Dinuclear lanthanum complex catalyzes the hydrolysis of a phosphate diester

with unprecedented speed
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The dihydroxo dilanthanum macrocyclic complex hydro-
lyzes bis(p-nitrophenyl) hydrogen phosphate (BNP) with a
remarkably high rate constant and a unique third-order
dependence on the concentration of the dinuclear com-
plex.

Restriction endonucleases are enzymes that hydrolyze the
phosphate diester bonds of DNA with great specificity and high
turnover numbers.t A small molecule that could recognize a
specific DNA sequence and catalyze the rapid hydrolysis of the
phosphate diester bond would be an invaluable research tool.
Multinuclear metal complexes have been known to hydrolyze
phosphate diesters? and are models for a number of phospho-
diesterases that contain multinuclear active sites.3 This work
reports a defined dinuclear lanthanum(ir) complex that can
hydrolyze aphosphate diester (BNP) with unprecedented speed.
This complex aso has the unique feature that the hydrolysis of
BNP is third-order with respect to the concentration of the
dinuclear La3+* complex, [LLap].

The ligand L was synthesized according to literature
procedures.4 Potentiometric experiments were performed by
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means of a well-defined methods to determine stability
constants for the mono- and di-nuclear La3* complexes (Table
1). The pK, of awater bound to the mononuclear complex [LLa]
is 11.15, while the pK, of a water bound to the dinuclear
complex [LLag] is7.75. Thefact that the pK, islowered by 3.40

Table 1 Stahility constants for the formation of mono- and di-nuclear La3+
complexeswiththeligand L. T = 35°C, u = 0.10 M KCl, 3:1 EtOH-H,0O
solution pKs of L, under the same conditions: 12.95, 12.84, 8.24, 7.39, 5.76
and 4.38

Equilibrium Log K
[LLa]/[L][La] 18.52
[LHLa]/[LH][La] 14.48
[LHoLal/[LHo][La] 9.31
[LHsLal/[LHg][L&] 6.23
[LH4La)/[LH][L&] 3.56
[LLa(OH)][H)/[LLa] 11.15
[LLag)/[LLE][La] 6.67
[LLap(OH)][H]/[LLag]  7.75
[LLax(OH),][H]/ 10.03
[LLap(OH)]

[LLax(OH)3][H]/ 1117
[LLax(OH)z]
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Fig. 1 Species distribution diagram for a system containing al:2 ratio L to
La3+. Observed third-order rate constants are denoted by (H).

pH units implies that the water is bridging the two La3* ions.
The pK, of the second water bound to the dinuclear complex is
10.03, so this water aso forms a bridge between the two La3*
ions.

In Fig. 1 the prevalence of the various dinuclear p-hydroxy
species can be seen. In the pH range 6-8 the rate constants are
easily measurable, but relatively small in magnitude. The graph
clearly showsthat the rate constants follow the formation of the
dinuclear dihydroxo complex [LLax(OH),]. When [LL&]tor =
[BNP];niT = 0.5mM, it would take 5.0 days for one turnover at
pH 7.6 It would take only 27 min for one turnover at pH 9 and
a mere 6 min a pH 10. It is not clear why the dihydroxo
complex is more effective than the monohydroxo complex
[LLax(OH)]. Thereisat least one other examplein theliterature
of a dinuclear macrocyclic complex where the active catalyst
for hydrolyzing BNP is the dihydroxo complex and not the
analogous monohydroxo species.22 The reason may simply be
that the second hydroxo ligand is better positioned for
nucleophilic attack than the initial hydroxo complex that
forms.

Within the concentration range studied, the reaction is first-
order with respect to [BNP],nit. However, anaysis of the data
in Table 2 shows that the reaction is an unusual third-order with
respect to the concentration of the dinuclear species[LLa]tor.
Consequently, the rate law is given by egn. (1).

Rate = Kopd LL&]3ror[BNPliniT D

A reaction may appear to have an unusual catalyst depend-
ence if there is an unexpected equilibrium at the concentration
at which the kinetic trials were measured as opposed to the

Table 2 Dependence of the rate of BNP hydrolysis on the concentration of
[LLagror

Rate/108
pH [LLa]tor/M [BNP]jnit/M M st
8.25 0.000728 0.000531 24
8.25 0.000486 0.000539 7.3
8.25 0.000244 0.000518 0.81
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Scheme 1 Proposed mechanism for BNP hydrolysis by [LLay(OH),]. For
simplicity, the ligand has been drawn as a curved line and the coordinated
hydroxides of the two rightmost [LLax(OH),] species were not included.

concentration at which the potentiometric experiments were
performed. To test this hypothesis the stability constants were
measured over a large concentration range. The stability
constants at various concentrations agreed to within experi-
mental error. Thus this aggregation of three [LLay] molecules,
required to satisfy the third-order rate law dependence, occurs
only in the presence of substrate.

