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First-order rate constants for the alkaline opening of the imidazole ring of several
7-methylguanine nucleotides and their structural analogues were determined.
The results obtained suggested that intramolecular interaction between the nega-
tively charged 5'-phosphate group and the positively charged imidazole ring
markedly retard the attack of hydroxide ion on the C8 atom of the 7-methylgua-
nine ring. In contrast, hardly any influence on the acidities of the interacting base
and phosphate moieties was detectable. No effect on the complexing of the
phosphate group with magnesium(lI) ion could be detected.

The 5'-terminus of mRNA'’s of eukaryotic cells
consists of 7-methylgyuanosine linked by a
5’,5'-triphosphate bridge to the next nucleo-
side."? This cap structure binds specifically to
proteins known as cap-binding proteins, which
enhance the attachment of mRNA to the 408
ribosomal subunits.’ 7-Methylguanosine
5’-monophosphate and several related com-
pounds have been shown to compete with capped
mRNAs for the cap-binding proteins, binding
most probably to the same site.*® These cap ana-
logues all exhibit a common structural feature.
An electrostatic interaction between the posi-
tively charged imidazole ring and negatively
charged 5'-substituent has been assumed to stabi-
lize a particular spatial configuration needed for
optimal binding.*® 'H NMR spectroscopic studies
have provided considerable evidence for the pro-
posed conformational rigidity.”’® In contrast,
data elucidating the influences on the chemical

*To whom correspondence should be addressed.
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properties of the interacting base and phosphate
moieties are limited to the observations of Hend-
ler et al., according to which phosphate groups
on the ribofuranosyl ring lower the acidity and
the rate of alkaline ring-opening of 7-methylgua-
nosine.!! The aim of the present study was to
provide more extensive data on the effects that
mutual interactions between the base and gly-
cone moieties may have on their chemical beha-
viour. For this purpose the following aspects
were studied: (i) the effect of glycone moiety
structure on the rate of the alkaline ring-opening,
(ii) the effect of ionic strength on the rate-retar-
dations caused by negatively charged 5’'-substi-
tuents, (iii) the effects of glycone moiety struc-
ture on the acidity of the base moiety in the
absence and the presence of magnesium(II) ion,
(iv) the effect of 7-methylation on the acidity of
the glycone moiety phosphate groups, and (v) the
effect of 7-methylation on the complexing of the
phosphate groups with magnesium(II) ion. The
strength of the intramolecular interaction is dis-
cussed on the basis of the data obtained.



Results and discussion

The alkaline decomposition of 7-methylguano-
sine has been shown to proceed by initial attack
of hydroxide ion on the C8 atom of the base
moiety, followed by rapid subsequent opening of
the imidazole ring.'>* HPLC analyses of aliquots
withdrawn at different invervals from alkaline
solutions of 7-methylguanosine revealed that this
first partial reaction of the multi-step pathway is
practically irreversible. The starting material had
completely disappeared before the concentration
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of the resulting intermediate, viz. a mixture of N°
and N° formylated 2-amino-5-methylamino-6-ri-
bosylaminopyrimidin-4(3H)-one," began to de-
crease. As seen from Table 1, the reaction is
first-order with respect to hydroxide ion. No ca-
talysis by buffer constituents was observed. The
rate constants obtained using 1:1 buffers of
triethylamine and triethylammonium chloride (at
an ionic strength of 0.50 mol dm™3, adjusted with
sodium chloride) were independent of the buffer
concentration between 0.020 and 0.40 mol dm™3.

Table 1 summarizes the pseudo first-order rate

Table 1. Rate constants for the opening of the imidazole ring of 7-methylguanosine cap analogues in alkaline

solutions at 298.2 K.®

Compound  [OH}/1073 mol dm™2 k71073 s k(OH™)%dm® mol~' s~* k(rel.)

