A\C\S

ARTICLES

Published on Web 01/28/2003

Physical and Kinetic Analysis of the Cooperative Role of
Metal lons in Catalysis of Phosphodiester Cleavage by a
Dinuclear Zn(ll) Complex

Olga Iranzo, Andrey Y. Kovalevsky, Janet R. Morrow,* and John P. Richard*

Contribution from the Department of Chemistry, uaisity at Buffalo, The State Urersity of
New York, Buffalo, New York 14260-3000

Received July 16, 2002; E-mail: jrichard@chem.buffalo.edu

Abstract: A dinuclear metal ion complex Zn,(L20) and its mononuclear analogue Zn(L1OH) were
synthesized and studied as catalysts of the cleavage of the phosphate diester 2-hydroxypropyl-4-nitrophenyl
phosphate (HPNP). X-ray crystal structure data, potentiometric titrations, and *H NMR spectra obtained
over a wide range of pH values provide strong evidence that the alcohol linker in the complex Zn,(L20) is
ionized below pH 6.0, while the alcohol group in the complex Zn(L1OH) remains protonated even at high
pH. The ionizations observed at high pH correspond to the formation of the monohydroxo complexes,
Zn(L20)(0OH) and Zn(L10OH)(OH), with pKy's of 8.0 and 9.2, respectively. The pH-rate profiles of second-
order rate constants for metal-ion complex-catalyzed cleavage of HPNP are reported. These show downward
curvature centered at the pKj,'s for the respective zinc-bound waters, and limiting second-order rate constants
at high pH of k. = 0.71 M~ s for Zn,(L20) and 0.061 M~* s~ for Zn(L1OH). The larger catalytic activity
of Zn,(L20) compared with Zn(L1OH) is due to the cooperative role of the metal ions in facilitating the
formation of the ionized zinc-bound water at close to neutral pH and in providing additional stabilization of
the rate-limiting transition state for phosphodiester cleavage. Zn,(L20) complex (1 M) at pH 7.6 stabilizes
the transition state for the uncatalyzed reaction by 9.3 kcal/mol. Assuming that the dissociation constant
determined for a diethyl phosphate inhibitor is similar to that for substrate, then ca. 2.4 kcal/mol of these
stabilizing interactions are expressed in the ground-state Michaelis complex, while the bulk of these
interactions are only expressed as the reaction approaches the transition state for phosphodiester cleavage.

Two metal ions are incorporated into many enzymes that mononuclear analogues. While there has been significant
catalyze the hydrolysis of phosphate ester bdnBsllowing progress in this arem° the mechanism for the cooperative
Nature’s lead dinuclear Co(l1ACu(ll),2 and Zn(lly complexes interaction of metal ions in stabilizing the transition state for
have been synthesized and shown to be better catalysts for thgghosphodiester cleavage is not well understood.
cleavage of RNA and RNA model compounds than their A rigorous characterization of the kinetic parameters for these
mono and dinuclear catalysts is essential to any assessment of
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Figure 1. ORTEP diagrams showing the 50% probability thermal ellipsoids
for all non-hydrogen atoms and schemes of the cations:[{AJL10H)-
(Br)]*. Selected bond lengths [A]: Zn(EN(1) = 2.249(3), Zn(1}N(2)

= 2.096(3), Zn(1)N(3) = 2.086(3), Zn(1)-O(1) = 2.041(2), Zn(1)-Br-

(1) = 2.4267(5). B)Zn(L20)(CI)(H 20),]?*. Selected bond lengths [A]:
Zn(1)—-N(1) = 2.133(5), Zn(1}N(2) = 2.210(5), Zn(1)}N(3) = 2.166-

(5), Zn(1)-O(1)= 2.292(4), Zn(1yO(2) = 2.014(4), Zn(1)-CI(1) = 2.464-

(2), Zn(1)-+Zn(2) = 3.656(2), Zn(2)N(4) = 2.140(5), Zn(2yN(5) =
2.110(5), Zn(2y-N(6) = 2.142(5), Zn(2)-O(2) = 1.956(4), Zn(2)-O(3)

