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SPEED LIMITS FOR ARTIFICIAL RIBONUCLEASES

JANET R. MORROW

Department of Chemistry, University at Buffalo, State
University of New York, Buffalo, New York, USA

There are four major catalytic roles for natural and artificial
nucleases that catalyze the hydrolytic cleavage of RNA. For metal
ion complexes that act as artificial nucleases, the most important
role is the stabilization of the phosphorane-like transition state. In
keeping with this role the best catalysts, including Ln(I1I) complexes
and dinuclear Zn(II) complexes, interact strongly with dianionic
phosphate esters as crude transition state models. Two other cata-
lytic modes, alignment of the hydroxyl nucleophile for in-line attack
and activation of the 2’-hydroxyl, are not important for metal ion
catalyzed cleavage of simple RNA analogs. This may impose a speed
limit for metal ion catalysis, although additional catalytic roles may
be operative in the cleavage of structured RNA.

INTRODUCTION

The development of metal ion catalysts for the hydrolytic cleavage of
RNA as artificial nucleases has been a popular area of study for a num-
ber of years.'™ As an example, several of the metal ion complex cata-
lysts we have developed for cleavage of RNA are shown in Scheme 1.
The high level of efficiency of these complexes is unusual for small mol-
ecule catalysts that function in water and has attracted efforts to tease
out their mode of catalysis.l®! Interest in this topic derives from the
numerous applications of metal ion promoted RNA cleavage that range
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Scheme 1. Catalysts and RNA analogs.

from the development of agents for the selective suppression of gene
expression!® to the design of in-vitro selected RNA cleaving DNAzymes
for the detection of metal ions.[”*!

Cleavage of RNA is facilitated by the proximity of the 2’-hydroxyl to
the phosphate diester (Scheme 2). In the absence of catalyst at neutral
pH and physiological temperatures, RNA phosphate diester bonds have
a half-life of over 100 years at neutral pH and 23°C, with small variations
that depend on RNA base sequence and structure.””’ This half-life is
reduced to seconds by ribozymes, microseconds by ribonucleases,!'"!
or minutes by simple metal ion complexes.®! Much discussion has
focused on the mechanism of RNA or protein based enzyme catalyzed
cleavage and whether there are certain associated “speed limits” that
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Scheme 2. Proposed mechanism for RNA cleavage by a dinuclear Zn(II) catalyst.

depend on catalytic modes of cleavage.!'”! By contrast, there is more lim-
ited mechanistic work on metal ion complex catalyzed cleavage of RNA.
Such mechanistic information is critical to the design of more potent
catalysts.[>11:12]

In this article, I will summarize our recent work on metal ion cata-
lysts for RNA cleavage and present our view of the mechanism of cleav-
age by these catalysts. An additional challenge is to promote the
structure-specific cleavage of RNA through synthetic variations of
ligands and recognition groups. A brief description of ongoing work on
specific cleavage of RNA by small molecules catalysts in my laboratory
will be given.
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PROPOSED MECHANISM OF RNA CLEAVAGE BY
METAL ION COMPLEXES

There are four major catalytic strategies by which metal ion complexes
may promote RNA cleavage by phosphate ester transesterification, also
termed “‘hydrolytic cleavage” of RNA (Scheme 2). Estimations of rate
enhancements associated with these modes have been given.!*'3
These catalytic modes include: a) deprotonation of the 2’-hydroxyl to
give a better nucleophile (=~10° RE (rate enhancement)); b) interaction
with the non-bridging oxygen of the phosphate diester and stabilization
of the phosphorane-like transition state (~10° RE); and c) interaction
with the leaving group (~10° RE) (Scheme 1). A fourth catalytic mode
utilized by RNA and protein based enzymes is to promote optimal align-
ment for in-line attack of the 2’-hydroxyl on the phosphate ester and has
been estimated to give up to 100-fold enhancement.!'” This mode is
important for structured RNA but not simple RNA analogs and will
be discussed in the last section on cleavage of structured RNA.

