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Second-order rate constants for the hydroxide-ion-catalyzed imidazolium ring-opening of
several mono- and dinucleosidic analogs of mMRNA 5'-cap have been determined. Intra-
molecular stacking of the two nucleobases in the dinucleosidic analogs, m’GpppN (m’G =
7-methylguanosine, N = 5'-linked nucleoside), and electrostatic interaction between the
N-alkylated imidazolium ring and phosphate moiety have been shown to shield the m’G
moiety against the nucleophilic attack of hydroxide ion. In addition, the effect of
methylation of the nucleobase amino groups and replacement of the 7-methyl group with
other alkyl groups have been studied. The influence of all the structural modifications stud-
ied turned out to be modest, the cleavage rates of the most and least reactive analogs (with
the exception of non-phosphorylated nucleosides) differing only by a factor of 5.
Keywords: Kinetics; Rate constants; cap Analogs; Dinucleoside phosphates; Imidazolium
ring; lonic strength; Nucleotides; mRNA; Purines.

The 5'-terminus of eukaryotic mRNA displays a special structure,
m’GpppNp..., referred to as a cap. Here m’G stands for 7-methylguanosine
(1) linked via a 5',5'-triphosphate bridge to the penultimate nucleoside (N)
that is often 2'-O-methylated'-3. mRNA devoid of the cap exhibits a mark-
edly reduced affinity to the 40S subunit of eukaryotic ribosomes*®°. The cap
structure, hence, is a key element for stimulation of the translation pro-
cess®® in yeast>!® and mammalian?? cells. In addition, it protects mRNA
against depolymerization by exonucleases!?3,
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N7-Methylation of guanosine markedly affects the protolytic equilibria of
the parent nucleoside. The pK, value of the N1-deprotonation is reduced
from 9.4 to 7.07 for m’Guo (1), to 7.24 for m’GMP (4)* and to 7.5 for
m’GTP (13)*°. In addition, quaternization of the imidazolium ring nitrogen
makes the C8 atom highly susceptible to nucleophilic attack of a hydroxide
ion, resulting in rapid imidazolium ring-opening at high pH 16-18,

The kinetics of this reaction have previously been studied spectrophoto-
metrically'”-'® and the products formed have been characterized by HPLC
and 'H and 3C NMR spectroscopy’8. The other characteristic features of the
cap structure include intramolecular stacking of 7-methylguanine with the
neighboring nucleobase!®2? and strong electrostatic attraction between the
electron-deficient imidazolium ring and the negatively charged phosphate
bridgel”23. These interactions largely determine the conformation of cap.

As mentioned above, the cap structure is highly susceptible to hydroxide
ion catalyzed hydrolysis. The present study is aimed at clarifying the rela-
tionship between the hydrolytic stability and chemical structure of the cap.
Such data is of considerable importance on choosing experimental condi-
tions to which oligonucleotides bearing either naturally occurring or modi-
fied cap structures may be subjected. In addition, the effects of structure on
hydrolytic stability lend additional information on molecular interactions,
above all, intramolecular stacking, within the cap structure. For these pur-
poses, the second-order rate constants for the hydroxide-ion-catalyzed
imidazolium ring-opening of a number of cap analogs have been deter-
mined. The strength of intramolecular stacking has been varied by chang-
ing the structure of the base moieties. For comparative purposes, hydrolysis
of several guanosines alkylated on base moiety and their mono-, di- and
triphosphates has been studied. The effect of ionic strength on the observed
differences in reaction rates has additionally been examined.

EXPERIMENTAL

Materials

7-Methylguanosine (1; m’Guo) and its 5'-phosphate (4; m’GMP) were products of Sigma.
The preparation and characterization of the other cap analogs have been described earlier.
The references for the synthesis of each compound are listed in Table I. The structures of the
compounds are depicted in Charts 1 and 2. The inorganic salts and buffer constituents em-
ployed were of reagent grade. The solutions were made in redistilled water (Simplicity 185
UV Millipore). The kinetic measurements were carried out in a triethylamine/triethyl-
ammonium chloride buffer (9.30 x 107 m; [EtzNV/[Et,;NH'CIT] = 1:1) and in agueous sodium
hydroxide (5.00 x 10~ and 1.00 x 1072 m). The ionic strength of these solutions was ad-
justed with sodium chloride.
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TaBLE |
Second-order rate constants for the hydroxide-ion-catalyzed opening of the imidazolium
ring of cap analogs at 298.2 + 0.1 K (I = 0.10 m with NacCl)

