer solutions at pD 7.0 and in
CD;0D were less than 1.0 mmol/dm?, while the
measurements in DMSO-dg and in CDCl; were
made on solutions ranging in concentrations
from 2 to 30mmol/dm?®. It can be seen from
Figure 1 that the proton resonances of the H-6
and Me-5 of thymine ring of 1 in the buffer
solution at pD 7.0 were shifted to higher fields as
the length of the polymethylene chains de-
creased but the upfield shifts were not observed
in the organic solvents, although the concentra-
tion dependence of the chemical shifts in DMSO-
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TABLE I Cheinical shifts of the ring protons and methyl groups of 1 at 27°C?

Buffer solution of pD 7.0
(Concentration:0.5—-1.0mmol - dm™3)
H-8* H-6° NMe® NMe? Me5° H-8* H-6°

(0.5-1.0mmol - dm™3)

CD,OD DMSO —dg
(25-30mmol - dm™)
NMe? NMed Me-5¢° H-8° H-65 NMe® NMe? Me-5°

1a 801 729 351 336 173 798 738
1b 799 732 354 334 178 793 739
1c 797 739 355 336 182 794 742
1d 798 744 355 336 184 794 741
le 798 746 355 336 18 794 741
1f 798 747 355 336 18 794 742
1g 798 748 355 336 187 794 742

352 334 182 805 742 342 323 172
353 334 184 808 749 342 323 172
355 336 18 807 749 342 323 174
355 336 18 807 750 342 323 174
355 336 18 807 750 342 323 174
355 336 18 807 751 342 323 174
355 336 187 807 751 342 323 174

2 The values of the chemical shifts of 1 in D,O (concentrations of 1a--f: 1.0 mmol -dm~ and of 1g; 0.5mmol - dm %) were shown in Figures 2-5.
The values of the chemical shifts of 1 in CDCls (concentrations of 1a: 2mmol - dm™3, of 1b: 14 mmol - dm ™3, and of 1c— g 25-30mmol - dm™%)

were shown in experimental section.

" The protons of xanthine ring at 8-position.

¢ The protons of thymine ring at 6-position.

4 The methyl groups of xanthine ring at 1- and 3-positions.
¢ The methyl groups of thymine ring at 5-position.
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FIGURE1 Relationship between the chemical shifts of H-6
and Me-5 of thymine ring of 1 and the carbon numbers of the
polymethylene chains in the buffer solution at pD 7.0,
CD;0D, DMSO-dg, and CDCl; at 27°C.

d¢ and in CDCl; was not studied. Since the
molcular aggregation between thymine and 1,3-
dimethylxanthine rings in aqueous solutions is
not anticipated to result from interactions other
than stacking interactions, the upfield shifts in
the buffer solution at pD 7.0 are explained in
terms of the effects of the ring current of
xanthine ring due to the stacking interactions
between thymine and 1,3-dimethylxanthine
rings.

Relationships between the chemical shifts of
the protons of thymine and xanthine rings of 1
and the carbon numbers of the polymethylene

chains in D,O at 27°C were in excellent agree-
ment with those in the buffer solution at pD 7.0
shown in Figure 1 and Table II. This suggests
that the "TH NMR spectra of 1 were little affected
by the pH wvalues around neutrality. The
measurements of 1 were made on solutions of
concentrations of 1.0mmol/dm?® except for 1g
(0.5mmol/dm®). The '"H NMR spectra of 1 in
D,0O at 27°C were measured at least twice and
the chemical shifts were reproduced within
+0.002 ppm. Since we previously investigated
the NMR spectroscopy of 1,1-(o,w-alkanediyl)-
bis[thymine] (3)[9] in D,0, the chemical shifts of
H-6 and Me-5 of thymine ring of 1 were
compared with those of 3 in DO at 27°C.
Figures 2 and 3 show the relationships of the
chemical shifts of H-6 and Me-5 of thymine ring
of 1, respectively, in D,O at 27°C. As can be seen
from Figures 2 and 3, the proton resonances of 1
were unambiguously shifted to higher fields
with the decrease of the length of the poly-
methylene, but the shifts of 3 were small. In view
of the reported papers concerning the ring
currents of nucleic acid bases [11], the difference
between 1 and 3 may be attributable to the
extent of the ring current effects of 1,3-dimethyl-
xanthine ring of 1 and of thymine ring of 3.
Relationships between the chemical shifts of
H-8 and two methyl groups of xanthine ring of 1
and the carbon numbers of the polymethylene
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FIGURE 2 Relationship between the chemical shifts of H-6
of thymine ring of 1 and 3 and the carbon numbers of the
polymethylene chains in D,O at 27°C. The '"H NMR spectra
of 1 in D,O at 27°C were measured at least twice and the
chemical shifts were reproduced within +0.002ppm. The
chemical shifts of 3 were reported in reference 9.
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FIGURE3 Relationship between the chemical shifts of 5-
methyl groups of thymine ring of 1 and 3 and the carbon
numbers of the polymethylene chains in D,O at 27°C. The 'H
NMR spectra of 1 in D,O at 27°C were measured at least
twice and the chemical shifts were reproduced within
+0.002ppm. The chemical shifts of 3 were reported in
reference 9.