An important step toward the design of better catalysts is to under-
stand the relative importance of the different roles of the metal ion. As
pointed out by Breaker, the best of nature’s catalysts use a combination
of catalytic strategies for RNA cleavage.l'>!>! Estimates for the rate
enhancement from each catalytic mode are useful to assess the benefits
that might accrue if each catalytic mode was optimized.

ACTIVATION OF THE 2'-HYDROXYL GROUP (A)

All mechanistic schemes must account for a pH-rate profile that has a
second-order rate constant (first-order in RNA and catalyst) that
increases in a linear fashion with pH and shows a break at the pH =pK,
of the metal ion water molecule,'® as shown in Figure 1 for a series of
mononuclear Zn(IT) complexes.!'”! Data is shown for the simple sub-
strate HpPNP, but similar pH-rate profiles are observed for cleavage
of RNA analogs with poor leaving groups such as UpU.["® This type
of pH dependence signifies the loss of a proton on going from ground
to transition state but does not identify the origin of the proton. One
option is that the proton is lost from the metal water ligand and the metal
hydroxide complex that is formed acts as a general base in cleavage. This
option is congruent with the fact that the pK, of the metal complex water
ligand , as measured by pH-potentiometric titrations, is identical within
error to the pK, obtained in the kinetic studies. However, this is not the
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Figure 1. pH rate profiles of second-order rate constants (kz,)app for cleavage of HpPNP
catalyzed by several mononuclear Zn(IT) complexes at 25°C, 20mM buffer, 7=0.100
(NaNOs). Key: Zn(L8) ¥, Zn(L9) @, Zn(L10) W, Zn(L7) A, Zn(OH,)s (. Figure repro-
duced from reference 17 with permission from the Royal Society of Chemistry.

only option because there is a kinetically equivalent expression with a
very different mechanism. This latter one involves the ionization of the
2'-hydroxyl in a pre-equilibrium step, followed by the rate-limiting inter-
action of the metal ion aqua complex with this ionized substrate to cat-
alyze the formation of the phosphorane. In this latter case, the rate
constant increases with pH as more of the 2’-alkoxide is formed, but
levels out because the active metal aqua complex becomes converted into
the inactive metal hydroxide complex.!'!

Solvent deuterium isotope studies on the Zn,(1L.6) catalyzed cleavage
of UpPNP were consistent with the second mechanism: catalysis by the
aqua complex.!*®! These studies showed a small inverse isotope effect at
the pH-rate plateau. Thus there is no Bronsted acid/base catalysis in the
rate-limiting step for cleavage of RNA analogs with good leaving groups.
To accommodate this data, our mechanistic model includes a pre-
equilbrium ionization of the 2’-hydroxyl group followed by catalysis of
the formation of the phosphorane from the 2'-hydroxyl deprotonated
species by the metal ion aqua complex. This result suggests that 2’-
hydroxyl deprotonation (a) for cleavage of UpPNP by the Zn(II)
complex is not part of the rate limiting step.



12: 02 15 January 2011

Downl oaded At:

174 J. R. MORROW

ELECTROPHILIC CATALYSIS BY PHOSPHORANE
STABILIZATION (B)

Cationic metal ion complexes are well-suited for the mechanistic role of
binding to and stabilizing the additional developing negative charge on
the phosphorane transition state. This can be seen in the comparison
of phosphate ester binding constants for monoanionic versus dianionic
esters (Table 1). All Zn(IT) and Eu(III) complexes bind more strongly
to dianionic methyl phosphate than to monoanionic diethyl phosphate.
The Eu(III) complexes bind the phosphate monoester 2 kcal/mol and
the dinuclear Zn(II) complex 4.4kcal/mol more strongly than the
diester. This suggests that in catalysis, the weak interaction between sub-
strate and catalyst strengthens as the additional negative charge of the
phosphorane develops. Of course, MP is not a perfect transition state
analog, but it does have an additional negative charge compared to
substrate. MP has a different geometry at the phosphorus center and a
different distribution of negative charge on the oxygens compared to a
phosphorane. There may also be differences in the extent equilibrium
solvation of charge for MP compared to the phosphorane transition
state.?!]