Compound Ref. for synthesis k, dm® mol™ts?t2 k, dm® mol™t st P
1: m’Guo 1.110 + 0.010 1.10+0.01 Y7
2: m,>"Guo 14 0.500 + 0.008
3: my22"Guo 14 0.450 + 0.009
4: m'GMP 0.112 + 0.006 0.110 + 0.002 17
5: m,>'GMP 18 0.066 + 0.003 0.064 +0.001 8
6: m;»%'GMP 18 0.039 + 0.003 0.041 + 0.002 8
7: et/GMP 18 0.040 * 0.004 0.039 + 0.001 '8
8: bn’GMP 18 0.066 + 0.002
9: et’'m’GMP 24 0.054 + 0.006
10: m’GDP 15 0.104 + 0.004
11: my22'GDP 26 0.036 + 0.001
12: m’GDP-(B-OMe) 23 0.148 + 0.004 0.158 + 0.004 7
13: m’GTP 15 0.093 + 0.001 0.102 + 0.003 7
14: my22'GTP 14 0.030 + 0.002
15: et’GTP 24 0.029 + 0.003
16: bn’GTP 24 0.060 + 0.009
17: m’GppG 25 0.095 + 0.009
18: m’GpppG 18,25 0.094 + 0.003 0.091 + 0.001 8
19: et’GpppG 18 0.029 + 0.001
20: m,>"GpppG 18,25 0.046 + 0.003 0.049 + 0.001 '8
21: m,>2"GpppG 18,25 0.036 + 0.007 0.032 +0.001 '8
22:m'Gpp(m'e) 25 0020 £ 0.004°

0.107 +0.001
23:m'Gppp(m’G) 25 0.023 + 0.001°
24: m’Gppp(m°®A) 7 0.051 + 0.001
25: m'GpppA 7 0.048 + 0.001
26: m’GpppC 7 0.120 * 0.002
27: m’GpppU 7 0.114 + 0.004

@ Based on pseudo-first-order rate constants obtained in 10.0 mm and/or 5.00 mm aqueous
sodium hydroxide (I = 0.10 m with NaCl) or in a 1:1 triethylamine/triethylammonium chlo-
ride buffer (I = 0.10 m with NaCl). b values reported previously. ¢ The rate constants refer to

Eqg. (3).
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Kinetic Measurements

The UV absorption spectra were measured on a Cary 300 UV-VIS spectrophotometer. For
each compound, the spectrum from 230 to 330 nm was first recorded at appropriate inter-
vals to identify the wavelength at which the change in absorbance due to imidazolium ring-
opening was maximal. The progress of the ring-opening was then followed at this wave-
length, keeping the temperature of the cell-housing block at 293.2 + 0.1 or 298.2 + 0.1 K.
The initial concentration of the starting material ranged from 5 x 10> to 1 x 10™ m. The
hydroxide ion concentration of the triethylamine buffer was calculated with the aid of the
dissociation constant reported for the triethylammonium ion under the experimental condi-
tions?’. The pseudo-first-order rate constants were obtained by fitting the absorbance at time
t (A) to the equation of one-phase exponential decay (1) or association (2), depending on
whether the absorbance experienced time-dependent decrease or increase at the wavelength
employed. In these equations A, and A refer to the absorbance at time 0 and infinity, re-
spectively. The second-order rate constants were then obtained by dividing the pseudo-first-
order rate constant by the concentration of hydroxide ion.

RS O
|
?/N | N©
/)\ _RY
RO o | NN
RZ
HO OH
1: m’Guo: R = R2 =R = H, R® = CH,
2: m,?'Guo: R = R® = CH,;, R =R = H
3m 227Guo R!=R2=R®=CH,; R=H
4: 7GMP R! = R? = H, R® = CH,, R = PO(O"),
5: m,2’GMP: R! = R® = CH,, R? = H, R = PO(0"),
6: m 227GMP R! = R? = R® = CH,, R = PO(0),
7: et7GMP R! = R? = H, R® = C,H,, R = PO(O"),
8: bn’GMP: R! = R? = H, R® = CH,C4Hs, R = PO(O"),
9: et?’m’GMP: R! = C,Hg, R? = H, R® = CH,, R = PO(O"),
10: m’GDP: R! = R? = H, R® = CH,, R = PO(O")OPO(O"),
11: m;>%’GDP: R! = R? = R® = CH,, R = PO(O")OPO(0"),
12: m’GDP-(B-OMe): R* = R? = H, R® = CH,, R = PO(O")OPO(O7)OCH,
13: m’GTP: R? = R? = H, R® = CH,, R = PO(0")OPO(0")OPO(0"),
14: my227’GTP: R = R? = R® = CH,, R = PO(O7)OPO(07)OPO(0"),
15: et7GTP R! = R? = H, R® = C,H,, R = PO(O")OPO(0O")OPO(O"),
16: bn’GTP: R! = R? = H, R® = CH,C4H;, R = PO(O")OPO(0O")OPO(O"),
CHART 1