= 2.051(4).

reaction by diethyl phosphate monoanion (DEP). These data
show that the stabilization of the transition state for cleavage
of HPNP at pH 7.6 under conditions where the catalyzed
reaction is kinetically bimolecular, 9.3 kcal/mol, is about 50%
of that possible for enzymatic catalysis. A comparison of the
pH-rate profiles and phosphate inhibition of the mono- and
dinuclear catalysts provides interesting insight into the nature
of the strong, presumably electrostatic, stabilization of the
transition state for the reaction catalyzed by the dinuclear
complexZn,(L20).

Experimental Section

All reagents were reagent grade and were used without further
purification, unless otherwise noted. All water was purified using a
MILLI-Q system. The 1,4,7-triazacyclononane ligaid,10H (HBr
salt)!2 and the barium salt of 2-hydroxypropyl-4-nitrophenyl phosphate
(HPNP)® were synthesized by literature proceduré2OH was
prepared as the HCI salt by adaptation of a published procedure in
which the ligand nitrogens were protected tigoc rather than tosyl
groups!* The concentration of metal ion in solutions of Zn(yowas
determined by titration with EDTA using Eriochrome Black T as an
indicator®® Stock solutions (10 mM) of the Zn(Il) complexeslofOH
andL20H for kinetic experiments were prepared in water by mixing
ZNn(NQs), andL10OH -3HBr or L20OH-6HCI in 1:1.1 and 2:1.1 molar
ratios, respectively, and adjusting the pH to-6750.'H NMR spectra
were recorded on a Varian Unity Inova 500 spectrometer.

X-ray Crystallographic Analyses. Crystalline Zn(ll) complexes of
L1OH and L20OH suitable for X-ray crystallography studies were

frames (600 frames/set) were collected, covering half of reciprocal space
using w scans technique (®3rame width), with differentp angle.
Reflection intensities were integrated using SAINTPLUS progfam.
The solution and refinement of the structure was performed with
SHELXTL program packag¥.The structure was refined by full-matrix
least squares against.

[Zn(L1OH)(BN](Br). The crystal appeared to be a racemic twin.
The twin law 1 0 0, 0—1 0, 0 0 —1) was introduced in the
refinement, with one BASF parametémefined to 0.43(1). Non-
hydrogen atoms were refined anisotropically. The positions of hydrogen
atoms were found from the difference electron density Fourier synthesis.
Subsequently, the hydrogen atoms were refined as riding atoms using
a value ofUjs, for the hydroxyl hydrogen that is 1.5 times larger than
Ueq for the host oxygen, and in all other cases valuetgf that are
1.2 times larger thatleq for the host atom.

[Zn2(L20)(CI)(H 20),](ClO 4).. Non-hydrogen atoms were refined
anisotropically. Disorder was observed in the position of one of the
perchlorate counterions, with each of two oxygen atoms lying at two
positions with the occupancies obtained by isotropic structural refine-
ment of 60/40 and 75/25. The positions of hydrogen atoms were
determined by difference electron density Fourier synthesis. The
hydrogen atoms were refined as riding atoms using a vallgsgfor
the water hydrogen that is 1.5 times larger thkgpfor the host oxygen,
and in all other cases values Of;, that are 1.2 times larger thds,
for the host atom. Due to the disorder in one of the counterionsCCI
distances of the disordered ion were constrained to be 1.430%5) A.

