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Dinuclear Lanthanum(III) Complex for Efficient Hydrolysis of UNA1
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A dinuclear La3+ complex hydrolyzes the phosphodiester bond in diribonucleotides
efficiently under mild conditions. The rate of hydrolysis is remarkably accelerated on the
complex formation between La3+ and TPHP (TTHP = Ar,iV,iV',iV'-tetraki8[(2-pyridyl)meth-
yl]-2-hydroxy-l,3-diaminopropane), and the highest activity is attained when the dinu-
clear structure is formed. The half-life of ApA hydrolysis by the dinuclear La3+ complex (1
mM) is 350 s, whereas that by the free La3+ ion (1 mM) is 23,000 s at pH 7.2 and 50"C. The
dinuclear La3+ complex is promising as a catalytic center of artificial nucleases.

Key words: artificial metalloenzyme, dinuclear metal complex, hydrolysis, ribonucleotide
dimer.

The molecular design of artificial nucleases has been
attracting much attention, since it will provide novel tools
for biotechnology. Site-specific scission of nucleic acids will
be achieved when a catalyst for hydrolysis is activated only
at the target site of nucleic acids. From this standpoint,
many catalysts for the hydrolysis of RNA have been
studied (1-18). Recently, the remarkable cooperation of
two La3+ ions was demonstrated on the hydrolysis of a
specially designed phosphorate monoester or model com-

\——-N

TPHP
pounds of nucleic acids {19, 20). Therefore, a dinuclear
La3+ complex is expected to be useful as the catalytic center
of artificial nucleases. However, no dinuclear La3+ complex
that hydrolyzes RNA itself has been found. Here we report
the preparation of a dinuclear La3+ complex using a non-mac -
rocyclic tetrapyridine ligand, TPHP {TPHP = N,N,N',N'-
tetrakis[(2-pyridyl)methyl] -2-hydroxy-l,3-diamino-
propane) (21-23)' and that the catalytic activity for the
RNA hydrolysis is remarkably enhanced on the formation
of the dinuclear structure.

The complex formation between LaCl3 and TPHP in
aqueous solutions was directly observed on 'H NMR
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1 The choice of TPHP as the ligand is based on our recent finding that
the mononuclearLa>+ complex with Ar,Ar,Ar',Ar'-tetrakis[(2-pyridyl)-
methyljethylenediamine (TPEN) is stable in an aqueous solution
(10). Although TPHP has been shown to form dinuclear complexes
with Mn1+/Mn'+ (21), CoJ+ (22), FeI+ (23), and Zn'+ (18), complexes
with "hard* lathanide ions have never been explored.

spectroscopy in D2O (pD 7) (Fig. I).4 The formation of two
types of complexes was observed. When the [LaCl3]:
[TPHP] ratio was 1.0 (Fig. lb), each of the protons of
TPHP gave a corresponding broad signal, indicating the
formation of a complex.6 On the further addition of LaCl3

(Fig. 1, c, d, and e), however, a new set of signals appeared,
which increased in intensity with the increase in the ratio.
These observations indicate the stepwise formation of 1:1
and 2:1 La3+-TPHP complexes (1 and 2) depending on the
[LaCl,]:[TPHP] ratio.6

La3++ TPHP ^ L a 3 + - T P H P (1)

La3+ + l ^ ( L a 3 + ) 2 - T P H P (2)

The formation constant, K2, was directly determined by
'H NMR spectroscopy to be 160 M"1 at 25'C (80 M"1 at
50'C). The value of it, (10,000 M"1 at 50'C) could be
obtained by means of the following kinetic analysis.

The hydrolysis of a diribonucleotide, ApA, by the
LaCl3-TPHP complex system was conducted under the
following conditions: [ApA]0 = 0.1 mM, [LaCl3]0 = 5 mM,
[TPHP]0 = 0-10mM, pH =7.2 (Hepes buffer, 50mM),
and 50'C. The reactions were followed by reversed-phase
ODS HPLC. The products were adenosine, its 2'- and 3'-
phosphates, and its 2',3'-cyclic phosphate. The reactions
consistently exhibited pseudo-first-order kinetics.

Figure 2 shows the rate constants for the ApA hydrolysis

4 'H NMR spectral data (270 MHZ, r.t., pD 7). TPHP: 2.46(2H,dd,
14Hz,8Hz), 2.60(2H,dd,14Hz,5Hz), 3.63(lH,m), 3.79(8H,s), 7.30
(4H,t,6Hz), 7.38(4H,d,8Hz), 7.76(4H,t,8Hz), 8.37(4H,d,5Hz). 2:
2.45(2H,dd,llHz,llHz), 2.66(2H,dd,13Hz,lHz), 3.58(lH,m), 4.09
(4H.AB pattern, <7A» UHz,4i> 17Hz), 4.12(4H,AB pattern, JAB 16Hz,
Sv 46Hz), 7.22(2H,d,8Hz), 7.35(2H,t,7Hz), 7.39(2H,d,9Hz), 7.43
(2H,t,7Hz), 7.74(2H,t,8Hz), 7.86(2H,t,7Hz), 8.54(2H,d,5Hz), 8.74
(2H,d,5Hz).
' The broad signals of 1 can be ascribed to a relatively slow equilib-
rium process in a 1:1 complex, presumably due to slow exchange of
donor a.toms of TPHP. Consistently, the line widths of signals
decreased with increasing temperature.
" [Su«.,] = [S] + [La"+-S] + [1-S] + [2-S], [La)+-S] = [La'+] [S]/