Coordination chemistry properties of metal ion complexes are con-
sistent with the mechanism shown in Scheme 2. Studies show that methyl
phosphate binds preferentially to the metal aqua form of the catalyst. For

Table 1. Phosphate ester dissociation constants and rate enhancements for Eu(III) and
Zn(IT) complex catalyzed cleavage of UpU at 25°C, 20 mM buffer, 7=0.10 M (NaNO3)
at pH 7.6

K(MP, mM)* K(DEP, mM)“ Keat (s71)
Complex (AGmp kcal/mol) (AGpgp kcal/mol) UpU Keat/Kun®
Eu(L1) 0.025 (6.3) 0.43 (4.6) 1.5x107%° 3.4 x 10*
Eu(L2) 0.28 (4.9) 7.5 (2.9) 33x10°%°¢ 7.5 % 10°
Zn(L7) 14 (2.5) 94 (1.4) - -
Zn,(L6) 0.010 (6.9) 16 (2.5) 1.6x107°4 5.8 x 10*

“Dissociation constants and free energy (given parentheses) from data in references 16,
17, 18, 21, 27, 28. bkcm:szUpU calculated for k,, second-order rate constant at pH 7.6
and Ky,u, UpU dissociation constant from reference 27. ke =k:Kpgp calculated for
k,, second-order rate constant at pH 7.6 and Kpgp, DEP dissociation constant from refer-
ence 28. k.. = k.Kpgp for ky, second-order rate constant at pH 7.4 and Kpgp from refer-
ence 16. ¢ background rate constant (k,,) for cleavage of UpU from references 18 and 22.
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example, for the highly active dinuclear Zn(II) catalyst, Zn,(L6), the
aqua complex species (Zn,(L6)(OH,)4) but not the hydroxide species
(Zn,(L6)(OH)(OH,);) binds to MP. '*2! This result supports the mech-
anism that has active metal aqua complex catalyst interacting with the
anionic phosphorane whereas the metal hydroxide complex is inactive
as a catalyst. In this case, hydroxide is a good ligand and competes with
the phosphate ester for binding to the catalyst. Note that such inhibition
by hydroxide is problematic in catalyst design because many metal ions
that are good Lewis acids readily form hydroxide complexes. Our analy-
sis suggests that the catalyst should be designed to interact strongly with
phosphate anions with minimal formation of hydroxide complexes. Ways
of incorporating this specificity are discussed below.

LEAVING GROUP INTERACTIONS (C)

The final step in the catalytic cycle (Scheme 2) entails interaction of the
catalyst with the leaving group. Does the metal ion catalyst facilitate its
departure? Our studies show that the dinuclear Zn(II) catalyst, in com-
parison to background or hydroxide catalyzed cleavage, is more effective
for promoting cleavage of a substrate with a poor leaving group (UpU)
than it is for an analog with a good leaving group (UpPNP).1*?! This is
shown in Table 2 where the transition state binding energies are greater

Table 2. Rate constants for RNA and RNA analog cleavage by Eu(III) and Zn(II) com-
plexes at 25°C, 20 mM buffer, /=0.10 M (NaNOs)

Complex Substrate &k, M~ 's™)* &kt M%) k/kon M™Y)°  AG,!(kcal/mol)?