Kinetic Analyses. The transesterification of HPNP was monitored
by following the increase in absorbance at 400 nm due to the release
of 4-nitrophenolate ion. The following buffers were used in these
experiments: 2M-morpholino)ethanesulfonic acid (MES, pH-6.5),
N-(2-hydroxyethyl)piperaziné¥-(2-ethanesulfonic acid) (HEPES, pH
7.1-7.8), N-(2-hydroxyethyl)piperazin&¥-(3-propanesulfonic acid)
(EPPS, pH 8.68.4), 2-(N-cyclohexylamino)ethanesulfonic acid (CHES,
pH 8.9-9.3) and 3-(cyclohexylamino)-1-propanesulfonic acid (CAPS,
pH 10-10.5). The reactions were initiated by mixing B0 uL of HPNP
with 0.90 mL of solutions at 28C that contained catalyst and in some
experiments, diethyl phosphate monoanion, and 20 mM of the ap-
propriate buffer atl = 0.1 M (NaNQ) to give a final HPNP
concentration of 0.02 mM for reactions at pH6.5 or of 0.05 mM for
reactions at pH 6.0 and 6.5. Pseudo-first-order rate constagifs ™)
for transesterification of HPNP were generally determined from the
slopes of semilogarithmic plots of reaction progress against time, which
were linear for at least three reaction halftimes. In all cases the standard
deviation for the values dfgpsa Was <6%. In a few experiments the
transesterification of HPNP was monitored for only the first 5% of
reaction and the values kf,sqwere determined by the method of initial
rates. Second-order rate constakts (M~! s for the catalyzed
reactions were determined as the slope of linear plotegafagainst
catalyst concentration.

Results

Zn(L10OH) and Zny(L20) are used here to designate all
species present at a particular pH in solution. Specific species
will be indicated as needed.

prepared, respectively, as bromide and perchlorate salts as described X-ray Crystal Structures. Figure 1A shows the X-ray crystal

in the Supporting Information. X-ray diffraction data were collected at
90(1) K on a Bruker SMART1000 CCD diffractometer equipped with
the rotating anode (Mo & radiation,A = 0.71073 A). Four sets of

(11) Atkins, T. J.; Richman, J. E.; Oettle, W. Brg. Synth.1978 58, 86—98.

(12) McCue, K. P. Ph.D. Dissertation, University at Buffalo. The State University
of New York, 1999.

(13) Brown, D. M.; Usher, D. AJ. Chem. Socl965 6558-6564.

(14) Kimura, E.; Aoki, S.; Koike, T.; Shiro, MJ. Am. Chem. S0d.997, 119,
3068-3076.

(15) Titrimetric AnalysisVogel's Textbook of Quantitat Inorganic Analysis
Bassett, J., Denney, R. C., Jeffery, G. H., Mendham, J., Eds.; John Wiley
& Sons: New York, 1978.

structure of the complex cation n(L1OH)(Br)](Br) from

crystals grown in water at pH 9.1. The Zn(ll) ion is bound to
a neutral alcohol, bromide ion, and triazamacrocycle with
distorted trigonal bipyramidal geometry. Figure 1B shows the

(16) SMART and SAINTPLUS. Area detector control and integration software,
Ver. 6.01. Bruker Analytical X-ray Systems: Madison, Wisconsin, 1999.

(17) SHELXTL. An integrated system for solving, refining and displaying crystal
structures from diffraction data, Ver. 5.10; Bruker Analytical X-ray
Systems: Madison, Wisconsin, 1997.

(18) ) Allen, F. H.; Kennard, O.; Watson, D. G.; Brammer, L.; Orpen, A. J.;
Taylor, R.J. Chem. Soc., Perkin Trans. 1087 1—19.
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structure ofZn »(L20)(CI)(H 20)2](CIO 4), from crystals grown ;ab/e L S]gcor)d-OrdeJ3 E%tec CoTstar&t%, kén. f(cir2 0) and
; H ; ; ransesterification o atalyzed by Zn; an
in water at pH 6.0. Zn(_l) in this corr_1p|e>_< is chelated to a Zn(L1OH) at 25 °C, /= 0.1 M NaNO3 and 20 mM Buffer
triazamacrocycle, alkoxide and chloride ions, and a water

molecule with distorted octahedral geometry, while Zn(2) is ZnL20p Zn(L10H)*

chelated to a triazamacrocycle, the alkoxide ion, and a water___P" (kzn)/1072 (M 57 pH (kzo)/1072 (M7 s71)

molecule with distorted square pyramidal geometry. The two 6.02 11 7.61 0.13

metal ions are separated by 3.66 A, and the electrostatic ?ig 12'7 g'gg g'gg

interaction between them is shielded by the ionized alkoxide 751 25 8.90 25

bridge. In contrast the alcohol group [Bn(L1OH)(Br)](Br) 7.82 40 9.32 4.2

is neutral. 8.03 45 10.00 6.1
Potentiometric Titrations. Potentiometric titration of20H - g'gg 2(75 1051 59