, [2.S] = [2][S]/Kn.2-s.
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Fig. 1. 'HNMR spectra (270 MHz) of mixtures of TPHP (5 mM)
and various concentrations of LaClj In D2O (pD = 7, r.t.). (a)
[LaCl,]0 = 0mM (r= [LaCl3]o/[TPHP]o = 0); (b) [LaCl,]0 = 5 mM
(r=l ) ; (c) [LaCl3]0 = 10mM (r=2); (d) [LaCl,]0 = 20 mM (r = 4);
(e) [LaCl,]0 = 100mM (r = 20).

r=[Laa3]o/[TPHP]o
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Fig. 2. Dependence of the hydrolysis rate on the concentration
of TPHP. [ApA]0 = 0.1mM, [LaCl,]0 = 5 mM, pH =7.2 (Hepes
buffer, 50 mM), 50"C. The solid line is the theoretical one (see text),
and the dotted lines represent the mole fractions of the free La>+ ion,
1, and 2 in the reaction mixtures.

with various concentrations of TPHP and a constant LaCl,
concentration ([LaCl3] = 5 mM). The rate of ApA hydroly-
sis by the LaCl3-TPHP complex system is very sensitive to
the [LaCl3 ] „: [TPHP] „ ratio (r). With increasing [TPHP] 0,
the rate constant first increases monotonously, showing a
maximum around the ratio, r « 2 . With still higher ligand
concentrations ([TPHP]0>2.5 mM, i.e. r<2), however,
the rate constant decreases with an increase in [TPHP]0,
and gradually reaches a constant value. Apparently, several
complex species with different activities are generated

Fig. 3. Concentration dependence of the rate constants for ApA
hydrolysis by La3+ (o) and 1 (•) (footnote 7). pH =7.2 (Hepes
buffer, 50 mM), 50'C.

TABLE I. Michaelis constants and rate constants for ApA
hydrolysis by the free La1+ ion, 1:1 complex (1), and 2:1
complex (2).

(M)
k

(s-') (M--8-')

La1+-S 0.004 0.00012 0.03 0.00003" 23,000"
1-S 0.0007 0.00014 0.2 0.0002" 3,500"
2-S - ' "I 0.002" 350"

'See footnote 8. bk* and t*\n are the estimated rate constants and
half-lives, respectively, under the condition that 1 mM of each species
is present in the solution.

Active site

Recognition site

target RNA

Fig. 4. A conceptive drawing of an artificial RNase involving
a dinuclear metal complex as its catalytic center, (a) The
activated artificial metalloenzyme, and (b) the inactive apo-enzyme.

depending on the [LaCl3]0: [TPHP]0 ratio, consistent with
the results of the above 'H NMR spectroscopy.

The plots in Fig. 2 were analyzed in terms of the following
scheme. Here, competitive binding of the free La3+ ion, 1,
and 2 to the substrate (S) was considered, since the La'+

species is in excess as over the substrate, ApA.

•P+(La3+)

Thus, the rate of hydrolysis is expressed as sum of the
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terms due to La3+-S, 1-S, and 2-S complexes (Eq. a).

[ ] [
(a)

On the basis of regular treatment for Michaelis-Menten
type kinetics, Eq. a is transformed into Eq. b.6

[1] /X»...S
(b)

The parameters for the free La3+ ion and 1 were deter-
mined independently by analysis of the plots in Fig. 3.7 By
curve analysis of the data in Fig. 2 using Eq. b, the
parameters for the 2-S complex (fe.s/-Km,i-s)8 and the
formation constant of 1 (Kt) were obtained. The solid line
in Fig. 2 is the theoretical one, and the dotted lines
represent the mole fractions of the free La3+ ion, 1, and 2 in
the reaction mixtures.

The kinetic parameters are summarized in Table I.9 The
rate constants for the hydrolysis in the presence of 1 mM of
each species (k*) are also listed. The rate of hydrolysis by
2 is 70 times greater than that by the free La3+ ion. The
results clearly show that the cooperation of two La3+ ions is
very effective for RNA hydrolysis.

It has been shown that a number of enzymes hydrolyze
phosphoesters through a two-metal ion assisted mechanism
(24). The cooperation effects of two metal ions for RNA
hydrolysis have recently been shown by using dinuclear
Zn2+ or Cu2+ complexes (18, 16). The present results
indicate that the cooperation of two La3+ ions gives much
greater RNA hydrolysis activity. It is significant that the
activity of the dinuclear La3+ complex (2) is comparable to
those of the most eminent lanthanide chlorides (LuCl3 or
TmCl3) (4).

In conclusion, a dinuclear La3+ complex with TPHP
efficiently hydrolyzes the phosphodiester bond in a diribo-
nucleotide. This dinuclear complex is very promising as a
catalytic center of artificial nucleases (25), because high
activity can be exerted only at the target site on the
formation of the dinuclear structure (Fig. 4).
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