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Hydrolyses of di- and triribonucleotides assisted by al-
kaline earth metal ions were investigated at pH 7.3 and 50 °C.
Mg?* was the most effective for the phosphodiester hydroly-
sis, and the rate exibited first-order dependence on the con-
centration of Mg?" in a range of 0.1-1.0 mol dm>.

Magnesium ion is an essential factor in a number of biologi-
cal catalysts for the phosphodiester hydrolysis of nucleic acids,
such as ribozymes' and nucleases.> Magnesium ion is known
to play two distinct roles: (1) a catalytic factor, which provides
acid and/or base catalysts, and (2) a structural factor, which is
essential in constructing a specific three-dimensional structure
required for the reaction. Generally, it is difficult to observe
these two distinct roles of metal ions separately in complex bi-
ological catalysts, because the structural factor closely relates
to the efficiency of the catalysis."? Although many elegant
works have disclosed details of roles of Mg”,l'3 the basic
chemistry concerning catalytic effects of alkaline metal ions
on the phosphodiester hydrolysis is not known well.* It should
be useful to study the metal-ion-assisted hydrolysis of RNA by
using a simple substrate in order to gain knowledge about the
catalytic role of the metal ion. In this study, effects of Mg?* on
the hydrolysis of oligoribonucleotides were studied, along
with those of other alkaline earth and alkaline metal ions.

Results and Discussion

Hydrolysis of adenylyl(3’-5")adenosine (ApA) (0.1 mmol
dm %) was conducted in the presence of alkaline or alkaline
earth metal ions (100 mmol dm ) at pH 7.3 (HEPES 50 mmol
dm™?) and 50 °C. The conversions after 90 h reaction, calcu-
lated on the basis of the decrease of ApA and the amount of the
resulting products, are summarized in Table 1.

The products, except those of the Ca’*-assisted reaction,
were adenosine 3’-monophosphate (3’-AMP), adenosine 2’-
monophosphate (2’-AMP), adenosine 2’,3’-cyclicmonophos-
phate (2°,3’-cAMP), and adenosine, indicating that the hydrol-
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ysis of the phosphodiester bond selectively occurred. On the
basis of a generally accepted reaction mechanism for a non-en-
zymatic RNA hydrolysis,'” the 5’-terminal moiety of ApA
should be converted into a mixture of 3’-AMP, 2-AMP, and
2’,3’-cAMP, whereas the 3’-terminal moiety of ApA should re-
sult in the formation of adenosine. Consistently, in the Mg?*-
assisted reaction, the amount of adenosine was equal to the to-
tal amount of 3’-AMP, 2’-AMP, and 2’,3’-cAMP. In the case of
Ca®*, however, the formation of adenosine was unusually low,
compared with other products, i.e. 3-AMP, 2’-AMP, and 2’,3’-
cAMP. Instead, adenine was formed. The formation of ade-
nine indicates that an N-glycoside cleavage occurred along
with the phosphodiester hydrolysis by the Ca®" assisted reac-
tion.

Among metal ions tested, the phosphodiester hydrolysis was
most efficiently promoted by Mg>* and Ca’*, and less effi-
ciently by Sr** and Ba’*. In contrast, the effect of alkaline
metal ions, Na® and K™, was very low. Although Lonnberg et
al. have reported that the acceleration effect of Mg?* (10 mmol
dm™?) on the hydrolysis of uridylyl(3’-5")uridine (UpU) was
very small,* a notable effect of Mg>" was observed in this
study, because we have chosen a higher Mg>"* concentration,
i.e. 100 mmol dm>.

In the presence of excess NaCl (1.0 mol dm ), the rate of
the phosphodiester hydrolysis assisted by Mg?* was about one
third of that in the absence of NaCl. Such a result indicates
that a competitive binding between Na* and Mg”* to the sub-
strate occurs and that the binding of Na™ prevents the Mg>*-
assisted hydrolysis.

The hydrolysis of di- or triribonucleotides, ApA, UpA, CpC,
ApUp, and ApCpC, assisted by Mg>* was investigated at pH
7.3 (HEPES 50 mmol dm %) and 50 °C. The rate of hydrolysis
was the greatest for ApUp (kops = 11 X 107> h™1). The rates of
hydrolyses of ApA (kops = 1.7 X 107> h™1), UpA (kops = 1.8 X
1072 h™Y), and CpC (keps = 1.3 X 1073 h™!) were the lowest,
but these three did not show significant differences from each
other. ApCpC (kops = 3.7 X 1072 h™") showed a medium hy-
drolysis rate. The hydrolysis rate was mainly affected by the
backbone structure, and was in the order of the total negative
charge of the molecule, i.e. ApUp (-3) > ApCpC (-2) > ApA,
UpA, and CpC (-1). In particular, a diribonucleotide having a
3’-terminal phosphate group was found to be hydrolyzed faster
than that having no 3’-terminal phosphate group. The acceler-
ation effect of the 3’-terminal phosphate group of oligoribonu-
cleotides has also been found in the Zn*-assisted hydroly-
sis.> On the other hand, the effect of nucleic acid bases on the
Mg?**-assisted hydrolysis'® was relatively small.