6HCI (1 mM) in the presence of 2 equivs of Zn(ll) at 26 9.31 68

andl = 0.1 M (NaNQ) gives two well-defined inflections 10.05 71

(Supportlng.Informatlon). The inflection at IOW pH marks the a2 The ranges of catalyst concentration used in these experiments were:
release of six protons from the macrocycle nitrogens and of & 20-2.0 mM for zn,(L20) and 0.56-4.0 mM for Zn(LLOH) .

seventh from the linker oxygen that accompanies the binding
of two Zn(ll) to form Zn,(L20). The second inflection is
centered at pH 8.0. There is no significant change inlthe
NMR chemical shift of the protons for the alcohol linker at
Zny(L20) between pD 6.9 and 9.9 (Supporting Information).

F 2

This provides strong evidence that the alcohol linker, which is 1 o g
ionized for crystals grown at pH 6.0 in water, remains ionized /M_O_‘ £
as the pD is increased from 6.9 to 9.9. We therefore propose ; -2 1 ) g
that the ionization with |, of 8.0 observed for potentiometric 2 3
titration of Zn,(L20) is due to deprotonation of a coordinated 4] L 4 §
water to formZn,(L20)(OH). S

Potentiometric titration o£10H-3HBr (1mM) in the pres-
ence of 1 equiv of Zn(ll) at 25C andl = 0.1 M (NaNQ) 61 -
gives an inflection at low pH that marks the release of three
7 8 9 10

protons upon binding of Zn(ll). A second inflection centered
at pH 9.2 is also observed. There is no significant change in
the 'TH NMR chemical shift of the protons for the alcohol
pendent arm ot 10H between pD 7.9 and 10.4 (Supporting Figure 2. pH-rate profiles for the cleavage of HPNP# (s™%) spontaneous

. . . . cleavage in water [values determined by the method of initial rates]; (
Information). This provides evidence that the alcohol group, y-1 s1) cleavage catalyzed bgn(LLOH); (®, M-! s%), cleavage
which is protonated for crystals grown at pH 9.1, remains catalyzed byZn,(L20); (W), the ratio of rate constants for cleavage
protonated as the pD is increased to 10.4. We therefore proposéatalyzed byZny(L20) and Zn(L1OH). The open triangles show rate
that the ionization with K, of 9.2 observed for potentiometric constants calculated by extrapolation of the theoretical fit of data to eq 1.
titration of Zn(L1OH) is also due to deprotonation of a  scheme 1
coordinated water to forrdn(L1OH)(OH) . K, ., kIHPNP]

Kinetic Analyses. The transesterification of the phosphate ~ Z"Complex-OH, Zn-Complex-OH + H" ————»= Products
diest.er HPNP catalyzed WTZ(LZO) apd byZn(L10H) was of eq 1, derived from Scheme 1, using values¥f g 7.8 and
monitored by following the increase in absorbance at 400 nm ko= 0.71 Mt 5% and K, = 9.2 andk; = 0.061 Mt st
due to the release of 4-nitrophenolatt? NMR showed that ' '
the product of both catalyzed reactions was the cyclic phosphate
ester. Plots ofkonsg @gainst catalyst concentration are linear
through [Cat]= 2.0 mM for Zny(L20) and [Cat]= 4.0 mM
for Zn(L1OH) .1° There is no sign of downward curvature due di
to saturation that would result from conversion of the substrate
to the Michaelis complex with catalyst. Second-order rate
constants Kz,, M~1 s™1) for transesterification of HPNP
catalyzed byZn,(L20) and byZn(L1OH), determined as the
slopes of these correlations, are reported in Table 1.