Structural formulae of the mononucleosidic cap analogs analyzed
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A= (Ag - Ae ™+ A (1)

A=A, - (A, - Age™ )

The imidazolium ring-opening of the symmetric dinucleosidic cap analogs, m’Gpp(m’G)
(22) and m’Gppp(m’G) (23), did not, however, obey this simple first-order kinetics, since
ring-opening of one m’G moiety affects the cleavage rate of the remaining one. In this case,
the time-dependent absorbance (A;) was fitted to a biexponential equation (3), where
b, stands for the absorbance at infinity and the sum of by, b, and b for the absorbance at
time 0. k; and k, are the pseudo-first-order rate constants for the two reactions.

A, =be™ +pe™" +b, (3)
R® O
|
©N NO
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17: m’GppG: R* = R? = H, R® = CH,, n = 0, B = guanine

18: m’GpppG: R! = R? = H, R® = CH,, n = 1, B = guanine

19: et’GpppG: R* = R? = H, R® = C,H,, n = 1, B = guanine

20: m,%’GpppG: R! = R® = CH,, R? = H, n = 1, B = guanine

21: m;*27GpppG R' = R? = R® = CH,, n = 1, B = guanine

22: m’Gpp(m’G): R* = R? = H, R® = CH,, n = 0, B = 7-methylguanine
23: m’Gppp(m’G): R = R? = H, R® = CH,, n = 1, B = 7-methylguanine
24: m’Gppp(mC®A): R = R? = H, R® = CHj, n = 1, B = N6-methyladenine
25: m’GpppA: R* = R? = H, R® = CH,, n = 1, B = adenine

26: m’GpppC: R = R? = H, R® = CHj, n = 1, B = cytosine

27: m’GpppU: R' = R = H, R® = CH,, n = 1, B = uracil

CHART 2
Structural formulae of the dinucleosidic cap analogs analyzed
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RESULTS

The imidazolium ring-opening of the cap analogs was followed spectropho-
tometrically in a triethylamine buffer ((OH-] = 9.3 x 104 M) and in aqueous
sodium hydroxide ([OH7] =5 x 102 and 1 x 1072 M), i.e. under conditions
where the 7-methylguanine base occurs in a zwitterionic N1-deprotonated
form?'”.

Figure 1 shows as an illustrative example the time-dependent changes of
the absorption spectrum of m’GpppU (27) at the concentration 5 x 10> m
in 0.01 M aqueous NaOH (the large figure). In the inset of the same figure,
the absorbance changes at 265 and 290 nm, referring to an increase and
decrease in absorbance, respectively, are plotted against the time. Table |
summarizes the observed pseudo-first-order rate constants for the hydroxide-
ion-catalyzed imidazolium ring-opening of the cap analogs at various hy-
droxide ion concentrations (298.2 K, | = 0.10 m with NaCl) and the sec-
ond-order rate constants calculated from them.

The data in Table I allow the following conclusions concerning the rela-
tionship between the structure and hydrolytic stability of cap analogs.