chains were compared with those of 7,7'-(a,w-
alkanediyl)bis[1,3-dimethylxanthine] (4) [8]. Fig-
ures 4 and 5 show the relationships of H-8 and of

798 1
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7.96 7972
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FIGURE 4 Relationship between the chemical shifts of H-8
of xanthine ring of 1 and 4 and the carbon numbers of the
polymethylene chains in D,O at 27°C. The "H NMR spectra
of 1 in D,O at 27°C were measured at least twice and the
chemical shifts were reproduced within +0.002 ppm. The
chemical shifts of 4 were reported in reference 8.
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FIGURES Relationship between the chemical shifts of
methyl groups at 1- and 3- positions of xanthine ring of 1
and 4 and the carbon numbers of the polymethylene chains
in D,O at 27°C. The 'H NMR spectra of 1 in D,0 at 27°C
were measured at least twice and the chemical shifts were
reproduced within +0.002 ppm.

NMe of xanthine ring of 1, respectively. The
relationships of 1 were different form those of 4.
Contrary to the upfield shifts of H-6 and Me-5 of
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thymine ring of 1 shown in Figures 2 and 3, the
proton resonances of H-8 of xanthine ring of 1
were shifted to lower fields when the carbon
numbers were 3 and 4, though the shifts were
small. On the other hand, the chemical shifts of the
signals of NMe of xanthine ring of 1a, b (n=3,4)
were slightly shifted to higher fields compared
with those of 1c—g (n > 5).

Table III shows temperature dependence of
the chemical shifts of 1a (n=3) and 1b (n=4).
The effect of temperature was not remarkable.
However the H-8 of xanthine ring were shifted
to higher fields with an increase in temperature
while Me-5 of thymine ring was shifted to lower
fields with an increase of temperature.

The upfield shifts of the thymine ring signals
of 1 with shorter polymethylene chains are
explained in terms of the influence of the local
ring current fields of xanthine ring due to the
stacking. Similarly, the slight upfield shifts of
two NMe groups of xanthine ring of 1a, b may
be caused by the ring current fields of thymine
ring. On the contrary, from a consideration of
the downfield shifts of H-8 signals of the
xanthine ring of 1a, b, the protons of xanthine
ring at 8-position can be assumed to be located
outside the stacking. On the basis of these data,
it seems to conclude that there is a stacked
conformation of 1 between thymine ring and the
pyrimidine part of xanthine ring. A stacked

conformation between thymine and 1,3-di-
methylxanthine rings of 1 may be tentatively
presumed as shown in Chart 2.

EXPERIMENTAL SECTION

The melting points were determined on a
Yanagimoto micro melting-point apparatus and
are uncorrected. The elemental analyses were
performed by the Analytical Center of Kyoto
University. The preparation of 1-(w-bromoalkyl)
thymine (2) was previously reported [9].

NMR Spectroscopy

The 'H NMR spectra (400 MHZ) and *C NMR
spectra (100 MHZ) were obtained with a JEOL
GSX400 spectrometer. The chemical shifts (4-
values) were measured in parts per million
(ppm) downfield from sodium 3-(trimethylsi-
lyDpropionate-2,2,3,3-d, in the aqueous solu-
tions and from tetramethylsilane in organic
solvents as internal references. The concentra-
tions of 3-(trimethylsilyl)propionate-2,2,3,3-d,
were 0.6 mmoldm ™2 in D,O and in the sodium
phosphate buffer solution at pD 7.0 [10]. The
"H NMR spectra were obtained from accumula-
tion of 40—-2200 free induction decays after each
45° pulse (5.7 ps) repeated every 5.73 s and were