»

pH

respectively, for the reactions catalyzed4ry,(L20) andZn-
(L1OH).2° Figure 2 also shows the pH-rate profile for uncata-
lyzed transesterification of HPNP.

The stability of complexes between the mononuclear and
nuclear catalysts and diethyl phosphate monoanion (DEP), a
model phosphate diester, was determined by examining DEP
inhibition of catalysis of the transesterification of HPNP. Figure
3 shows a plot of normalized first-order rate constakgss{

ko) for transesterification of HPNP at pH 7.6 at increasing [DEP].
Only weak inhibition is observed for the reaction catalyzed by

kK, Zn(L1OH), and these data can be fit to a simple Scheme [not
v Bl N ——— (1) shown] where HPNP and diethyl phosphate compete for binding
Kat[H] to a single site at the catalyst. The solid line shows the nonlinear

least-squares fit of the normalized data to eq 2 for competitive
inhibition obtained using a value &§ = 94 mM £+ 4 mM for
the dissociation constant for the catatysthibitor complex.

Figure 2 shows the plots &, (M~1s™%) from Table 1 against
pH. The solid lines were calculated from the logarithmic form

(19) The observation of clean first-order kinetics for the reaction of HPNP, and
of linear plots ofk.psgagainst [catalyst] requiréy, > [catalyst], for [catalyst] (20) The values of the Ky for Zny(L20) and Zn(L10OH) determined by
= 0.20-2.0 mM for Zn(L20) and 0.46-4.0 mM for Zn(L1OH). potentiometric analysis and kinetic analysis (Figure 2) agree to witBid.
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Figure 3. Normalized first-order rate constants for transesterification of
HPNP at increasing [DEP], whekg is the observed first-order rate constant
determined for reaction in the absence of inhibita®) Cleavage catalyzed

by Zn,(L20). The dashed and solid lines show the fits of data to Schemes
where the complex binds one and two molecules of inhibitor, respectively.
(O) Cleavage catalyzed [Bn(L1OH) using values okobsd(s™%) determined

by the method of initial rates. The solid line shows the fit of data to a
Scheme where the complex binds one molecule of inhibitor.

Scheme 2
kzn[HPNP]
Zn-Complex  ————————3  Products
K;[DEP]
Zn-Complex *« DEP Zn-Complex * (DEP),
K;[DEP]

kobsd —

k
o

an[Zn - Complex] L
1+ [DEP] ko

K.
i

2

kobs d_ an[Zn—Complex] 1

kg [DEP] _ [DEP)Z |k,
I+ ——+—F
K, K12

(3)

DEP monoanion shows a more complex pattern of inhibition
of transesterification of HPNP catalyzed by the dinuclear
complexZny(L20). The dashed line in Figure 3 shows the
nonlinear least-squares fit of the normalized data to eq 2, using
a value ofK; = 10 mM. A much better nonlinear least-squares
fit of these data is obtained for Scheme 2, where the catalyst
binds two molecules of DEP with equal affinity, using eq 3
with a value ofK; = 16 + 1 mM (solid line, Figure 3).

Discussion

The X-ray crystal structures, potentiometric titrations, pH-
rate profiles, and inhibition data for a simple phosphate diester
reported here provide a complete description of the rate
accelerations for catalysis of cleavage of HPNP, and an
unusually detailed description of the roles of the metal ions in
the Michaelis complex and transition states for these reactions.

