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A few years ago, the remarkable catalytic activity of lanthanide
ions for the hydrolysis of nucleic acids was discovered. With
CelV, DNA was hydrolysed under physiological conditions. For
RNA hydrolysis, the last three lanthanide ions (Tm!, YbII, and
Lul!ll) are superb. Furthermore, artificial restriction enzymes for
site-selective scission of DNA and RNA, essential tools for the
future biotechnology, have been prepared by using the lantha-
nide complexes. The present article emphasizes the mechanistic
aspects of the catalyses of these metal ions. Both DNA
hydrolysis and RNA hydrolysis involve the cooperation of acid
catalysis (by metal ion and/or metal-bound water) and base
catalysis (by metal-bound hydroxide). The magnitudes of
contributions of these catalyses, as well as the positions where
they work, are primarily governed by the relative height of the
energy-barrier for the formation of the pentacoordinated
intermediate and that for its breakdown. The following
conclusions have been obtained on the basis of various kinetic
and spectroscopic evidence: (1) for the hydrolysis of both DNA
and RNA, the catalytically active species are dinuclear hy-
droxo-clusters, (2) CelV enormously activates DNA and pro-
motes the formation of the pentacoordinated intermediate, and
(3) the catalysis for RNA hydrolysis is mainly ascribed to the
promotion of breakdown of the pentacoordinated inter-
mediate.

Introduction

Non-enzymatic hydrolysis of DNA and RNA has attracted
much interest, mainly because it is essentia for further
developments in biotechnology, molecular biology, therapy,

and related fields.t In current biotechnology, the DNA of
bacteria and viruses is manipulated using naturally-occurring
enzymes. In the near future, however, we must deal with the
DNA of higher animals and plants in order to widen the scope
of applications. Is the currently employed technology directly
applicable there? The answer is ‘No’. First, the genomes of
higher species are so large that the sequence-specificity of the
restriction enzymesfound in natureistoo low to cut them solely
at the desired site (most of them recognize a specific sequence
composed of 4 or 6 DNA-bases).2 Second, there are no natura
enzymes showing sufficient segquence-specificity in RNA
scission. Thus, artificial enzymes, which selectively hydrolyse
DNA and RNA at the target position with a desired specificity,
are crucially important. They may also be valuable tools for
therapy, regulation of cell-growth, and other applications.

In order to prepare these artificial enzymes, catalysts for the
scission of DNA and RNA are necessary. However, the
phosphodiester linkages in DNA are enormously stable, and
(until recently) could not be hydrolysed without using natural
enzymes.34 Non-enzymatic hydrolysis of RNA was aso
difficult. Several years ago, however, the remarkable catalytic
activity of the lanthanide ions was discovered, and both DNA
and RNA were for the first time hydrolysed at reasonable rates
under physiological conditions.57 The Ce'V ion is the most
activefor DNA hydrolysis,89whereasTm'!!, Yb''' and Lu'"! (the
last three lanthanide ions) are quite effective for RNA
hydrolysis.10 The acceleration by these metal ionsisaslarge as
1081012 fold. Interestingly, these enormous activities are
restricted to thelanthanideions. Furthermore, artificial enzymes
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for site-selective scission of DNA and RNA were prepared by
conjugating the lanthanide complexes to DNA oligomers (the
sequence-recognizing moieties) (Fig. 1).1112 The DNA and

QP 8 e
x ~o” P\Oﬂ DNA oligomer
X =
@ -o._° ®  -oP
o) @t
N N Y NW M
o}\/ o o}\/ .

(e}

- ]@m

Fig. 1 Typicadl artificial enzymesfor sequence-selective scission of (a) DNA
and (b)—(d) RNA.

RNA fragments, obtained via scission, can be transformed into
substrates for enzymatic manipulation. The synergy between
lanthanide catalysis and biotechnology is straightforward.1® A
new eraisimminent.

This paper focuses on the mechanistic aspects of the
lanthanide catalysis for the hydrolysis of DNA and RNA. The
following points are clarified on the basis of various kinetic and
spectroscopic evidence: (a) what are the catalyticaly active
species?, (b) where do the catalyses work in the course of the
reactions?, and (c) why are the lanthanide ions highly active?
The mechanisms of the catayses for DNA and RNA are
compared with each other, and aso with those for the RNA
hydrolysis by dinuclear complexes of non-lanthanide ions. The
conclusions obtained here should pave the way to the rational
design of dtill more active catalysts and aso to versatile
applications of these novel catalyses.

1 DNA hydrolysis by Ce'Vv
1.1 Survey of the previous studies

The following features of Ce'V-induced DNA hydrolysis have
been aready documented.®

(1) The DNA scission proceeds totally via the hydrolysis of
phosphodiester linkages, without concurrent oxidative cleavage
of the deoxyribose residues.

(2) At pH 7 and 50 °C, the half-life of the phosphodiester
linkage in DNA is reduced to a few hours. The acceleration by
Ce!V is more than 101 fold.