1a 20 22.0(2) 1.10(1) 1
10 11.0(1)
5.0 5.72(9)
0.93 1.08(3)
0.19 0.308(2)
0.032 0.052(1)

1b 20 11.6(1) 0.58(1) 0.53

1c 20 5.88(6) 0.29(1) 0.26

1d 20 : 5.58(12) 0.28(1) 0.25
10 3.07(3)
5.0 1.64(2)

1e 20 2.19(3) 0.110(2) 0.10
10 1.05(2)
5.0 0.525(11)

1f 20 3.13(4) 0.158(4) 0.14
5.0 0.710(7)

1g 20 2.02(2) 0.102(3) 0.093
5.0 0.448(5)

2a 0.19 12.8(3) 68(1) 62
0.032 1.95(3)

2b 0.93 6.28(5) 6.6(4) 6.0
0.19 1.67(2)

3 20 1.10(3) 0.056(2) 0.051
5.0 0.240(2)

4a 20 1.27(2) 0.064(3) 0.058
5.0 0.262(4)

4ab 20 2.84(3) 0.142(2) 0.13

S5a 20 8.54(10) 0.43(1) 0.39
5.0 1.89(3)

5b 20 10.42) 0.52(2) 0.47
5.0 2.29(3)

6 20 30.2(3) 1.51(2) 1.4

#The concentration of hydroxide ion was adjusted with sodium hydroxide (0.005-0.02 mol dm™3), a
triethylamine/triethylammonium chloride buffer (1.9-9.3x10~* mol dm~3), or a glycine/glycine hydrochloride
buffer (3.2x107° mol dm~3). The ionic strength was adjusted to 0.10 mol dm~2 with sodium chloride.
bObserved first-order rate constant. °Second-order rate constant.
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constants obtained spectrophotometrically for
the alkaline ring-opening of the 7-methylguano-
sine cap analogues investigated. The data clearly
indicate that negatively charged 5'-substituents
markedly retard the attack of hydroxide ion on
the C8 atom of the base moiety. For example, the
relative rate constants for the cleavage of
7-methylguanosine (1a) and its 5'-OPO(NH,),
(1b), 5’-OPO(CH;)O~ (1c), 5'OPO(OCH,)O"
(1d) and 5’-OPO(O7), (1e) derivatives are 1,
0.53, 0.26, 0.25 and 0.10, respectively. Analo-
gously, 1,7-dimethylguanosine 5’-monophos-
phate (2b) undergoes alkaline ring-opening 10
times more slowly than 1,7-dimethylguanosine
(2a). The rate-retardation thus correlates with
the charge type rather than with the size of the
5’-substituent, although the lower reactivity of 1b
than of 1a suggests that steric factors may con-
tribute. The 60-fold rate-acceleration on going
from 1a to 2a is expected, since the latter com-
pound does not contain an ionizable proton at
N1; hence, its base moiety is in fact positively
charged and not a zwitterion as with 1a.

The data in Table 1 also shows that the charge
shielding is not enhanced with increasing nega-
tive charge of the 5'-substituent if the charge is
distributed over several phosphate groups. Ac-
cordingly, 7-methylguanosine 5’-diphosphate f3-
methyl ester (1f) and 5'-triphosphate (1g) react
with hydroxide ion approximately as rapidly as
the 5'-monophosphate (1e). In contrast, it is in-
teresting to note that the rate-retarding effect is
enhanced when the ribofuranosyl moiety is re-
placed by an open-chain structure. For example,
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the seco (3) and acyclo (4a) analogues of
7-methylguanosine 5’-monophosphate exhibit
relative rate constants of 0.046 and 0.052, respec-
tively. A comparable decrease in reactivity takes
place on going from 1c to the corresponding
acyclo derivative (4b). Accordingly, the elec-
tronic interaction between the cationic imidazole
ring and anionic 5'-substituent seems to be strong
enough to keep the latter in the proximity of the
C8 atom even when the glycone moiety is acyclic.
With 1e and some of its analogues a strong pref-
erence for this kind of g* conformation of the
exocyclic hydroxymethyl group has been demon-
strated by NMR spectroscopy.™°

The rate-retarding influence of the 5'-mono-
phosphate group is not transmitted through
bonds. As seen from Table 1, and reported ear-
lier by Hendler et al," 7-methylguanosine 2'-
and 3’-monophosphates (5a,b) also undergo al-

JN:I b 5a:R'=P0(07)7, R2= H
HaNTSNTN 5b:R'=H,R%= P0(0),
Ho—_0
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Fig. 1. The effect of ionic strength on the first-order
rate constants for the disappearance of
7-methylguanosine (1a), its 5’-monophosphate (1e)
and 5’-monophosphate methyl ester (1d) in aqueous
sodium hydroxide (0.010 mol dm™3) at 298.2 K. The
ionic strength was adjusted with sodium chloride.

kaline ring-opening less readily than 1la, but the
influence of the 2'- and 3’-phosphates is consider-
ably smaller than that of the 5'-phosphate. A
cyclic 2',3’-phosphate group (6)is even slightly
rate-accelerating. Conformational analysis by
'H NMR spectroscopy has shown that the pro-

portion of the g* rotamers with this compound is .

smaller'® (53 %) than with 5a, 5b or 1e (61, 68 and
87 %, respectively), and the steric hindrance to
the attack of hydroxide ion may thus be reduced.