80 100
t, min

230 250 270 290 310 330

Fic. 1
Time-dependent absorption spectra of m7GpppU (27) and the dependence of the absorbance
at wavelengths A = 265 and 290 nm on time (inset). The concentration of 27 in 0.01 m aque-
ous NaOH was 5 x 107° M, the ionic strength was adjusted to 0.1 m and the temperature was
298.2 + 0.1 K. Absorption spectra from bottom to top obtained at 0, 3, 8, 16, 25, and 70 min
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(i) 5'-phosphorylation of m’Guo (1), m,?’Guo (2) or mz22’Guo (3) retards
the imidazolium ring-opening by one order of magnitude. Conversion of
5'-monophosphates (4, 6) to triphosphates (13, 14), in turn, retards the
cleavage by less than 30%. Conversion of m’GDP (10) to its B-methyl ester
(12) accelerates the ring-opening by 40%. (ii) m’GpppG (18) and
m;227GpppG (21) react approximately as readily as m’GTP (13) and
m,227GTP (14), respectively, and m’GppG (17) by 36% less readily than
m’GDP methyl ester (12). Replacement of G in m’GpppG (18) with a py-
rimidine nucleoside, either cytidine (26) or uridine (27), results in an up to
30% rate acceleration, while replacement with adenosine (25) or
N6-methyladenosine (24) retards the reaction by 50%. (iii) Methylation of
m’GMP (4) to the corresponding N2,7-dimethyl (5) derivative reduces the
rate of imidazolium ring-opening by 40% and further methylation to
m;22’GMP (6) by another 40%. The respective methylations of m’Guo (1)
and m’GpppG (18) show comparable increments of the hydrolytic stability.
(iv) Replacement of 7-methyl group with 7-ethyl group retards the ring
cleavage of m’GMP (4-7), m’GTP (13-15) and m’GpppG (18-19) by
70%. By contrast, replacement of N2-methyl group with ethyl group in
m,%’GMP (5 - 9) retards the reaction only by 20%. The rate-retarding effect
of 7-benzyl substitution is smaller than that of 7-ethyl group (cf. 15 and 16
with 13).

Figure 2 shows the effect of the ionic strength (adjusted with sodium
chloride) on the pseudo-first-order rate constant for some mono- (4) and di-
nucleosidic (18, 24-26) cap analogs in 10.0 mm aqueous NaOH at 293.2 K.
As can be seen, the imidazolium ring-opening of m’GMP (4) is continuous-
ly accelerated with increasing ionic strength, the rate constantat | = 1.0 m
being two-fold compared with that at | = 0.1 M. By contrast, the ring-
opening of all the dinucleosidic cap analogs studied is less sensitive to ionic
strength, the rate constant passing through a broad maximum at | = 0.6 m.

DISCUSSION

It has been shown previously'® that the alkaline cleavage of 7-methyl-
guanosine (1) is initiated by an attack of hydroxide ion on the C8 atom, ac-
companied by rapid rupture of the C8-N9 bond and concomitant
formation of a 5-formamido derivative (Scheme 1). The reaction is virtually
irreversible and shows strict first-order dependence on the concentration of
hydroxide ion. This ring-opening is followed by isomerization of the sugar
moiety to a-furanoside and a/p-pyranoside forms and eventually by cleav-
age of the sugar moiety. The four anomeric forms of the 5-formamido-
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pyrimidine derivative and N°-formyl-N®-methyl-2,5,6-triaminopyrimidin-
4-one formed as the final product have previously been characterized by *H
and 3C NMR spectroscopy'®. These consecutive reactions do not result in
marked changes in the UV spectrum of the product of the ring-opening
step. In addition, they are so much slower than the ring-opening that con-
version of the starting material to the 5-formamidopyrimidine products
may be easily followed spectrophotometrically without any interference of
the consecutive steps. The reactions of 7-methylguanosine nucleotides and
dinucleosidic cap analogs may be followed similarly, since 5-mono-, di-

log k, st

0.25 0.50 0.75 0 M)]_/z 1.00

log k, st

-3.6 | |

0.25 0.50 075 vz 100

Fic. 2
The effect of ionic strength on the first-order rate constants for some mono- and dinucleosidic
cap analogs in 10.0 mm aqueous NaOH at 293.2 K. A m’GMP, A m’GpppG, B m’GpppA (a); ¥
m’Gppp(m®A), O m’GpppC (b). The ionic strength was adjusted with sodium chloride
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and triphosphate groups?®, as well as purine?® and pyrimidine3° bases (in-
cluding m8A), are hydrolytically much more stable under alkaline condi-
tions than the 7-methylguanine moiety.

l\l/le O u |\|/|e 0)
® N
o o P —
O —
N™ NN HN™ >N™ “NH
HO 0 2 HO 0 2
HO OH HO OH
Me O
H
1. Sugar isomerization \ISZ’N N
2. Deglycosylation OHN N//kNHz
2