(3) Thecatalytically active speciesisformed from tetravalent
Ceion(s).

(4) Molecular oxygen is not necessary for the catalysis. Only
when Ce'll sdts (e.g. CeCls) are used as the cataysts, is
molecular oxygen required to oxidize Ce'!' to the catalytically
active Ce'Vv.

(5) Therate of DNA hydrolysisisamost constant from pH 2
to pH 8.5.

(6) The nucleic acid bases do not directly participate in the
catalysis (the rate of DNA hydrolysis is amost independent of
them).

(7) The reaction is accompanied by a notable D,O solvent
isotope effect (ky,o/kp,o = 2.2-2.4), showing a rate-limiting
proton-transfer.

1.2 Therate-limiting step for DNA hydrolysis

Thehydrolysis of DNA proceeds as atwo-step reaction (Fig. 2).
In the first step, a nucleophile (e.g. hydroxide ion) attacks the
phosphorus atom, forming a pentacoordinated intermediate. In
the second step, the 5-OH of 2’-deoxyribonucleotide is
removed from the phosphorus atom through the scission of the
P-O bond [in non-enzymatic hydrolysis, the P-O(3’) scission
can also take place]. In order to accelerate the whole reaction,
the catalysts must promote the rate-limiting step. Unfortunately,
however, it was not known which step israte-limiting. Thus, the
DNA anaoguesin Fig. 3, which possess better |eaving groups

Fig. 2 The reaction pathway of DNA hydrolysis.
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than DNA, were prepared as probes, and their hydrolysis rates
were compared with the value for the native DNA .14

| ? |
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Tp-OT Tp-ST Tp-OCH,CF;

Fig. 3DNA analogues possessing better |eaving groups, asthe probes of the
rate-limiting step.

(1) Cée'V-induced DNA hydrolysis. When the 5’-O atom of
the thymidine in thymidylyl(3'-5)thymidine (Tp-OT) is re-
placed with an Satom (the leaving group is changed from T-O—
to T-S-), the dinucleotide analog (Tp-ST) is hydrolysed by
CelV around 1000 fold faster than is Tp-OT. The rate constants
are 1.7 x 10t and 2.0 X 10—2 h—1, respectively, when [CelV]q
= 10 mM at pH 7 and 30 °C. Similarly, the hydrolysis of Tp-
OCH,CF; is 75 fold faster than that of Tp-OT. The rate of
hydrolysis monotonically increases with decreasing pK, of the
leaving group (the pKgs of T-SH, CF;CH,0H, and T-OH are
around 11, 13, and 15, respectively). Apparently, the second-
step (the scission of the PO bond) is rate-limiting [the energy
diagram is presented by the solid line in Fig. 4(a)]. If the first
step were to be rate-limiting, the anaogues should be
hydrolysed at the same (or comparable) rate as Tp-OT.15

By using this result, the rate constant kqns for the overall
reactioninFig. 2 isexpressed by egn. (1). Thereaction involves
the pre-equilibrium formation of the pentacoordinated inter-
mediate.

Kops = kiko/k_1 (@)

Accordingly, the hydrolysis of DNA is accelerated by (a) the
increase in ky (promotion of the second-step) and/or (b) the
increase in ky/k_; (stabilization of the pentacoordinated inter-
mediate, with respect to the initial state). The activation free
energy for the whole reaction (AG?) is the sum of AG; (the
difference between the initial state and the pentacoordinated
intermediate) and AG,* (the difference between the inter-
mediate and the second-energy barrier).

(a) Ce'V-induced DNA hydrolysis
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The trivalent lanthanide ions also hydrolyse DNA, athough
theactivitiesarefar smaller (> 103 fold) than that of CelV. Here,
the second step is aso rate-limiting. In contrast, non-lanthanide
ionssuchasMg'!, Zn!!, Co'!, A", and Fe!'! show no measurable
catalysis under the same conditions.

(2) Alkaline hydrolysis. DNA is so stable that it is not
hydrolysed at measurablerates evenin highly alkaline solutions
(e.g.in1M NaOH at 50 °C). Thus, the direct evaluation of the
shape of the energy diagram using the probesin Fig. 3 has been
unsuccessful.

However, the following argument shows that the energy
diagram isalmost symmetric, with respect to the position of the
pentacoordinated intermediate: see the dotted line in Fig. 4(a).
In the forward reaction of DNA hydrolysis, hydroxideion isthe
nucleophile and the alkoxide ion of 5’-OH is the leaving group.
In the backward reaction, the hydroxideion and the alkoxideion
exchange positions. Sincethe pK;s of the conjugate acids of the
hydroxide ion and the alkoxide ion are almost the same, their
potentials as nucleophiles and the leaving groups are compa-
rable.