The dependence of the rate constants for the hydrolysis of
oligoribonucleotides on the concentration of Mg** was investi-
gated at pH 7.3 (HEPES 50 mmol dm*) and 50 °C. Figure 1
shows the results. The log—log plots demonstrate linear depen-
dencies with the slope of unity for all substrates investigated.
Such results indicate that the rate of the phosphodiester hydrol-
ysis is affected by one metal ion in the range of [Mg>*] = 0.1—
1.0 mol dm™3. 'H NMR spectroscopic studies (270 MHz,
D,0, pD 7) of ApA (0.1 mmol dm~?) with MgCl, (0, 0.05, 0.1,
0.2, 0.5, 1.0, and 2.0 mol dm ) indicated that no significant
conformational change of ApA depending on the concentration
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Table 1. Conversion and Product Distribution for the Hydrolysis of ApA Assisted by Alkaline
Earth and Alkaline Metal Salts after the Reaction at pH 7.3 (HEPES 50 mmol dm™?) and 50 °C
for 90 h"

Metal ion Conv./% Product ratio/%
3-AMP 2-AMP  23-cAMP  Adenosine  Adenine

Mg** 15 32 4 50 —2
Ca>* 15 28 8 3 48
Sr?t 2 10 2 40 50 -
Ba** 4 10 2 40 50 -2
Na* 0.8 _— -2 50 50 )
K* 0.7 2 2 50 50 _—
none _—

1) [metal ion] = 100 mmol dm* (chloride), [ApA], = 0.1 mmol dm~>. 2) Under detection.
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Fig. 1. Dependence of the pseudo-first-order rate constant

for the oligoribonucleotide hydrolysis on the concentration
of Mg?* at pH 7.3 (HEPES 50 mmol dm™~?) and 50 °C.

®: ApA, A :UpA, <: CpC, A: ApUp, O: ApCpC. The
lines show the unit slope.

of MgCl, occurred. Therefore, the observed linear dependency
of the rate constants on the Mg>" concentration can be as-
cribed to the binding of Mg>*, which assists the hydrolysis as a
catalytic factor, to ApA. Its binding constant is estimated to be
very small (log K < 0), because otherwise the concentration
profile should show a saturation in this concentration range.
This result can be interpreted as meaning either (1) the binding
constant for Mg?" and ApA is indeed small, and seems to be
outstandingly small when compared with the binding constant
for Mg*" and 3-AMP (log K = 1.89),° or (2) the actual bind-
ing of Mg?" is not so weak, but the observed enhancement of
the rate is due to the binding of the second metal ion, which
should bind much more weakly than the first one. The latter
interpretation means that the hydrolysis is efficiently promoted
only when the second Mg?" binds to the substrate. This can be
supported by several examples of the participation of two met-
al ions in the phosphodiester hydrolysis both in biological
catalysts'? and synthetic ones.>”® Whatever the interpretation
is, to facilitate the binding of Mg”, which was found to be
very weak in this study, is suggested to be one of the important
factors for the high activity of the biological catalysts for phos-
phodiester hydrolysis using Mg>".

Experimental

All reagents were purchased from commercial sources and used

as received.

In a typical experiment, the solution of ApA (0.1 mmol dm™3),
MgCl, (100 mmol dm~?), and HEPES (50 mmol dm™?) was ad-
justed to pH 7.3 and heated at 50 °C. The reaction mixture was
periodically analyzed by the HPLC (column: Merck LiChrospher
100 RP-18(e) ODS-column; eluent: pH 5.0 water/acetonitrile
92:8 v/v mixture containing phosphate (3 mmol dm™?) and ace-
tate (40 mmol dm3); flow rate: 0.5 mL min~'; detection: 260
nm). The products, were confirmed by coinjection of the reaction
mixture and standard samples. The reactions could be analyzed
by pseudo-first-order kinetics. During the entire process, great
care was taken in order to avoid any contamination, which may
cause enzymatic hydrolysis.

The authors thank Prof. Kazuhiko Saigo for a critical read-
ing of the manuscript. This work was supported by a Grant-in-
Aid for Scientific Research (No. 12650845) from the Ministry
of Education, Culture, Sports, Science and Technology.

References

1 a) D.-M. Zhou and K. Taira, Chem. Rev., 98, 991 (1998).
b) R. G. Kuimelis and L. W. McLaughlin, Chem. Rev., 98, 1027
(1998). c) J. B. Murray and W. G. Scott, J. Mol. Biol., 296, 33
(2000).

2 a) J. A. Cowan, Chem. Rev., 98, 1067 (1998). b) T. A.
Steitz and J. A. Steitz, Proc. Natl. Acad. Sci. U. S. A., 90, 6498
(1993).

3 a) M. G. AbouHaidar and 1. G. Ivanov, Z. Naturforsch., C:
Biosci., 54, 542 (1999). b) Y. Li and R. R. Breaker, J. Am. Chem.
Soc., 121, 5364 (1999).

4 S. Kuusela, M. Rantanen, and H. Lonnberg, J. Chem. Soc.,
Perkin Trans. 2, 1995, 2269.

5 a)S. Kuusela, A. Azhayev, A. Guzaev, and H. Lonnberg, J.
Chem. Soc., Perkin Trans. 2, 1995, 1197. b) S. Kuusela, A.
Guzaev, and H. Lonnberg, J. Chem. Soc., Perkin Trans. 2, 1996,
1895.

6 M. M. TaquiKhan and A. E. Martell, J. Am. Chem. Soc.,
84, 3037 (1962).

7 M. Yashiro, A. Ishikubo, and M. Komiyama, J. Chem. Soc.,
Chem. Commun., 1995, 1793; 1997, 83; M. Yashiro, A. Ishikubo,
and M. Komiyama, J. Biochem., 120, 1067 (1996).

8 J. Chin, Curr. Opinion Chem. Biol., 1, 514 (1997); J. W.
Yun, T. Tanase, and S. J. Lippard, Inorg. Chem., 35, 7590 (1996).