The influence of ionic strength on the rate of
the alkaline ring-opening of 1a, 1d and 1e lends
further support to the proposal that intramole-
cular interactions are responsible for the rate-
retardations observed. Fig. 1 shows the rate con-
stants obtained at different concentrations of so-
dium chloride. The rate of reaction of 1a with
hydroxide ion is rather insensitive to an increase
in ionic strength, as expected for a reaction be-
tween a neutral and a charged species. In con-
trast, the alkaline ring-opening of le exhibits a
large positive salt effect. It is probable that in-
termolecular interactions between 5’-phosphate
group and sodium ions weaken the intramolecu-
lar interactions, and thereby diminish the rate-
retarding effect of the 5'-phosphate. However,
reactions between negatively charged species,
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Table 2. Acidity constants, K;, for the base moiety of
7-methyiguanosine cap analogues in the absence
and presence of magnesium(ll) ion at 298.2 K#

Compound ~log(K,/mol dm™~3)
Absent? Present®

1a 7.19(2) 7.15(2)
1d 7.19(3) 7.13(2)
1e 7.37(3) 7.25(3)
5a 7.28(6) 7.33(6)
5b 7.33(6) 7.31(6)
6 7.10(3) 7.08(4)

#The ionic strength was adjusted to 1.0 mol dm™3
with tetramethylammonium chloride. The values
reported are the means of the results obtained by
spectrophotometric and potentiometric measure-
ments. °In the absence of magnesium(ll) chloride. In
the presence of magnesium(ll) chloride (0.10 mol
dm™3).

such as 1e and hydroxide ion, usually show posi-
tive salt effects. Accordingly, the data in Fig. 1
are consistent with, but not a conclusive proof of,
the suggested rate-retarding effect of intra-
molecular interactions.

The intramolecular interactions that retard the
attack of hydroxide ion could also be expected to
affect the electron density of the interacting base
and phosphate moieties, and thus their acidity.
Table 2 lists the acidity constants, K;, for the base
moieties of several derivatives of 7-methylguano-
sine. As seen, 2'-, 3'- and 5’-phosphate groups all
reduce the acidity of the N1 proton by 0.1 to 0.2
logarithmic units, the influence of the 5'-group
being largest. The effects of a cyclic 2',3'-phos-
phate group and 5'-phosphate methyl ester are
negligible. Accordingly, the effects on the base
moiety deprotonation correlate with those on the
alkaline ring-opening, but the differences be-
tween the individual acidity constants are too
small to allow firm conclusions to be drawn.

Magnesium(II) chloride (0.10 mol dm™®) had
practically no effect on the acidity of the base
moiety (Table 2), indicating that magnesium(II)
ion does not coordinate to the 7-methylguanine
ring. Only with 7-methylguanosine 5’-monophos-
phate (1e) did the acidity constants obtained in
the absence and presence of magnesium(II) chlo-
ride differ appreciably (by 0.1 logarithmic units).
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Table 3. Acidity constants, K, for the phosphate
groups of guanine and 7-methylguanine nucleotides,
and the stability constants, Kj, of their magnesium(il)
ion complexes at 298.2 K.?

Compound —log(K,/mol dm™) —log(Ks/mol dm~?)

1e 6.15(2) 1.29(5)
2b 6.15(5) 1.28(5)
5a 5.85(5) 1.30(8)
5b 5.96(5) 1.22(7)
7a 5.99(5) 1.18(5)
7b 5.90(2) 1.24(7)
7c 6.38(5) 1.18(5)

aThe ionic strength was adjusted to 1.0 mol dm™2
with tetramethylammonium chloride. The values
reported were obtained by potentiometric measure-
ments.