1.3 Which step is promoted by the Ce'V ion?

The Ce'V ion accelerates DNA hydrolysis by 101 fold or more,
and thus the second step of the reaction must be promoted by
this magnitude [see the energy diagrams in Fig. 4(a)].
Nevertheless, this step still remains rate-limiting in the whole
reaction. Apparently, the first step is also accelerated by the
CelVv ion to a similar (or greater) degree (otherwise, this step
should become rate-limiting). The difference in the activation
free energies between these two steps is not large. The
pentacoordinated intermediate should also be stabilized by the
metal ion.

Asdescribed later, the catalysis by Ce'V ismainly ascribed to
the decrease in AG4, which is associated with the activation of
the DNA. Note that the decrease in AG; necessarily lowers the
height of the second barrier (with respect to the initial state),
since AG* = AG; + AG,*.

1.4 Catalytically active species for the DNA hydrolysis

The Ce'V ionsform complex metal hydroxide gels when the pH
is greater than 4. These heterogeneous systems are in-
appropriate for detailed kinetic analysis. However, it has been
found that homogeneous mixtures can be obtained under highly
acidic conditions (pH < 2.5).16 Significantly, these mixtures
have almost the same catalytic activity as the metal hydroxide
gel (the hydrolysisof single-stranded DNA at pH 2isonly afew

(b) lanthanide(il)-induced RNA hydrolysis
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Fig. 4 Energy diagrams for (a) Ce'V-induced DNA hydrolysis and (b) lanthanide(i)-induced RNA hydrolysis. The dotted lines show the diagrams for the

corresponding akaline hydrolysis.
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fold slower than that at pH 7). Moreover, the concentrations of
all the Ce'V-derived species therein can be calculated using the
equilibrium constants in the literature.1” Thus, the catalytically
active species for DNA hydrolysis in these homogeneous
solutions have been investigated.18.19

(1) Hydrolysis of cyclic adenosine 3',5-monophosphate
(cAMP). The hydrolysis of cCAMP has many common features
with DNA hydrolysis. First, both reactions are enormously
(10111022 fold) promoted by Ce'V.20 Second, the catalytic
activity of CelV is far greater than that of any other catalyst.
Thirdly, both of the reactions proceed via the attack by OH— (or
H,0) as external nucleophile. The six-membered cyclic phos-
phodiester in CAMP is activated by strain and is much more
readily hydrolysed than the non-cyclic linkage in DNA. A
variety of fundamental information on Ce'V-induced DNA
hydrolysis can be obtained from cAMP hydrolysis.18

In the reaction mixtures, six equilibria [egn. (2)—«7)]
hold.17

K
CeV + H,0 == [CeV(OH)J3* + H*, pKiy = 1.1 (2)

K
CeV + 2H,0 =2 [CeV(OH),]2* + 2H*, pK1o = 0.3 (3)

K

2 CelV + 2H,0 =22 [CelV,(OH),]8* + 2H*, pKoo = 3.6 (4)
K.

2 CelV + 3H,0 =22 [CelVy(OH)3]5* + 3H*, pKos = 4.1 (5)
K

2 CelV + 4H,0 =22 [Ce'Vo(OH)4]4* + 4H*, pKos = 35 (6)

K
6 Ce'V + 12H,0 == [CeVe(OH);p]12* + 12H",
pK6’12 =154 (7)

Thus, the equilibrium concentrations of al the Ce'V-derived
species (Ce#*, [CelV(OH)]3+, [CelV(OH),]2+, [CelV,(OH),]*,
[CeVy(OH)s]®, [Ce'Va(OH)4]4*, and [CeVe(OH)12]12*) are
evaluated by USing the Kl,la K1,21 szz, K2,3, K2’4, and K5’12
values. As depicted in Fig. 5, the pH-rate constant profile (the
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Fig. 5 The pH—rate constant profile for the cAMP hydrolysis by
Ce(NH4)2(NO3)s (10 mM) at 30 °C. The open circles are the experimental
points. The equilibrium concentrations of the Ce'V-derived species,
calculated by using the K valuesin egn. (2)—(7), are presented by the curved
lines: (a) Ce#*, (b) [Ce'V(OH)]3+, (c) [Ce'V(OH),)2+, (d) [Ce'V,(OH),]5+,
(€) [CeV2(OH)3]5, (f) [CeVo(OH)4]#*, (g) [Ce'Ve(OH)12] "2+

open circles) fits reasonably well the theoretical lines for the
concentrations of [Ce'V(OH),]2* [line (c)], [CeV2(OH) 44+ [line
(N], and [Ce'Vg(OH)15]12* [line (g)]. These three species are the
candidates for the catalytically active species. Note that the
shapes of these lines are unanimously determined by the K
values, whereas their positions (with respect to the right-hand

1446 Chem. Commun., 1999, 1443-1451

side ordinate) can be moved vertically by changing the catalytic
rate constants of the corresponding species.
In Fig. 6, the hydrolysis rate is plotted vs. [Ce'V(NH,4)o-
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Fig. 6 The plots of the rate of cCAMP hydrolysis vs. [Ce(NH4)2(NOs)g]o at
pH 2.0 and 30 °C. The open circles are the experimental points, whereasthe
curved lines show the equilibrium concentrations of the corresponding
species (see Fig. 5).