TABLE IIl  Effect of temperature on the chemical shifts of 1a and 1b in D,O

la (n=3) 1b (n=4)
(Concentration: 2.1 mmol - dm™) (3.5mmol-dm™>)
H-8* H-6° NMe* NMe* Me? H-8* H-6 NMe* NMe® Med
25°C 8.006 7.287 3.510 3.360 1.730 7.989 7.318 3.544 3.335 1.764
30°C 8.004 7.286 3.512 3.360 1.734 7.985 7.317 3.543 3.334 1.769
40°C 7.998 7.283 3.514 3.362 1.739 7.977 7.316 3.543 3.334 1.777
50°C 7.991 7.277 3.516 3.359 1.743 7.969 7.313 3.543 3.335 1.785
60°C 7.986 7.274 3.516 3.360 1.749 7.962 7.310 3.545 3.336 1.792
70°C 7.981 7.271 3.518 3.358 1.753 7.956 7.308 3.543 3.338 1.797
80°C 7.974 7.268 3.519 3.360 1.759 7.950 7.306 3.545 3.338 1.803
A(6)¢ —-0.032 -0.019 +0.009 0.000 +0.029 —0.039 -0.012 +0.001 +0.003 +0.039

* The protons of xanthine ring at 8-position.

® The protons of thymine ring at 6-position.

¢ The methyl groups of xanthine ring at 1- and 3-positions.
4 The methyl groups of thymine ring at 5-position.

€ A(8)=68(80°C) — 6(25°C).
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A tentative stacked conformation

CHART 2

observed over a spectral width of 6002.4Hz,
corresponding to 32768 data points for acquisi-
tion time of 2.73s.

7-[w-(2, 4-Dioxo-1,2,3 4-tetrahydro-5-methyl-1-
pyrimidinyl)alkyl}-1,3-dimethylxanthine (1)

Into a solution of theophylline (1,3-dimethyl-
xanthine) (1 mmol) and tert-BuOK (1 mmol) in
DMF (50ml), 1-(w-bromoalkyl)thymine (2) [9]
(1 mmol) was added. The mixture was stirred at
room temperature for 24h. The resulting
mixture was evaporated to give a residue
which was submitted to chromatography over
silica gel. Elution of a mixture of chloroform
and methanol or a mixture of ethyl acetate and
methanol gave 1. The spectral data are given
below.

7-[3-(2,4-Dioxo-1,2,3,4-tetrahydro-5-methyl-1-
pyrimidinyl)propyll-1,3-dimethylxanthine (1a)

Mp 306-310°C; '"H NMR (CDCl,) 6 8.09 (s, 1H,
NH), 7.70 (s, 1H), 7.00 (q, 1H, J=1Hz), 435 (t,
2H, [=6.6Hz), 3.78 (t, 2H, J=6.6Hz), 3.60 (s,
3H), 3.42 (s, 3H), 2.32 (quintet, 2H, [=6.6 Hz),
1.92 (d, 3H, ] =1 Hz); "H NMR (DMSO-dg) 6 11.20
(s, 1H, NH), 8.05 (s, 1H), 7.42 (s, 1H), 4.28 (t, 2H,

J=6.6Hz), 3.65 (t, 2H, J=6.6Hz), 3.42 (s, 3H),
3.23 (s, 3H), 2.14 (quintet, 2H, [=6.6 Hz), 1.72 (s,
3H); 3C NMR (DMSO-d¢) § 1644, 154.5, 151.2,
151.1, 148.6, 142.6, 141.2, 108.8, 106.2, 44.6, 44.0,
29.6,29.5, 27.7, 12.0. Found: C, 51.75; H, 5.28; N,
24.37%. caled for C15HgNgO4: C, 52.02; H, 5.24;
N, 24.27%.