Euy,(L1) HpPNP 2.4 8.7 x 10° 8.7 x 107 —11

EU,(L1) UpU 0.021 2.2 x 10* 2.0 x 107 —10

EU(L2) HpPNP 0.042 1.2x10° 1.2x10° —83
Zn(L9)  HpPNP 0.0013 3.8 x 10° 3.8 x 10* -6.2
Zn,(L6) HpPNP 0.25 1.1 x 10° 1.1 x 107 -9.6
Zny(L6) UpPNP 200 3.2 %108 2.0 x 10° -7.2
Zny(L6) UpU 0.005 8 x 10° 7.0 x 10° -93

“Second-order rate constant at pH 7.6 from references 16, 17, 18, 21, 27, 28, 62. "appar-
ent third-order rate constant for the metal complex catalyzed reaction in the pH range
where there is a first-order dependence on hydroxide. ‘Rate acceleration in the pH range
where both metal complex catalyzed and background reaction are first order in hydroxide
for ko =0.099 M~ !s~! (HpPNP), kou =1600 M~ 's~! (UpPNP), 0.0011 M~'s™! (UpU).
“Transition state binding energy as calculated by using Eq. 1.
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for UpU compared to UpPNP. These studies have recently been
extended to examine a range of uridine derivatives having alkyl leaving
groups with pK,s ranging from 12.2 to 16.0.5?% For these substrates,
a substantially smaller leaving group dependence for Zn,(1L.6) catalyzed
cleavage was observed than for hydroxide catalyzed cleavage. One
rationale for this is that the Zn(II) catalyst interacts with the leaving
group through protonation by a water ligand or by direct coordination
to facilitate its departure. An alternate explanation, however, is that
the phosphorane transition state formed from phosphate esters with
more basic leaving groups is more effectively stabilized by the Zn(II)
catalyst than are analogs with less basic leaving groups. This would
explain why cleavage of RNA models with poor leaving groups is more
strongly catalyzed by the dinuclear Zn(II) catalyst. Similar leaving group
effects are observed for free Zn(IT) ion."!

OPTIMIZING CATALYSIS

All catalysts studied to date show pH-dependent cleavage of RNA over
various pH ranges. This raises the question of the best way to compare
their catalytic properties. One way is to compare second-order rate con-
stants for cleavage at neutral pH (Table 2). This analysis shows that the
dinuclear Eu(IIl) catalysts are better than all of the other complexes for
cleavage of RNA analogs HpPNP and UpU. This is a practical compari-
son because these conditions are similar to physiological ones. A
comparison that is grounded in mechanistic considerations uses the
third-order rate constant (k1) for the catalyzed reaction that represents
the slope of the second-order rate constant as a function of pH at pH
values that are less than the pK, of the metal water ligand.[>'7-?%24! In
this analysis we compare rate constants for the complexes that take into
account a first-order dependence on hydroxide, catalyst and substrate.
Division of this third-order rate constant by the background second-order

AG! = AG] — AG], = —RTIn {"Mg{(/)K“V}

(1)
rate constant for hydroxide catalyzed cleavage (in absence of metal cata-
lyst) gives a new constant (kt/koy) with units of M, the same units as a
dissociation constant. In fact, this constant is related to the dissociation
constant of the catalyst bound to altered substrate in the transition state,
as reported for numerous enzymes.'?>?! The free energy calculated from
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Scheme 3. Thermodynamic cycle to calculate the free energy of catalyst binding to the
transition state.

this constant is related to the transition state stabilization energy of the
catalyst (AG}, Scheme 3, derived for Eq. 1 with k,, = limiting second
order rate constant on pH plateau). As shown in Table 2, these transition
state stabilization energies reach large values for dinuclear Ln(IIT) and
Zn(II) complexes for both activated HpPNP and inactivated RNA
(UpU) analogs.

Lanthanide ion complexes of neutral macrocycles have some of the
coordination properties that we seek. They bind strongly to phosphate
esters (K4=0.018 mM for Eu(L5) and MP) but do not readily form
hydroxide complexes (pK,>pH 9.0) as shown by kinetic studies and
by direct excitation luminescence spectroscopy.?”-**! By contrast, mono-
nuclear Zn(II) catalysts we have used have pK, values of 7 to 9 and bind
MP more weakly (Kq~1mM).!"”?*! These mononuclear Zn(II) com-
plexes are poorer catalysts than lanthanide ions with transition state sta-
bilization energies that are 2 kcal/mol lower than mononuclear Eu(III)
complexes (Table 2). In addition to weaker phosphate ester binding,
Zn(II) complexes with low water pK, values form hydroxide complexes
more readily than do lanthanide ions. Thus, the Zn(II) catalysts reach
their optimum rate constants at near neutral pH, close to their pK,
values (Figure 1). By contrast, the Eu(IIT) complexes of L2-L4 have pK,
values that are greater than 9.0 and this leads to a steady increase in
the second-order rate constant over the pH range from 7 to 9 (Figure 2).