(NOs)g]o. The experimental points agree well with the theoret-
ica lines for [CeVy(OH),Jé* [line (d)], [CeV-
(OH)3]5* [line (€)], and [CeV(OH)4]4* [line (f)]. Thus, only
[CelV,(OH)4]4* satisfies the results in both Figs. 5 and 6. This
tetracationic bimetallic hydroxo cluster is the active species for
the remarkable hydrolysis of CAMP.

(2) DNA hydrolysis. The CeV-induced DNA hydrolysis has
been analyzed in acidic solutions (pH 1.5-2.5) at 50 °C, exactly
as described above for the CAMP hydrolysis1® It has been
concluded that [CelV,(OH)4]4* is aso the active species. Of all
the Ce'V ions in the mixtures, only a small portion (20-30%)
forms this bimetallic hydroxo-cluster (most of the rest exists as
[CeV(OH),]2"), yet this species governs the whol e reaction. Its
catalytic activity is overwhelmingly greater than those of the
other species. The cooperation of the two CeV ions in the
cluster is strongly indicated (vide infra).

From the viewpoints of biologica and other practical
applications, DNA hydrolysis at around pH 7 is the most
important. In these mixtures, [CeV,(OH)4]4* further ag-
gregates, forming complicated gels. The bimetallic hydroxo
clusters in the gels are the active species for DNA hydrolysis.

1.5. Activation of DNA by the CéeV ion

Why isCe'V ion highly effective for DNA hydrolysis? Why are
the phosphodiester residues significantly activated by this metal
ion? Do its f-orbitals play a significant role in the catalysis? In
order to answer these questions, core-level photoelectron
spectroscopy,2t as well as EXAFS (extended X-ray absorption
fine structure) and XANES (X-ray absorption near edge
structure) measurements?2 were carried out. To simplify the
analysis, diphenyl phosphate (DPP) was used as the specimen,
in place of DNA.23

(1) Enormous electron-withdrawal from the phosphate
by Ce'V. Fig. 7 presentsthe core-level spectrafor the 2p orbitals
of the phosphorus atom of DPP in various lanthanide com-
plexes. The electron-withdrawal by the metal ions from the
phosphodiester linkage (and thus from the phosphorus atom), if
any, is observed as the increase in the binding energy. It has
been found that the binding energy of the orbitals in the CelV
complex is considerably greater than those for the complexes
with La"!, Eu'"!, Lu'"!, and other non-lanthanide ions. Appar-
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Binding energy/eV
Fig. 7 Core-level spectrafor the P2p orbital of DPPintheLa'!, Ce'Vv, Eu',

and Lu"'' complexes. [Lanthanideion]o/ [DPP] o = 10. Thetwo bold arrows
correspond to the Py and P_ in Fig. 9.

ently, the Ce'V ion exceeds the other metal ions in electron-
withdrawing activity, and exceptionally promotes the electro-
philicity of the phosphodiester linkage. The superiority of Ce'V
for the activation of DNA has been for the first time
spectroscopically studied.

According to the Ls-XANES spectroscopy, 0.67 electrons
exist in the 4f-orbitals of the Ceion in the Ce'vV-DPP complex
(these orbitals should be empty, if the Ce were to be really
tetravalent). Upon complex formation, the electrons flow into
the 4f-orbitals from the surroundings. In the DPP complexes of
Celll and other lanthanide(ir) ions, however, the corresponding
electron-transfer to the metal(u1) ions is not observed. The
enormous activity of CeV for DNA hydrolysis is primarily
ascribed to the dominant electron-accepting activity, which is
derived from the stability of its trivalent state. The lanthan-
ide(1r) ions cannot efficiently accept the electrons from DNA,
since their divalent states are too unstable.

(2) Mixing of the orbitals of the phosphodiester linkage
with those of CeV. The electron-transfer from the phosphate to
the CeV ion occurs, at least partialy, through the hybrid
orbitals, which are formed from the 4f-orbitals of Ce'V and the
orbitals of the phosphorus atom (and/or of the oxygen atom) in
the phosphate residue.24 Consistently, a new energy state,
related to this hybrid 4f-orbitals, appears near the Fermi level,
when the Ce'V-DPP complex is formed (Fig. 8). Neither free
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Binding energy/eV
Fig. 8 X-Ray photoelectron spectra near the Fermi level.

DPP nor the CeV hydroxo cluster (without DPP) has any
energy-state density at this level. Since the 4f-orbitals of Ce'Vv
arelower in energy than those of the lanthanide(im) ions, and, at
the same time, are widely spreading in space, they can
efficiently interact with the orbitals of the phosphate. This
mixing of the orbitals (as well asthe resultant electron-transfer)

would be still more efficient in the transition state, and decrease
the activation free energy for the DNA hydrolysis.