It is possible that complexing of the 5'-phosphate
dianion with magnesium(II) ion weakens its in-
teraction with the base moiety, thereby decreas-
ing the electron density of the purine ring and
enhancing deprotonation.

The acidity constants, K,, for the phosphate
groups of various guanosine monophosphates
(7a—) and their 7-methylated counterparts (5a,
5b, 1e) are listed in Table 3. It is clearly seen that
methylation of N7 does not affect the acidity of
the 2’- and 3’-phosphate groups. The deproton-
ation of the 5’-phosphate is facilitated slightly,
but the effect on the acidity constant is only about
0.2 logarithmic units. The 5'-phosphate dianion
probably interacts with the cationic imidazole
ring more strongly than the 5'-hydrogen phos-
phate monoanion, and thus the deprotonation is
facilitated.

Table 3 also lists the stability constants for the
magnesium(II) complexes of the phosphate
groups. The values obtained are all equal within
the limits of experimental error. In other words,
the complexing ability is not affected by intramo-
lecular interactions with the base moiety.

In summary, the electrostatic interactions be-
tween the base and phosphate moieties of
7-methylguanosine 5'-monophosphate and its
structural analogues appear to be strong enough
to affect the conformation of the molecule in
solution and thus the susceptibility of the C8
atom to nucleophilic attack. However, these in-
teractions are too weak to alter significantly the
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acidity or the complexing ability of the inter-
acting moieties. Accordingly, they can hardly
play a dominant role in determining the binding
specificity of 7-methylguanosine cap analogues.

Experimental

Materials. Of the compounds employed, 1a, 1g,
2a, 7a, 7b and 7c were commercial products from
Sigma Chemical Company. The preparation of
1c,? 1d,' 1f,” 3,8 4a’ and 4b’ has been reported
earlier. The other compounds were prepared as
described below, and characterized by UV spec-
troscopy, 'H NMR spectroscopy (Bruker
AM-360) and TLC on cellulose plates (Merck)
using a mixture of saturated aqueous ammonium
sulfate, aqueous potassium phosphate buffer (0.1
mol dm~3, pH 7.4) and 2-propanol (79:19:2 v/v/v)
as eluent.

7-Methylguanosine 2'-, 3'- and 5’-monophos-
phates (5a, 5b, 1e) were obtained by treating the
corresponding commercial guanosine monophos-
phates (7a—c), with methyl iodide in dimethyl
sulfoxide. The crude products were purified by
chromatography on a DEAE-Sephadex A25
(HCOg7)column (3.5X70 cm) using a linear gra-
dient of triethylammonium bicarbonate (pH 7.5,
from 0 to 0.5 mol dm~3). The de-salted evapo-
ration residues were converted to sodium salts by
passing them through a Dowex 50W-X8 column
(100/200 mesh, Na* form). The products ob-
tained were dried over phosphorus pentoxide.
The details of the experimental procedure have
been described earlier.”® The chromatographic
and UV-spectroscopic properties of the com-
pounds obtained were identical with those re-
ported by Hendler et al.'! 5a exhibited 'H NMR
signals (D,O, pD 6.8) at 6.08 (H1’, d), 5.10 (H2',
m), 4.50 (H3', t), 4.29 (H4', m), 4.09 (CH;-N7,
s), 3.90 (H5’, m) and 3.86 (HS5", m), and 5b
(D,0, pD 7.7) at 6.04 (H1', d), 4.72 (H2, t),
4.66 (H3', m), 4.37 (H4’, m), 4.10 (CH;-N7, s),
3.97 (H5', m) and 3.90 (H5", m). The coupling
constants J(P, H2') and J(P, H3') were 8.2 and 7.7



