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Metal-ion based catalysts for the hydrolytic cleavage of
phosphodiester bonds is a subject that has attracted
considerable interest over the last few decades.'™ The
motive behind such studies is to gain understanding of
the action of ribozymes and other metalloenzymes, and
more importantly to mimic the action of these by artificial
cleaving agents. The catalytic activity of many single
metal ion catalysts is relatively modest, and the search
for active catalysts has recently become much focussed
on bi- or tri-metallic systems.>™!2

A vast amount of work has been carried out on Co**
complexes as metalloenzyme models, and the results have
clearly shown that the bimetallic species are more efficient
catalysts for phosphoester hydrolysis than catalysts con-
taining only one Co** centre.'®!* The enhanced catalytic
activity has been attributed to double Lewis acid activa-
tion of bimetallic systems;'*'® a marked rate acceleration
takes place when both non-bridging oxygens bind an
electrophile. Co®** complexes differ from complexes of
metal ions found in biological systems, such as Zn?" or
Cu?*, in that that they do not easily undergo ligand
exchange. Enhanced catalytic activity has, however, also
been observed with bimetallic systems containing substi-
tutionally labile metal ions such as Zn?* and Cu?”*
compared with corresponding monometallic catalysts.5~'2
The mechanism of catalysis may be somewhat different
from that utilised by Co®* catalysts: while Co>* catalysts
most likely provide a hydroxo ligand as the attacking
nucleophile, in addition to Lewis acid activation,!¢-18
catalysis by the phosphate-bound Zn** and Cu?* species
is generally attributed to general acid/base catalysis by
the hydrated metal ion.!™*

*To whom correspondence should be addressed.
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In this paper, we report on the hydrolysis of 2',3'-
cyclic monophosphate of uridine (1) and uridylyl-3’,5"-
uridine (2) promoted by bimetallic Zn?* and Cu?*
complexes of BISDIEN (3), referred to as (Zn%"),-
BISDIEN and (Cu?*),-BISDIEN, respectively, in the
following. Zn?* and Cu?* complexes of 1,4,7-triazacy-
clododecane ([9]aneN;, 4) were used for comparison as
the corresponding mononuclear catalysts. The catalysts
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used in this study differ markedly from the bimetallic
species reported previously in the sense that within the
BISDIEN ligand the metal ions are bridged through
aquo ligands, whereas the bimetallic systems used in
previous studies consist of two separate metal ion chelates
linked to each other. The speciation of the BISDIEN
complexes of Zn?>* and Cu?* is quite well known; their
composition as a function of pH has been established by
potentiometric titrations,'® and they are known to bind
tightly to phosphate.?® As mentioned above, the metal
ions complexed with a single BISDIEN molecule are
forced rather close to each other, and they have been
suggested to form bridged hydroxo complexes.'® A sim-
ilar hydroxo bridge has been shown to exist between
Zn?* and Fe** or two Fe3* ions in purple acid phosphat-
ase enzyme.!? A catalytically active monohydroxy
bridged dimer has also been suggested to be formed in
solution, where the structure of the monomeric Cu?*
units prevents the formation of an inactive dihydroxy
dimer.?!

The hydrolysis of 2’,3’-cyclic monophosphate of urid-
ine (2,3'-cUMP, 1) to a mixture of 3- and 2’-mono-
phosphates (3~ and 2-UMP, respectively) (Scheme 1)
was followed at 30°C by reversed-phase HPLC. The
catalysts employed were the 2:1 (M?*:L) Zn?* and
Cu?* complexes of BISDIEN (3), which have been
shown to be the predominant species under the experi-
mental conditions.!® The cleavage of only 10-15% of the
substrate was followed, since the reactions catalysed by
bimetallic catalysts, (Cu?*),-BISDIEN particularly,
showed a clear tendency to slow down on prolonged
treatment, probably due to the aggregation of the
catalysts.

The cleavage of 2'.3-cUMP promoted by both
(Cu?*),-BISDIEN and (Zn?"),-BISDIEN is hydrolytic:
the only products observed were 2’- and 3-UMP; no
products that could have resulted from oxidative cleav-
age, such as uracil base, could be detected. As has been
shown to be the case with other bimetallic catalysts,’
(Cu?*),-BISDIEN also produced the 2’- and 3-UMP
products in a ratio different from that of the solvent-
induced reaction.?>** While a solvent-induced reaction
gives a 2:1 mixture of 3’- and 2-monophoshates, a 1:2
ratio was obtained in the presence of (Cu?*),-BISDIEN.
This result was verified by spiking the reactions with
samples of 2- and 3-UMP obtained from Sigma. The
altered product distribution caused by (Cu?*),-BISDIEN
seems to result from the preferred cleavage of the 3'-O-P
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Fig. 1. Logarithmic rate constants of hydrolysis of 2',3-cUMP
as a function of the catalyst concentration at 30 °C. Notation:
D, (Cu?*),-BISDIEN at pH85 and /=0.15M; @, (Zn?*),-
BISDIEN at pH 7.0 and /=0.1M; ', Cu?“[9]aneN; at pH 8.5
and /=0.15 M; B, Zn?*[9]aneN; at pH 7.0 and /=0.1 M. The
pH was adjusted with HEPES buffers and the ionic strength
with NaNO,.

bond; the catalyst does not enhance the interconversion
of 2"- and 3-UMP. The (Zn?*),-BISDIEN complex and
the monomeric catalysts, in contrast, produced the
normal 2:1 mixture of 3"~ and 2-UMPs.