(3) Structure of the CeV—phosphate complex. According
to detailed analysis of the core-level spectra, the phosphodiester
issimultaneoudly coordinated to two Ce!V ions, and enormously
activated. As depicted in Fig. 9, the P2p signals of DPP in the

@i ceVppp= 0:1

(&)

140 138 136 134 l‘JZ ’ 130
Binding energy/eV
Fig. 9 Core-level spectra of the P2p orbital of DPP in the CeV-DPP

mixtures of different molar ratios. The peaks Py and P_ correspond to the
doublet signals of higher and lower binding energies.

Celv complexes are composed of two components (P4 and P.:
each of the peaksis further split into a spin doublet). When the
CelV:DPP ratio is 1:1, the peak P_ of lower energy is
predominant (b). Here, the phosphodiester linkage is bound to
one Ce'V ion and is only dlightly activated (DNA hydrolysis
hardly takes place). Asthe Ce'V : DPPratio increases [Fig. 9(c)—
(e)], the intensity of Py (of higher energy) gradually increases.
This signal corresponds to DPP which is coordinated to two
Ce!V ionsin the hydroxo cluster and is exceptionally activated
by ‘two-metal activation’ (see Fig. 11). Consistently, the
remarkable DNA hydrolysis occurs when Ce(lV) exists in
excess to DNA.

These arguments are further substantiated by the EXAFS
spectrain Fig. 10. In the absence of DPP [Fig. 10(a), (b)] the
CéV ions form metal hydroxo clusters (and the gel as their
aggregates). Accordingly, the signal for the Ce—Ce distance is
clearly observed at 3.6 A (the position designated by the broken
line). Thesignal at around 2.0 A isfor the Ce-O distance. Upon
addition of DPP, the Ce-Ce signa rapidly weakens and is
virtually nil at aCe: DPPratioof 1: 1 [Fig. 10(c)]. Sincethel1:1
CelV-DPP complexes exist independently from each other
(without mutual aggregation), the Ce—Ce signal isabsent. When
the CelV :DPPratiois > 1, however, the Ce-Ce signal appears
again and gradually increases with increasing Ce: DPP ratio
[Fig. 10(d), (e)]. Here, two CeV ions are simultaneously
interacting with one DPP molecule, and located in close

Chem. Commun., 1999, 1443-1451 1447



Ce 10 mM
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Radial distance/A
Fig. 10 EXAFS spectra for the Ce!V-DPP systems.

proximity. Thus, these two Ce'V ions are bound to each other,
giving rise to the Ce—Ce signal.

1.6 Proposed mechanism for the DNA hydrolysis

The proposed mechanism is schematically depicted in Fig. 11.
First, the phosphate residue is coordinated to the two Ce'V ions
in [CelV,(OH)4]4* (the apparent association constant between
CeVand TpTis103M—1at pH 2 and 50 °C).° Astheresult, the
electrons of the phosphate are strongly withdrawn by the Ce'v
ions. Furthermore, the orbitals of the phosphate are mixed with
the 4f-orbitals of Ce'V, and form new hybrid orbital(s). These
two factors greatly activate the phosphodiester linkage for the
nucleophilic attack.

Then, the phosphate is attacked by the hydroxide ion
coordinated to one of the two CeV ions. According to the
potentiometric titration, each of the CelV ions releases three
protons from its coordinated water to the agueous phase, when
the pH isincreased from 0 to 4 (no proton is released above pH
4). Although this metal-bound hydroxide ion is a rather weak
nucleophile, the phosphate is so activated (as described above)
that the reaction can efficiently proceed. Furthermore, the
hydroxide ion is located at quite a suitable position for the
nucleophilic attack (the two CeV ions in the bimetallic cluster

have many coordinated water molecules, and at least one of
them is placed appropriately for the purpose). Finaly, the
positive charges, accumulated in the Ce'V hydroxo cluster (and
aso in the hydroxide gel as their aggregates), stabilize the
negatively-charged transition state of DNA hydrolysis (the
transition state is more negatively charged than the initia state,
and is stabilized to a greater extent by the adjacent positive
charges). Because of these factors, the pentacoordinated
intermediate is efficiently formed.

In the breakdown of the intermediate, the water bound to
CéV functions as an acid catalyst. With this cataysis, the
akoxide ion of the 5’-OH of the 2’-deoxyribonuclectide (which
is otherwise very unstable) can be promptly removed from the
phosphorus atom. The large coordination number of the CelV
ions in the bimetalic cluster is favorable for the catalysis,
exactly as described above for thefirst-step of DNA hydrolysis.
The notable D0 solvent isotope effect (see the Section 1.1) is
associated with this proton transfer.