Aside from switching metal ions, there are other ways to increase
catalysis. One method is the incorporation of hydrogen bonding groups
that interact with bound phosphate esters.!'>**=%! Other workers have
observed enormous rate enhancements for metal ion catalyzed cleavage
of RNA analogs in organic solvent where cation-anion interactions are
strong.?¢3°! A fourth way to form complexes with increased affinity
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Figure 2. pH rate profiles of second-order rate constants (kg,) for cleavage of HpPNP
catalyzed by several mononuclear Eu(IT) complexes at 25°C, 20 mM buffer, 7 = 0.100
(NaNOs3). Key: Eu(L2) A, Eu(L3) ¥, Eu(L4) O, Eu(OH,), ®. Figure reproduced from
reference 28 with permission from the Royal Society Chemistry.

for phosphate anions and decreased affinity for hydroxide is to prepare
dinuclear complexes. Dinuclear complexes have a large overall cationic
charge that is spread over two metal ions. If the two metal ion centers
are sufficiently far apart that the phosphate anions can bridge but
hydroxide cannot, the dinuclear complex becomes a better phosphate
anion receptor than the analogous mononuclear complex. A good
example of this is the dinuclear complex Zn,(L6), which has two Zn(II)
jons at 3.6 A apart, a distance suitable for binding a bridging phosphate
diester.!"®! The first pK, for a water ligand is relatively high (8.0), indica-
tive of a terminal hydroxide ligand.

DINUCLEAR CATALYSTS

Getting two metal ions to cooperate in catalysis is not always straight
forward. For Zn(IT) complexes, a bridging linker is a necessity for
cooperative catalysis. Zn(II) complexes that lack this linker are barely
more active than their mononuclear analogs.*’! For Zn,(L6), a bridging
alkoxide ligand serves to keep the two Zn(II) ions in close enough
proximity for both ions to work cooperatively in catalysis as reflected
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by the large free energy for transition state stabilization and for MP
binding.['®?! A caveat is that there must be sufficient coordination sites
available for catalysis after the bridging ligand binds. Metal ions with
lower numbers of coordination sites than Zn(IT) such as Cu(II) form
inactive dinuclear complexes with L6.14!!

For lanthanide ions, the preparation of dinuclear complexes with a
bridging group built into the ligand is challenging and, to date, elusive.
Hydroxide bridged complexes that form through self-assembly are com-
mon but, if they contain anionic ligands, are not exceptionally active.
(24421 Ap exception to this is a dinuclear La(IIT) complex that forms at
high pH in the presence of buffer that gives rise to some of the fastest
cleavage rates reported to date.!**!

In an attempt to prepare well-defined yet highly catalytically active
lanthanide complexes, we prepared Eu(III) macrocyclic amide ligands
tethered through an aromatic group (Eu,(L1)).?”! These complexes are
among the best catalysts for RNA cleavage reported to date in water at
neutral pH despite the fact that there is no bridging donor group between
lanthanide centers. How can this be? Each Eu(III) center has two coordi-
nation sites occupied by water as shown by time-resolved luminescence
spectroscopy. Luminescence studies show that the phosphate monoester
binds by bridging the two lanthanide centers, suggesting that the two
Eu(III) centers may participate cooperatively in catalysis. Another source
of the rate enhancement for these complexes is the pendent aromatic
group. Comparison to a mononuclear analog with an aromatic group
(Eu(L5)) shows that the aromatic group itself is sufficient to accelerate
catalysis by 10-fold in comparison to a mononuclear complex lacking
the aromatic group. Such substituent effects have been observed for tran-
sition metal ion and Zn(IT) complexes, but not for lanthanide ions. There
are clearly many opportunities to increase catalytic efficiency of lantha-
nide complexes, especially those with neutral ligands. Compared to tran-
sition elements and Zn(II), there are relatively few neutral ligands that
have been shown to bind strongly to lanthanide ions in water.