Hz, respectively. The 'H NMR spectrum of le
was identical with that reported previously.’
7-Methylguanosine 5'-phosphordiamidate (1b)
was prepared by methylating guanosine 5’-phos-
phordiamidate, obtained by the method of
Bottka and Tomasz,'s with methyl iodide in di-
methyl sulfoxide. The product was purified on
DEAE-Sephadex A25 (HCOj5), eluting with wa-
ter. The compound obtained was homogeneous
by TLC (R 0.65), showed UV absorption maxi-
mum at 258 nm (pH 2, € = 9.7x10°) and '"H NMR
signals (DO, pD 8.4) at 6.05 (H1', d), 4.65 (H2',
t), 4.44 (H3', t), 4.39 (H4', m), 4.34 (H5', m),
4.22 (HS", m) and 4.07 (CH,-N7,s).
1,7-Dimethylguanosine 5’-monophosphate
(2b) was obtained by methylating 1-methylgua-
nosine 5’-monophosphate with methyl iodide in
dimethyl sulfoxide and purifying the product as
described above for 1e. 1-Methylguanosine
5’-monophosphate, used as a starting material,
was synthesized by phosphorylating commercial
1-methylguanosine (Sigma) with phosphorus oxy-
chloride in trimethyl phosphate according to Pal
et al.'” 2b was homogeneous by TLC (R 0.68),
UV-spectroscopically similar to 1,7-dimethylgua-
nosine 5’-diphosphate® and exhibited '"H NMR
signals (D,O, pD 6.7) at 6.08 (H1’, d), 4.66 (H2’,
t), 4.48 (H3', t), 4.37 (H4', m), 4.14 (HS', m),
H5", m), 4.13 (CH;~N7, s) and 3.46 (CH;-N1, ).
7-Methylguanosine 2',3'-cyclic monophos-
phate (6) was prepared from guanosine 2',3'-cy-
clic monophosphate as described above for 1e.
However, the upper limit for the concentration of
triethylammonium bicarbonate during the chro-
matographic separation was 0.3 mol dm™.
Guanosine 2’,3'-cyclic monophosphate was ob-
tained by cyclizing commercial guanosine
3’-monophosphate (Sigma) according to Smith
et al."® 6 was homogenous by TLC (R 0.55) and
showed '"H NMR signals (D,O, pD 7.3) at 6.25
(H1', d), 5.42 (H2', m), 5.15 (H3', m), 4.55
(H4’, m), 4.09 (CH;-N7, s), 3.93 (H5', m) and
3.87 (H5", m). The coupling constants J(P,H2')
and J(P, H3’) were 9.8 and 9.0 Hz, respectively.
The inorganic salts and buffer constituents em-
ployed were commercial products of reagent
grade. The solutions were made in distilled, de-
gassed water. The standard acid and base so-
lutions used in potentiometric titrations were
purchased from J. T. Baker.

Kinetic measurements. The first-order rate con-
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stants for the opening of the imidazole ring of
7-methylguanosine were obtained by following
the disappearance of the starting material by the
HPLC" and spectrophotometric? techniques de-
scribed previously. The products were not ana-
lyzed, but the first step was assigned as opening
of the imidazole ring on the basis of previous
mechanistic studies.'”™ With the other com-
pounds, only the spectrophotometric method was
used. The initial concentration of the starting
material was 1x107> mol dm~3 in the HPLC and
1x10™* mol dm™ in the spectrophotometric
measurements. The concentration of hydroxide
ion in the reaction solutions was calculated from
the acidity constants reported for water”! and for
the buffer constituents®? at different ionic
strengths.

Potentiometric titrations. The potentiometric ti-
trations were carried out as described previ-
ously,? using a Radiometer combined glass elec-
trode. Absorption of carbon dioxide during the
titrations was prevented by passing a stream of
nitrogen through the solutions. The ligand con-
centration employed varied from 5x107 to
5%1073 mol dm™3. The observed emf values, E,
were transformed to oxonium ion concentrations
via eqn. (1), where jy and joy are fitting para-
meters which were adjusted with the aid of cali-
bration titrations of hydrochloric acid with so-
dium hydroxide. E, and C are the constants in the
Nernst equation, and K|, is the acidity constant
for water at the appropriate ionic strength.” A
Gauss-Newton fitting method was applied to cal-
culate the dependence of E on [H*]. The equilib-
rium constants were calculated by use of the
Bjerrum complex formation function using a Da-
vidson-Fletcher-Powell method of minimiza-
tion.”

E = E, + Clog[H"] + ju[H*] + jou K,[H']™!
M

Spectrophotometric measurements. The acidity
constants for the base moiety of 7-methylguano-
sine and its derivatives were determined by re-
cording their UV spectra (Cary 17D spectropho-
tometer) in triethanolamine buffers, the oxonium
ion concentrations of which were determined po-
tentiometrically by the method described above.
The Bjerrum function was applied to obtain the
acidity constants.
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