These arguments are supported by the fact that the activity of
Ce'V for DNA hydrolysisis substantially enhanced by coopera-
tionwith Pri.25When the Ce!V ; Pr!ll ratio is 2, the activity is 10
fold greater than that of the Ce'V ion (the Pr''! itself is virtually
inactive under the reaction conditions employed). The catalysis
occurs in the mixed hydroxo clusters, formed from these two
metal ionsin the reaction mixtures. Presumably, the Pr!!' ionin
this mixed cluster provides its metal-bound water as the acid
catalyst, and promotes the second-step of DNA hydrolysis (the
remova of the 5-OH of 2’-deoxyribonucleotide). Under the
reaction conditions (around pH 7), the Pr'-bound water mostly
remains undissociated (pK, ~ 9),26 and is superior as an acid
catalyst to the Ce'V-bound water. Although the [Ce'V(H,0),]4*
ion is intrinsically a very strong acid (the pK, for the first
deprotonation is around 0),26 it loses three protons at pH 04,
and is only aweak acid at pH 7.27

On the CeCls-induced DNA hydrolysis under air, a mecha-
nism, in which ahydrogen peroxide-like species (formed by the
reduction of O, with the Ce''") functions as the nucleophile, was
proposed.8® However, this mechanism is unlikely, since CelV
salts satisfactorily hydrolyse DNA even in the complete absence
of O,.829 The role of O, is only to oxidize the Ce'!l to the
catalytically active Ce'v, and not to provide the nucleophile.
The nucleophile comes from the water.

2 Lanthanide(imr) ion-induced hydrolysis of RNA

Since RNA has the 2’-OH of ribose as an intramolecular
nucleophile towards the phosphorus atom, RNA is far more
promptly (105-10¢ fold) hydrolysed than is DNA. Yet, non-
enzymatic hydrolysis of RNA under physiological conditionsis
not easy (in order to hydrolyse RNA within an hour, for
example, the catalyst must accelerate the reaction by 107-fold or
more). Although a number of catalysts have been proposed,
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Fig. 11 Proposed mechanism of the Ce'V-induced DNA hydrolysis [the P-O(5’) scission is presented here, although the P-O(3’) scission can aso occur (see

ref. 15)].
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none of them exceeds (or is even comparable with) the
lanthanide(mi) ions in activity.

The catalytic activity of the lanthanide(in) ions at pH 7
monotonically increases with increasing atomic number.10 With
the last three (TmM, Yb'", and Lu"'), RNA hydrolysis is
completed within a few minutes at pH 7 and 30 °C. Inter-
estingly, Ce'V, which is the best for DNA hydrolysis, is not so
active for RNA hydrolysis (its activity is comparable with that
of Th'!).

2.1 Catalytic species for RNA hydrolysis

The solvolysis chemistry of Nd''" is well known [egn. (8) and
(9)].28 Thus, the Nd''-induced hydrolysis of adenylyl(3'-
5)adenosine (ApA) has been kinetically analyzed in detail 1% In

K
Nd'!' + H,O == [Nd''(OH)]2+ + H*pKy, = 9.4 (8)

2Nd'' + 2H20£2—'A [Nd'", (OH),)4++ 2H*pK, > = 13.9 (9)
the reaction mixtures, there exist three Nd'''-derived species:
free Nd3+, [Nd'"'(OH)]2+, and [Nd!!'5(OH),]4*. The equilibrium
concentration of each species can be calculated by using the K 1
and K> values.

As shown in Fig. 12, the logarithm of the rate of RNA
hydrolysis steeply increases with increasing pH, up to pH 8, and
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Fig. 12. The pH dependence of therate of ApA hydrolysisby NdCl3 (1 mM)
at 30 °C. The closed circles are the experimental points, whereas the curved
lines show the equilibrium concentration of the Nd'!'-derived species.

then attains a plateau. The experimental points fit well the
theoretical line showing the equilibrium concentration of
[Nd'"'5(OH),]4+ (the solid line). This bimetallic cluster is the
active species for RNA hydrolysis (its formation is accom-
panied by the release of two protons, as shown by eqgn. (9), and
thus the pH—rate constant profileis so steep). Thisconclusionis
further supported by the dependence of hydrolysis rate on the
initial concentration of Nd'"'Cls. In order to hydrolyse RNA
efficiently, the bimetallic structure is essential. This finding is
totally consistent with the fact that [CelV,(OH) 44+ is the active
species for CeV-induced DNA hydrolysis.

2.2 Why does the activity of the lanthanide(ir) ion at pH
7 increase with increasing atomic number ?

The pH—rate constant profiles for all the lanthanide(i) ions
have similar shapes, and are composed of (a) a steep straight
line at lower pH and (b) aplateau at higher pH (seeFig. 13). The
straight line corresponds to the formation of the active species
[LnM5(OH),)4+ (Ln = lanthanideion), whereasitsformationis
completed in the plateau.