A proposed mechanismis shown in Scheme 1. Two dinuclear
La3* complexes coordinate the partialy negatively charged
phosphate oxygens. The third dinuclear La3* complex coor-
dinates both ester groups and attacks the phosphorus center with
one of its bridging hydroxide nucleophiles. A p-nitrophenolate
group (4-N) isdisplaced and the monophosphate ester (MNP) is
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generated. The products are displaced and the [LLay] complex
molecules coordinate another incoming substrate. The active
catalyst [LLay(OH),] isregenerated by theloss of aproton from
a coordinated water. Hydrolysis is fast because there are three
dinuclear La3* complexes withdrawing electron density from
the phosphorus center. This makes that phosphorus center
extremely susceptible to nucleophilic attack from the co-
ordinated hydroxide nucleophile.

This work describes the formation of the first defined
dinuclear La3* complex capable of hydrolyzing phosphate
diesters. The catalysis occurs at such an unprecedented rate that
it takes only 6 min for one turnover at pH 10. The rate constant
versus pH profile clearly showsthe most efficient catalyst isthe
dinuclear dihydroxo complex [LLay(OH),]. The unique third-
order dependence on [LL&y] o isthe most probable reason for
the high rate constantsthat are observed. The high rate constants
and third-order concentration dependence holds much promise
for future work of hydrolyzing DNA on a practical time
scale.

Notes and references

1 R. J. Roberts and D. Macelis, Nucleic Acids Res., 1993, 21, 3125.

2 (a) C. Bazzicalupi, A. Bencini, A. Bianchi, V. Fusi, C. Giorgi, P. Paoletti,
B. Valtancoli and D. Zanchi, Inorg. Chem., 1997, 36, 2784; (b) W. H.
Chapman and R. Breslow, J. Am. Chem. Soc., 1995, 117, 5462; (c) T.
Koike, M. Inoue, E. Kimuraand M. Shiro, J. Am. Chem. Soc., 1996, 118,
3091; (d) M. Wall, R. C. Hynesand J. Chin, Angew. Chem,, Int. Ed. Engl.,
1993, 32, 1633; (e) M. J. Young and J. Chin, J. Am. Chem. Soc., 1995,
117, 10577; (f) C. Duboc-Toia, S. Ménage, J.-M. Vincent, M. Averbuch-
Pouchot and M. Fontecave, Inorg. Chem., 1997, 36, 6148.

3 L.S Beeseand T. A. Steitz, EMBO J., 1991, 10, 25; D. Kostrewa and
F. K. Winkler, Biochemistry, 1995, 34, 683; E. Hough, L. K. Hansen, B.
Birknes, K. Jynge, S. Hansen, A. Hordvik, C. Little, E. Dodson and Z.
Derewends, Nature, 1989, 338, 357; A. Volbeda, A. Lahm, F. Sakiyama
and D. Suck, EMBO J., 1991, 10, 1607; S. M. Callahan, N. W. Cornell
and P. V. Dunlap, J. Biol. Chem., 1995, 270, 17627.

4 Z. Wang, J. Reibenspies and A. E. Martell, Inorg. Chem., 1997, 36,
629.

5 A. E. Martell and R. J. Motekaitis, Determination and Use of Sability
Constants, 2nd edn., VCH, New York, 1992.

6 A keg vValue of 0.0004 s—1 was measured at pH 7.0 by using [LLag]tor =
50 mM and [BNP]nr = 0.5 mM. The rate enhancement over
spontaneous hydrolysis is 1.2 X 107. A kg value at pH 10.0, with the
concentrations just described, is too fast to measure by our method. By
extrapolation, it calculatesto ke = 0.32 s—1 which isoneturnover every
3-4 s. Thisis arate enhancement of 1.2 x 108.

Communication 9/00860H

Typeset and printed by Black Bear Press Limited, Cambridge, England