7-14-(2,4-Dioxo-1,2,3,4-tetrahydro-5-methyl-1-
pyrimidinyl)butyll-1,3-dimethylxanthine (1b)

Mp 236 -238°C; "H NMR (CDCl,) §=7.96 (s, 1H,
NH), 7.57 (s, 1H), 7.01 (q, 1H, J=1Hz), 434 (t,
2H, J=7.0Hz), 3.75 (t, 2H, J=7.0Hz), 3.60 (s,
3H), 3.42 (s, 3H), 1.93 (quintet, 2H, J=7.0Hz),
192 (d, 3H, J=1Hz), 173 (quintet, 2H,
J=7.0Hz); ®C NMR (CDCls) 6=163.7, 155.2,
151.6, 150.7, 149.1, 141.1, 140.2, 111.0, 106.9, 47.6,
46.3, 29.8, 28.0, 27.9, 25.7, 12.3. Found: C, 53.26;
H, 559; N, 23.05%. Caled for Ci6H0NgOg: C,
53.32; H, 5.59; N, 23.32%.

7-[5-(2,4-Dioxo-1,2,3,4-tetrahydro-5-methyl-1-
pyrimidinyl)pentyl]-1,3-dimethylxanthine (1c)

Mp 204-206°C; TH NMR (CDCl,) §=8.92 (s, 1H,
NH), 7.57 (s, 1H), 7.00 (g, 1H, J=1Hz), 4.29 (t,
2H, ]=7.2H), 3.70 (t, 2H, J=7.2 Hz), 3.60 (s, 3H),
3.42 (s, 3H), 1.96 (broad quintet, 2H, [=7.2Hz),
1.92 (d, 3H, J=1Hz), 1.75 (broad quintet, 2H,
J=7.2Hz), 1.39 (broad quintet, 2H, J=7.2Hz);
13C NMR (CDCl3) 6=164.1, 155.2, 151.7, 150.9,
149.1, 140.9, 140.3, 110.9, 107.0, 48.0, 46.9, 304,
29.8, 28.3, 28.0, 23.1, 12.3. Found: C, 52.22; H,
6.00; N, 21.77%. Caled for Cy7H3,NgO4 - H,O: C,
52.03; H, 6.16; N, 21.42%.

7-[6-(2,4-Dioxo-1,2,3,4-tetrahydro-5-methyl-1-
pyrimidinyDhexyl]-1,3-dimethylxanthine (1d)

Mp 207-208.5°C; '"H NMR (CDCl3) §=8.83 (s,

1H, NH), 7.57 (s, 1H), 6.98 (q, 1H, J=1Hz), 4.28
(t, 2H, J=7.2Hz), 3.68 (t, 2H, J=7.2Hz), 3.60
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(s, 3H), 3.42 (s, 3H), 1.92 (d, 3H, J=1Hz), 1.90
(broad quintet, 2H, =7.2Hz), 1.68 (broad quin-
tet, 2H, J=7.2Hz),1.44—-1.37 (broad m, 4H); *C
NMR (CDCl;) 6§=164.1, 155.2, 151.7, 150.8, 149.0,
140.9, 140.2, 110.8, 107.0, 48.2, 47.1, 30.7, 29.8,
28.8, 28.0, 25.9, 25.8, 12.3. Found: C, 53.00; H,
5.96; N, 20.87%. Calcd for C18H24N6O4 . HzOZ C,
53.19; H, 6.45; N, 20.68%.

7-[7-(2,4-Dioxo-1,2,3,4-tetrahydro-5-methyl-1-
pyrimidinylDheptyl]-1,3-dimethylxanthine (1e)

Mp 178-179.5°C; 'H NMR (CDCl;) §=8.84 (s,
1H, NH), 7.57 (s, 1H), 6.97 (q, 1H, ] =1Hz), 4.28
(t, 2H, J=7.2Hz), 3.68 (t, 2H, [=7.2Hz), 3.60 (s,
3H), 342 (s, 3H), 1.92 (d, 3H, J=1Hz), 1.88
(quintet, 2H, J=72Hz), 1.66 (quintet, 2H,
J=7.2Hz), 1.43-1.30 (broad m, 6H); *C NMR
(CDCl3) 6=164.1, 155.2, 151.7, 150.8, 149.0, 140.9,
140.2,110.7, 107.0, 48.3, 47.2, 30.8, 29.8, 29.0, 28.5,
28.0, 26.2, 12.3. Found: C, 56.73; H, 6.49; N,
20.85%. Calcd for C19H26N6042 C, 5670, H, 651,
N, 20.88%.