Asthe atomic number increases, these profilesgradually shift
towards the lower pH side. Accordingly, the concentration of
the active species at pH 7 increases in this order. For example,
Lut  exists mostly as the bimetalic active species
(JLuU"'>(OH),]4*) at pH 7. As the result, this metal ion is quite

7 8 9 10

pH
Fig. 13 The pH dependence of the rate of ApA hydrolysis by various
lanthanide(tr) chlorides (1 mM) at 30 °C: (O) La'!, (@) Nd'!!, (®) Th'!,
(©) Lu'M. Only the typical results are presented here, since the shapes of the
profiles for al the lanthanide(ir) ions are similar and their positions
monotonically shift towards lower pH side with increasing atomic
number.

active for RNA hydrolysis in neutral solutions. For La'!,
however, only a small fraction takes the active form at pH 7.
Thus, Tm!, Yb'!'', and Lu''" are superior to the others, when the
RNA hydrolysisis carried out under physiological conditions.
In alkaline solutions, even the La' ion mostly takes the active
form and is sufficiently active.2®

2.3 Therate-limiting step for RNA hydrolysis

When the 5’-O atom in RNA is replaced with a sulfur, the rate
of akaline hydrolysis of the corresponding phosphodiester
linkage is increased by 105-106 fold.30 Exactly as discussed in
DNA hydrolysis (Section 1.2), the removal of the 5’-OH of the
ribose from the phosphorus atom is rate limiting. Similarly, the
lanthanide ion-induced RNA hydrolysisinvolvesarate-limiting
removal of the 5’-OH.10:31

Based on these results, the energy diagrams are depicted in
Fig. 4(b). The lanthanide(r) ions primarily accelerate the
second step (the removal of the 5-OH). At the same time,
however, the first step (the intramolecular attack by the 2’-OH
towards the phosphorus atom) is also promoted, to some extent
(>102-3fold), so that the second-step remains rate-limiting (the
RNA hydrolysisisaccelerated by 108 fold). It isnoteworthy that
thefirst barrier in the akaline hydrolysis of RNA ismuch lower
than that in DNA hydrolysis [compare Fig. 4(a) with 4(b)]. The
intramolecular attack by the 2-OH is enormously efficient
compared with the intermolecular reaction in the latter.
Furthermore, the second barrier in the RNA hydrolysis
(corresponding to AG,*) is considerably higher than the first
barrier (the rate difference is 105106 fold). Thisisin contrast
with the symmetric energy diagram in the DNA hydrolysis. The
RNA hydrolysis involves the formation of a 2/,3'-cyclic
monophosphate of the ribonucleotide as the first product, and a
considerable strain is induced on the formation of this five-
membered ring phosphate. The cyclic phosphate is much more
reactive than RNA, and is rapidly hydrolysed to the 2’- or 3'-
monophosphate as the final product.

2.4 Proposed mechanism of the RNA hydrolysis

First, the phosphodiester linkage in RNA is coordinated to the
lanthanide(tmr) ion in the bimetallic cluster [Ln''';(OH)2]4*. In
the following intramolecular nucleophilic attack by the 2’-OH
towards the phosphorus atom, the hydroxide ion, bound to the
metal ion(s), functions as the general base catalyst. Alter-
natively, the 2’-OH is directly coordinated to the metal ion, and
its dissociation to akoxide ion is facilitated.

In the breakdown of the resultant pentacoordinated inter-
mediate, the metal-bound water (or the metal ion itself)
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functions as the general acid catalyst. The water bound to the
lanthanide(mm) ions has a pK, of around 8-9, which should be
further decreased in the bimetallic clustersthrough the electron-
withdrawal by the second metal (1) ion. This is quite appro-
priate for the present acid catalysis, since the RNA hydrolysisis
carried out at around pH 7 (when the apparent activities of
various acid catalysts are compared with each other a a
predetermined pH, the activity increases as the pK, gets closer
to the pH).31 The acid catalysis cooperates with the base
catalysis in the hydroxo clusters, resulting in the prompt
hydrolysis of RNA (Fig. 14).
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Fig. 14 Proposed mechanism of the lanthanide(m)-induced RNA hy-
drolysis.

3 DNA hydrolysis vs. RNA hydrolysis

What factor makes the CeV ion the best for DNA hydrolysis?
Why does RNA hydrolysis choose the lanthanide(iir) ions? The
energy diagrams in Fig. 4 give us some tips on these subjects.
The energy diagram for the uncatalysed (alkaline) hydrolysis of
DNA isvirtually symmetric, and the heights of the first barrier
and the second barrier are amost the same [the dotted line in
Fig. 4(a)]. Under these conditions, the primary requirement for
efficient catalysisisto lower the energy barrier of the first step
(otherwise, the first barrier governs the rate of the whole
reaction, no matter how much the second step is promoted).
Second, the catalyst must stabilize the pentacoordinated
intermediate with respect to the initial state [see egn. (1)]. The
Ce'V ion satisfactorily fulfils these requirements, through the
activation of the DNA by both (a) withdrawing the electrons
from the phosphate in the ‘two-metal activation’ (Fig. 7 and 9)
and (b) mixing itsf-orbitalswith those of the phosphate (Fig. 8).
The second barrier is lowered with respect to the initial state,
mainly because AG; is decreased. In contrast, the lanthan-
ide(1mr) ions cannot activate DNA to such an extent that they are
rather poor for DNA hydrolysis.