SCHEME 1

Derivatives of 7-methylguanine exhibit a marked tendency to associate in
aqueous solution by vertical stacking'419.21.2231 Compared with other pu-
rine bases, the stacking interactions are exceptionally strong with hetero-
cyclic compounds exhibiting high polarizability and low polarizing power?°.
Spectroscopic analyses carried out by Wieczorek et al.'4??2 show that the
intramolecular stacking is more marked with purine-derived cap analogs
(m’GpppN, N = purine nucleoside) than with their pyrimidine counterparts
(N = pyrimidine nucleoside). This has been shown to be the case both at pH
9.0, when the 7-methylguanine ring is in a zwitterionic form, and at pH
5.2, when it is monocationic. The results in Table | suggest that the
intramolecular stacking protects the 7-methylguanine moiety from the
attack of hydroxide ion. As indicated above, the imidazolium ring of
m’GpppC (26) or m’GpppU (27) is cleaved two times as fast as that of
m’Gppp(mBA) (24) or m’GpppA (25). A rate retardation of this magnitude
is consistent with a previous observation, according to which base-stacking
with a neutral heterocyclic molecule retards the nucleophilic attack of
hydroxide ion on a purine base by 40% 32. Guanine base undergoes N'H
deprotonation at pH 9.5. This in all likelihood weakens the intramolecular
base-stacking of m’GpppG (18) and, hence, the alkaline ring-opening is not
retarded as with m’GpppA (25) or m’Gppp(m°SA) (24). m’GppG (17) reacts
by 36% more slowly than m’GDP (-methyl ester (12), which may possibly
be attributed to stabilization by stacking. The symmetrical cap analogs,
m’Gpp(m’G) (22) and m’Gppp(m’G) (23), are cleaved as readily as
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mM’GppG (17) and m’GpppG (18) in spite of the fact that they contain two
sites susceptible to the nucleophilic attack and, hence, acceleration by a
factor of two might be expected. Possibly two zwitterionic 7-methylguanine
bases stack more efficiently than a zwitterionic and monoanionic base.

The data in Table I indicate that the additional methyl substituent(s) on
the 2-amino group of the m’G moiety of m’GpppG lead to deceleration of
the alkaline ring-opening, the relative rates obtained with m’GpppG (18),
m,%’GpppG (20) and m3>2'GpppG (21) being 1, 0.49 and 0.38, respec-
tively. These rate retardations, however, result rather from reduced electron
density at the C8 atom than from enhanced stacking, since the influence of
N2-methylation on the hydrolytic stability of mononucleosidic model com-
pounds, viz. mM'GMP (4-5-6), m’GDP (10-11) and m’GTP (13- 14), is
very similar. Consistent by with this argument, methylation of the 6-amino
group of the adenosine moiety in m’GpppA (25 - 24) has practically no in-
fluence on the hydrolytic stability.

Replacement of the 7-methyl group with an ethyl (4 -7) or benzyl (4-8)
group retards the imidazolium ring-opening by 65 and 41%, respectively.
Evidently the ethyl group is both inductively and sterically rate-decreasing.
Benzyl group, while also sterically rate-decreasing, inductively reduces the
electron density at the C8 atom, resulting in a less marked rate decrease.

As seen in Fig. 2, the cleavage of dinucleosidic cap analogs (18, 24-26) is
less sensitive to an increase in the ionic strength than the corresponding re-
action of m’GMP. It has been previously suggested'>’ that electrostatic
attraction between the electron-deficient imidazolium ring and the nega-
tively charged phosphate moiety retards the nucleophilic attack of hydrox-
ide ion on the C8 atom. At high ionic strength, i.e. in a more polar
environment, the intramolecular electrostatic attraction is less important
and a rate acceleration is observed. Accordingly, one may speculate that
electrostatic interactions exert a more marked effect on the hydrolytic sta-
bility of m’GMP than on the stability of dinucleosidic cap analogs. The
differences in reaction rate are, however, too small to make definite conclu-
sions.

In summary, the susceptibility of cap structure to hydroxide-ion-induced
imidazolium ring-opening depends on the number and identity of alkyl
groups on the 7-alkylated guanine base, on the strength of intramolecular
base-stacking and on the electrostatic interaction between the N-alkylated
imidazolium ring and the phosphate moiety. All these influences are, how-
ever, quite modest. In fact, the difference in the cleavage rate of the most
and least reactive dinucleosidic cap analog studied is only three-fold.
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