X-ray Crystal Structures. The crystal structure ofZn,-
(L20)(CI)(H 20)2](ClO 4), features a bridging alkoxide with the
two Zn(ll) ions separated by 3.66 A. This distance is in the
range (3.6-4.0 A) observed for other related alkoxo-bridged

dinuclear Zn(Il) complexg&?2-23 and for dinuclear Zn(ll) cores

of many metallohydrolasé8.Interestingly, the two Zn(ll) ions
have different coordination numbers and geometries despite the
symmetry of the ligandL20H, highlighting the structural
flexibility of Zn(ll). The crystal structure ofZn(L1OH)(Br)]-

(Br) confirms that a neutral alcohol group is coordinated to Zn-
(. The Zn—0O bond distance of 2.04 A is similar to that
reported for other mononuclear Zn(Il) complexes with alcohol
pendent group&h25

Potentiometric Titrations. The formation oZn,(L20) and
Zn(L1OH) from L1OH-3HBr andL20OH -6HCI, respectively,
was studied by potentiometric titrations. The low value Kf p
< 6 observed for the alcohol linker idn,(L20) is attributed
to coordination of the alkoxide ion to two Zn(ll) ions. Facile
deprotonation of an alcohol upon binding of two Zn(ll) has also
been observed by Kimuwaand Valtancofi? for similar di-
nuclear Zn(ll) complexes. The relatively highkpof 8.0 for
the water ligand inZn,(L20)(H,0) suggests that a terminal
hydroxide complex is formed: a lowelKp is expected for a
bridging hydroxide group that interacts with both Zn(ll) idhg8
For the mononuclear complé&n(L1OH) the alcohol remains
protonated while a coordinated water is deprotonated, with a
pKa of 9.2, to form the monohydroxo compl@a(L1OH)(OH) .
lonization of a zinc-bound water molecule in preference to an
alcohol was also observed by Kimura for the Zn(ll) complex
of (1-(2-hydroxyethyl)-1,4,7,10-tetraazacyclododec#nk.is
interesting that ionization of both the mononuclear and dinuclear
complexes at basic pH is due to loss of a proton from a zinc-
bound water, because the pH-rate profiles show that the
ionization state of this water is critical for catalytic activity

pH-Rate Profiles. A comparison with the less extensive
kinetic analyses reported for transesterification of HPNP
catalyzed by other dinuclear metal ion complexes in 100%
aqueous solution places the activity £&1fi,(L20) at the upper
end of these metal-ion complex&s:"4"The pH-rate profiles
of the second-order rate constakgg for catalysis of transes-
terification of HPNP (Figure 2) byn,(L20) andZn(L10OH)
provide the following important insights into the catalytic
reaction mechanism and the magnitude of the stabilization of
the bound transition state.

(1) There is a downward break in the pH-rate profile for
catalysis byZn,(L20) and byZn(L1OH) that is centered at
the K, for deprotonation of a bound water molecule to form
the monohydroxo complexe&,(L20)(OH) andZn(L1OH)-
(OH), respectively (Figure 2). These rate profiles show that the
complex between HPNP and fully protonated catalysts is
inactive and is converted to an active form upon loss of a proton.
Kinetics provides no information about whether this proton is
lost from catalyst or substrafé.However, chemical logic
demands that a proton be lost from the C2-hydroxyl of HPNP

(21) Koike, T.; Inoue, M.; Kimura, E.; Shiro, Ml. Am. Chem. Sod996 118
3091-3099.

(22) Bazzicalupi, C.; Bencini, A.; Berni, E.; Bianchi, A.; Fedi, V.; Fusi, V;
Giorgi, C.; Paoletti, P.; Valtancoli, Bnorg. Chem1999 38, 4115-4122.

(23) Brudenell, S. J.; Spiccia, L.; Hockless, D. C. R.; Tiekink, E. R1.TTChem.

Soc., Dalton Trans1999 1475-1481.

(24) Koike, T.; Kajitani, S.; Nakamura, I.; Kimura, E.; Shiro, M.Am. Chem.
Soc.1995 117, 1210-1219.

(25) Li, S.; Yang, D.; Li, D.; Huang, J.; Tang, WNew J. Chem2002 26,
1831-1837.

(26) Bazzicalupi, C.; Bencini, A.; Bianchi, A.; Fusi, V.; Paoletti, P.; Piccardi,
G.; Valtancoli, B.Inorg. Chem 1995 34, 5622-5631.