CATALYTIC RATE ENHANCEMENTS AND SPEED LIMITS

Table 1 shows rate enhancements for the cleavage of a dinucleoside, UpU,
by Eu(III) and Zn(II) complexes. In this analysis, k.,;, the maximum rate
constant, is calculated by using the values of the second-order rate con-
stants in Table 2 and dissociation constants from Table 1 (k.,;=k,Ky).
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This analysis uses the assumption that the Michaelis constant for forma-
tion of the catalyst-UpU complex is similar to the dissociation constant
for the complex with the phosphate diester, DEP. The rate constant for
the uncatalyzed reaction, (ky,) is calculated for the pH of interest from
the second-order rate constant for hydroxide catalyzed cleavage of
UpU.*?l The rate enhancements calculated in this manner show that
the dinuclear catalysts approach a rate enhancement of 10°. A 10’ rate
enhancement can be accounted for by one catalytic mode: stabilization
of the phosphorane transition state. This compares to self-cleaving
ribozymes that have k., values ranging from 0.005 to 0.17s~' with rate
enhancements of 107 to nearly 10°. Clearly the metal ion complexes are
not yet on par with ribozymes. Ribozymes have been proposed to use at
least two catalytic modes including optimizing in-line attack and by depro-
tonation of the 2/-hydroxyl through general base catalysis.['*!"!

Are metal ion complexes relegated to perform at a low speed limit
through a single catalytic mode? There may indeed be limitations for
the cleavage of simple RNA analogs by metal ion complexes in water.
It is certainly possible that metal ion complexes with a more complex
array of catalytic functional groups will break these speed limits.
A related question is whether the same speed limits hold in the cleavage
of structured RNA by metal ions where there is precedence for higher
rate enhancements. For example, cleavage of transfer RNA by Pb(II)
ion occurs primarily at one site in the 75-nucleotide RNA with a
maximum rate constant of 1x10 3s™' or about 70-fold higher than
the dinuclear Eu(III) complex with UpU."** In vitro-selected Pb(II)
cleavage motifs have rate constants of about 2000-fold higher than the
dinuclear Eu(III) complex.'*’! These metal ion catalyzed cleavage reac-
tions must utilize additional modes of catalysis. One important catalytic
strategy used by ribozymes is alignment of the 2’-hydroxyl, a mode that is
not available for simple RNA analogs. The fact that a single site is
cleaved suggests that RNA folding is important to bind the metal ion
and to activate selected phosphate ester bonds. This suggests that the
speed limits for metal ion cleavage of simple RNA analogs such as
HpPNP or UpU will be exceeded in more complex folded RNAs.

SEQUENCE AND STRUCTURE SPECIFIC CLEAVAGE

An important goal is to design metal ion catalysts for selective cleavage
of a target RNA molecule. This has been accomplished by attaching a
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metal ion catalyst to a complementary piece of DNA or RNA (antisense
oligonucleotide, ASO) for base pairing to a single-stranded portion of
the RNA.14641 ASO conjugates with metal ion catalysts promote
RNA sequence-dependent cleavage and selectively suppress expression
of a gene in cell culture.!”! Drawbacks to this approach include the cost
of the antisense oligonucleotide, the difficulty of getting it into the cell
and interference by competing RNA structure. To overcome these draw-
backs, an alternative approach is the development of metal ion catalysts
attached to small molecule recognition agents for RNA. There are few
studies on this topic to date. The most common examples have attach-
ment of catalysts to amino acids!®” or to aminoglycosides.!*'-*%