In uncatalysed hydrolysis of RNA [Fig. 4(b)], however, the
second energy barrier isfar higher thanisthefirst energy barrier
(105106 fold difference in the reaction rate), as described in
Section 2.3. Here, the promotion of the second step should
directly accelerate the whole reaction (until it becomes lower
than the first barrier). The promation of the first step is not as
essential asis the case in DNA hydrolysis. The lanthanide(1ir)
ions are suitable for the acid catalysis in the second step, since
they have many (8 or 9) coordinated water molecules and their
pK, values are close to the pH of the reaction mixtures (vide
ante).32

4 From lanthanide ions to non-lanthanide ions

Soon after the remarkable catalysis by the lanthanide ions was
discovered, many laboratories attempted to hydrolyse DNA and
RNA by using non-lanthanide ions! These catalysts, if
available, should be useful for various practical applications
(especidly in vivo). It has been established that RNA can be
hydrolysed by these meta ions, if two (or more) of them
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satisfactorily cooperate in dinuclear (or multi-nuclear) com-
plexes (to date, there are no non-lanthanide complexes which
can hydrolyse DNA of various sequences and structures).33 In
order to place the metal ions appropriately, variousligands have
been designed. The control of acid/base properties of the metal
ions (and of the water bound to them) is also important. For
example, Zn' ionitself isvirtually inactive for RNA hydrolysis
a pH 7. Mono-nuclear Zn'' complexes also exhibit poor
activity. However, di- and tri-nuclear Zn" complexes of
pyridine-based ligands efficiently hydrolyse RNA (Fig.
15).3435 By attaching these zinc(i) complexes to DNA
oligomers, sequence-selective artificial ribonucleases have
been synthesized.3¢

Fig. 15. Di- and tri-nuclear Zn"" complexes for RNA hydrolysis.

The lanthanide ions spontaneously form multi-nuclear clus-
ters under physiological conditions, even in the absence of
specific ligands. Two or more lanthanide ions are appropriately
placed in these clusters, where bimetallic (or multi-metallic)
synergism efficiently takes place. The 4f-orbitals activate the
phosphates through orbital—orbital interactions. Furthermore,
the acid/base properties of the coordinated water on the
lanthanideions are suitablefor the catalysisat pH 7. Finaly, the
positively-charged reaction field, provided by the clusters,
stabilizes the negatively-charged transition states for the
hydrolysis of DNA and RNA. The combination of these factors
givesrise to the remarkable activities of the lanthanide ions.

Conclusions

A few years ago, it wasfound that the lanthanideions hydrolyse
DNA and RNA under physiological conditions, and we have
obtained useful tools to manipulate DNA and RNA without
using naturally-occurring enzymes. However, the mechanistic
details of these remarkable catalyses were not clear. In the
present study, the following important conclusions have been
obtained on the mechanisms of these catalyses.

(1) Tetracationic bimetallic hydroxo clusters are the active
species  ([CelVy(OH)44+ for DNA  hydrolysis and
[Ln'M5(OH),)4+ for RNA hydrolysis).

(2) The CeV ion notably activates the phosphodiester
linkages in DNA to nucleophilic attack, through (a) electron-
withdrawal from the residues and (b) mixing its 4f-orbitalswith
their orbitals. Asaresult, the formation of the pentacoordinated
intermediate is remarkably promoted.

(3) Thecatalysisfor RNA hydrolysisismainly ascribed to the
acceleration of the breakdown of the pentacoordinated inter-
mediate. The activity at pH 7 increases with increasing atomic
number of the lanthanide(tmr) ion, since the concentration of the



active species (the bimetallic hydroxo cluster) increases in this
order.

(4) In the lanthanide-induced hydrolysis of both DNA and
RNA, the breakdown of the pentacoordinated intermediate is
rate limiting.

These findings are valuable for the design of still more
advanced catalystsfor the hydrolysis of DNA and RNA, aswell
as artificial enzymes for site-selective scission of them. What
should be clarified next is (1) what is the real nature of the
orbital-mixing between the Ce'V ion and the phosphate? and (2)
how big acontributionismadeto DNA activation by each of the
electron-withdrawal and the orbital-mixing? In order to solve
these problems, quantum-chemical analyses are under way. The
application of lanthanide catalysis to biotechnology, molecular
biology, and therapy are also currently being attempted.
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