7-[8-(2,4-Dioxo-1,2,3 4-tetrahydro-5-methyl-1-
pyrimidinyl)octyll-1,3-dimethylxanthine (1f)

Mp 167-168°C; 'H NMR (CDCls) §=8.95 (s, 1H,
NH), 7.57 (s, 1H), 6.97 (g, 1H, ] = 1 Hz), 4.28 (t, 2H,
J=7.2Hz),3.68 (t,2H, ] =7.2 Hz), 3.60 (s, 3H), 3.42
(s, 3H), 1.92 (d, 3H, J=1Hz), 1.87 (quintet, 2H,
J=7.2Hz),1.66 (quintet, 2H, ] = 7.2 Hz), 1.38 - 1.27
(broad, 8H); *C NMR (CDCl;) §=164.2, 155.2,
151.7, 150.8, 149.0, 140.9, 140.3, 110.6, 107.0, 48.4,
472, 30.8, 29.8, 29.0, 28.9, 28.8, 28.0, 26.2, 12.3.
Found:C, 57.58; H, 6.83; N, 20.06%. Calcd for
C20H28N6042 C, 5767, H, 678, N, 20.18%.

7-[10-(2,4-Dioxo-1,2,3,4-tetrahydro-5-methyl-1-
pyrimidinyl)decyl}-1,3-dimethylxanthine(1g)

Mp 134-135°C; "H NMR (CDCly) §=8.59 (s, 1H,
NH), 7.57 (s, 1H), 6.97 (q, 1H, J=1Hz), 4.28 (t,
2H, [=7.2Hz), 3.68 (t, 2H, J=7.2Hz), 3.60 (s,
3H), 342 (s, 3H), 1.92 (d, 3H, J=1Hz), 1.87
(quintet, 2H, [ =7.2Hz), 1.66 (broad quintet, 2H,
J=7.2Hz), 1.36-1.24 (broad, 12H); >C NMR
(CDCly) 6=164.0, 155.2, 151.7, 150.7, 148.9, 140.9,
140.4, 110.6, 107.0, 48.5, 47.3, 30.9, 29.8, 29.2, 29.2,
29.0, 29.0, 28.9, 28.0, 26.3, 26.3, 12.3. Found: C,
59.23; H, 7.32; N, 18.73%. Calcd for C»,H5,N¢Oyg:
C, 59.44; H, 7.26; N, 18.91%.

References

[1] Saenger, W. (1984). Principles of Nucleic Acid Strucutre,
Springer Verlarg, New York.

[2] Thomas, G. K. Jr. and Kyogoku, Y. (1967). . Am. Chem.
Soc., 89, 4170-4175.

[3] Browne, D. T., Eisinger, J. and Leonard, N. J. (1968). J.
Am. Chem. Soc., 90, 7302 -7323.

[4] Schweizer, M. P., Chan, S. . and Ts’o, P. O. P. (1965). ].
Am. Chem. Soc., 87, 5241-5247.

[5] (a) Ezra, F. S, Lee, C. -H., Kondo, N. S., Danyluk, S. S.
and Sarma, R. H. (1977). Biochemistry, 16, 1977 —-1987;
(b) TranDinh, S., Neumann, J. M. and Borrel, J. (1981).
Biochem. Biophys. Acta, 655, 167-180 and references
therein.

[6] (a)Jacobson, K. A., Daly, J. W. and Manganiello, V.
(Ed.) (1990). Purines in Cellular Signaling, Springer-
Verlag, New York; (b) Jacobson, K. A., van Galen,
P. J. M. and Williams, M. (1992). J. Med. Chem., 35,
407 -422.

[7] Society of Japanese Pharmacopoeia (1973). The pharma-
copoeia of Japan, Part 1, Yakuji Nippon Ltd., Tokyo.

[8] Itahara, T. and Imamura, K. (1994). Bull. Chem. Soc. Jpn.,
67, 203 -209.

[9] Itahara, T. (1997). Bull. Chem. Soc. Jpn., 70, 2239 -2247.

[10] McKenzie, H. A. (1969). In: Dawson, R. M., Elliott, D.
C., Elliott, W. H., Jones, K. M. (Eds.), Data for
Biochemical Research, Clarendon Press, Oxford, ch. 20.
The value of pD of the buffer solution was determined
by means of a pH meter and were uncorrected.

[11] (a)Giessner-Prettre, C. and Pullman, B. (1970). J. Theor.
Biol., 27, 87-95; (b) Giessner-Prettre, C., Pullman, B.,
Borer, P. N, Kan, L. S. and Ts’o, P. O. P. (1976).
Biopolymers, 15, 2277 —2286.