One recognition module under development in our lab uses the bind-
ing properties of Zn(II) macrocyclic complexes.[**3*-** Zn(II) macro-
cyclic complexes bind strongly to the deprotonated N7 of uridine or
thymidine. Kimura’s group showed that much smaller binding constants
are found for guanosine, adenosine, and cytidine and developed 1,4,7,10-
tetraazacyclododecane (cyclen) complexes of Zn(I1).*>7! Our work
showed that many different types of Zn(II) macrocycles, in addition to
Zn(cyclen), bound to uridine (Scheme 4).°%! The strength of binding
to uridine is linearly correlated to the pK, of the Zn(macrocycle) water
ligand. Based on this work, we prepared a dinuclear Zn(IT) complex of
a triaazamacrocycle (Scheme 5) that is both a good binder for uridine
and a good cleavage agent.!>*! This dinuclear complex binds two uridines
with dissociation constants of 4 and 6 mM at pH 7.0. Binding of this
dinuclear catalyst to uridine and to phosphate diesters was partially
reflected in the formation of a Michaelis complex with UpPNP, a uridine
containing substrate. This led to more effective catalytic cleavage of
UpPNP by the dinuclear catalyst (Zn,(L.11)) compared to mononuclear

HN\ZII]*'ZO N - p\: —
SN + —_— 77—\
N~ O |: ~Zn*2 j
R HN’ \N
——

Scheme 4. Zn(I1) macrocycle binds to the N3 deprotonated form of uridine.



12: 02 15 January 2011

Downl oaded At:

182 J. R. MORROW

Zn,(L11)(UMP)

Scheme 5. Bifunctional dinuclear Zn(II) complex preferentially cleaves uridine containing
substrates.

complex Zn(L9). However, it is clear from these studies that the binding
of a single Zn(II) complex to uridine is not sufficiently strong at neutral
pH to obtain a high degree of selectivity. Instead, three Zn(II) ions®®! or
a Zn(II) macrocycle with pendent aromatic groups!®®>”! are required to
strengthen binding to uridine groups. Ongoing work in our laboratory is
directed toward strengthening binding and improving cleavage specificity
for structured RNA.

CONCLUSIONS

Kinetic and mechanistic studies show that metal ion catalysts for RNA
cleavage function primarily by stabilization of the anionic phosphorane
transition state (b in Scheme 2) and possibly by interacting with the
leaving group (c in Scheme 2). In line with this charge stabilization role
are studies showing that the best RNA cleavage catalysts bind tightly to
dianionic phosphate ester ligands. Lanthanide ion complexes are among
the best catalysts, in part because of their specific coordination
properties for phosphate esters in solution. Linking different catalytic
or functional groups to interact more strongly with phosphate esters is
another approach toward better catalysts. An example of this is found
in the catalytic power of dinuclear metal ion complexes. The two metal
ion centers need appropriate bridging donor groups to facilitate
interaction of both metal ions with the phosphate ester.
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Our mechanistic work to date suggests that relatively few catalytic
modes are used by metal ions in the cleavage of RNA in comparison
to natural enzymes. Does this imply that metal ion complexes have a
speed limit due to their limited number of catalytic strategies identified
thus far? This argument may hold for simple RNA analogs as substrates
and simple metal ion complexes as catalysts. However, simple RNA ana-
logs, even dinucleotides such as UpU, do not reproduce the environment
in structured RNA molecules. Certain RNA structures enhance metal
ion catalyzed cleavage as shown by classic studies of Pb(II) or Eu(III)
catalyzed cleavage of transfer RNA.***1 An important remaining chal-
lenge then is to prepare metal ion complexes that bind to and cleave a
specific site in structured RNA molecules. Accepting this challenge
entails conducting research in the design of small molecules for RNA
recognition. RNA recognition is an area of intense interest given the
increasing number of important roles of RNA in biology and the promise
of therapeutic intervention upon targeting RNA.!**®! Inorganic che-
mists in the field of artificial nucleases should consider contributing
toward this important area of research.
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