The rate constants of the hydrolysis of 2',3'-cUMP as
a function of the catalyst concentration are shown in
Fig. 1. The measurements were made at an optimal pH
for the reaction. The limiting factor in the case of the
Zn%** complex was the poor solubility/stability of the
catalyst under alkaline conditions. At pH 7.0, however,
no precipitation was observed, and the reaction seemed
to follow first-order kinetics. With (Cu®*),-BISDIEN, in
contrast, the cleavage seemed to slow down, although
no precipitate was observed, and as can be seen, the
results obtained are rather scattered. The measurement
in 5 mM (Cu?*),-BISDIEN solution was repeated several
times, and the result seems to be reproducible.

The (Zn?*),-BISDIEN promoted reaction shows a
clear first-order dependence on the catalyst concentration
at low catalyst concentration. At higher concentration
the dependence begins to level off. With (Cu?*),-
BISDIEN as a catalyst, the tendency is clearer, and the
reaction actually becomes slower as the concentration of
the catalyst is increased to 5mM. The abrupt rate
decrease at higher concentrations suggests that the cata-
lyst undergoes aggregation at high concentrations, which
would also explain the observed rate decrease with longer
reaction times.

Figure 1 also contains the data obtained with the
monometallic species. The rate of hydrolysis promoted
by both Zn?* and Cu?* chelates of [9]aneN; (4) shows



a first-order dependence on catalyst concentration with-
out any indication of saturation. In both cases the
bimetallic complex is a more efficient catalyst than its
monometallic counterpart. The rate constants obtained
with 1 mM (Zn?*),-BISDIEN and (Cu?*),-BISDIEN
are 30 and 150 times those obtained with 2mM
Zn?*[9]aneN; and Cu?*[9]aneN; complexes. While the
difference observed between (Cu?*),-BISDIEN and
Cu?*[9]aneN; can most probably be attributed to the
higher catalytic ability of the bimetallic system, this may
not be entirely the case with the Zn** complexes. The
rate constants for reactions with Cu?* based catalysts
were obtained at a pH optimal for cleavage, and hence,
to the maximal catalytic activity. Similar comparisons
cannot be made with Zn?* complexes, because of the
poor solubility of (Zn?*),-BISDIEN. Comparison of the
catalytic activity of the free metal ions and the BISDIEN
complexes, in contrast, cannot be made, since under the
experimental conditions employed in this study, the metal
aquo ions precipitate as hydroxides.

The catalytic activity of (Zn**),-BISDIEN and
(Cu?*),-BISDIEN is quite high. At pH 8.5, the rate
constant of the OH ~-catalysed cleavage of 2',3'-cUMP
is 1.0 x 1077 s~ ! at 30 °C, which means that the catalysis
by 1 mM (Cu®*),-BISDIEN is about greater by a factor
of 1000 under these conditions. Assume a linear depend-
ence of the solvent-induced cleavage rate on the hydro-
xide ion concentration, and the catalytic activity of
(Zn2*),-BISDIEN at pH 7.0 appears to be even larger,
about 5000-fold. A comparison of the rate constants
obtained in this study with those reported by Liu et al
for the bimetallic system consisting of two Cu?* terpyri-
dine complexes,” shows that the catalytic activities are
rather comparable, the BISDIEN complexes being maybe
about one order of magnitude less active.

(Zn**),-BISDIEN also seems to be a good catalyst
for the hydrolysis of internucleosidic phosphodiester
bonds. At pH 7, the rate constant of the cleavage of
3',5-UpU (2) promoted by 2mM (Zn?*),-BISDIEN
was 2 x 1077 s~ !, which suggests that an approximately
1500-fold rate enhancement was observed. This result is
quite promising, as the catalytic activity seems to be
approximately ten times as high as that of a Zn** based
mononuclear catalyst.? The (Cu?™"),-BISDIEN complex,
in contrast, seems to be less able to catalyse the hydrolysis
of an acyclic phosphodiester. The hydrolysis of 3,5
UpU (2) appears to be promoted only by a factor of 20
in 2mM (Cu®*),-BISDIEN at pH 8.5 and 30°C. The
clear preference for the cyclic monophosphate could
possibly be attributed to the size of the cavity of the
macrocycle, and the tight fit of the phosphate ion inside
it. While the cyclic phosphate function fits snugly inside,
the cavity is less able to accommodate an acyclic phos-
phodiester bearing two relatively bulky nucleoside moiet-
ies, as in 3',5-UpU.

In conclusion, the BISDIEN complexes of Zn?* and
Cu?* are efficient catalysts for the hydrolysis of cyclic
phosphodiesters. (Zn?*),-BISDIEN also shows a high
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catalytic activity towards the hydrolysis of internucleo-
sidic phosphodiester bonds.

Experimental

Synthesis of 3. The synthesis of 3 was carried out as
described before.?” The NMR data for these compounds
and the final products were consistent with the values
reported previously.?® The authenticity of the final prod-
uct was further verified by EI MS (M +H™ 347).

Kinetic measurements. The complexes of 3 were prepared
by mixing 2 equiv. of Zn?* or Cu?* (as nitrate) and 1.1
equiv. of the ligand. The solution was allowed to stand
at least overnight prior to use. The reaction solutions
were prepared by mixing the chelate and the buffer and
salt stock solutions. The pH was checked and adjusted
if necessary. The details of the kinetic analysis have been
described before.?? The reaction was quenched by addi-
tion of an excess of EDTA to the aliquots. The HPLC
analysis was carried out on Hypersil ODS (250 x4 mm,
4 um particle size) column with 0.1 M formic acid buffer
as the eluent (pH 3.3, containing 0.25 M Me,NCl). The
first-order rate constants were calculated for the decrease
of the mole fraction of 2/.3'-cUMP or 3’,5-UpU in the
reaction mixture by using an integrated form of the first-
order rate law.
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