(27) Jencks, W. PCatalysis in Chemistry and Enzymolgodyover Publica-
tions: New York, 1987; Chapter 3.
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on proceeding from reactant in solution to the transition state ;ab/e 2. CsompasriS%r]l_m the i}fineﬂc E?rameterSfémgNP Catalvzed
s - : H ransition-State Stabilization for the Cleavage o atalyze

for transes_tt_arlﬁcgtlo_n a_nd that t_he catalyst functions in some by Zn»(L20) and Zn(L1OH) at pH 7.6

way to facilitate ionization of this hydroxyf There are two

possible pathways for activation of HPNP by direct proton Zn-20) Zn(L10H) ARG (kealmoly
transfer from the C2-hydroxyl to the catalyst: @)(L20)- kzn (M~1s )2 0.25 0.0013 3.1

. Ki & Km(M)®? 0.016 0.094 1.0
(OH) and Zn(L1OH)(OH) may serve as the active forms of (KeaonsdS )¢ 41 10-3 12 104 21
the catalyst and act as Brgnsted general base catalysts tO (k.)im(s )¢ 0.01 5x 1073 0.4

deprotonate the C2-hydroxyl of HPNP in reactions where proton

transfer to the catalyst is concerted with intramolecular addition __ * Observed second-order rate constant for the metal-ion complex cleavage
reaction at pH 7.6° Value of K; for competitive inhibition of the metal-

of C2-oxygen to the phosphate diester. (b) Proton transfer from jon complex cleavage reaction by diethyl phosphate at pH 7.6, which is
substrate to the ionized cataly&is,(L20)(OH) or Zn(L1OH)- assumed to be approximately equakigfor binding of HPNP ¢ Estimated

v value ofkza:for the metal-ion complex cleavage reaction at pH 7.6 calculated
(OH) may occur as a preequmbrlum step to form the pmtonated from kz, and the estimated value &f,. 9 Estimated limiting value ok

catalystsZn,(L20)(H 20) andZn(L1OH)(H :0), respectively, at high pH calculated with the assumption that the pH-rate profiles that
and the C2-oxyanion of substrate which would then undergo ]goverr;]kzn (F‘igur? 2) andl(caao_bls_gare the same. The difgerlenﬂce_, carllculatleq

HH e H P ; rom the ratio of rate or equiliorium constants on the left, in the relative
nucleop.hlllc aqldlt'lon to the phogphate diester. This is equivalent .. . " e Michaelis complex or transition state by interaction of
to the direct binding of the C2-ionized substrateZt(L20)- HPNP with Zn2(L20) andZn(L1OH).
(H20) or Zn(L1OH)(H 20), followed by intramolecular addition

of C2-oxygen to the phosphate diester. We assume that the higrPy intéraction with a simple phosphate monoanion. Figure 3
catalytic activity of these low-molecular weight catalysts is due, shows the decrease in the observed first-order rate constant for

in part, to activation of HPNP for cleavage by direct proton ZN2(L20)-catalyzed hydrolysis of HPNP at increasing concen-
transfer from the C2-hydroxy! to the catalyst. However, the pH- {rations of diethyl phosphate. These data show a poor fit to eq
rate profiles shown in Figure 2 provide no information about 2 derived for a simple Scheme (not shown) in which HPNP
whether this proton transfer is a discrete step in the catalytic @nd diethyl phosphate monoanion compete for binding to a
cycle or if the putative active forms of substrate and catalyst Single site at the catalyst. However, they show a good fit to eq
are generated by proton-transfer reactions at free [uncomplexed>: derived for Scheme 2, in which two molecules of diethyl

substrate and catalyst. phosphate monoanion bind sequentiallZte(L20) with equal
(2) A comparison of the second-order rate constant= dissociation constants & = 16 mM. The simple interpretation
0.25 M1 s for transesterification of HPNP catalyzed Byi- of these data is that each metal ion in the dinuclear catalyst

(L20) and the first-order rate constakihear= 3.8 x 10851 cgordinates to a single diet_hyl phosphate. By analogy, this
for the uncatalyzed reaction at pH 7.6 shows that the transition dinuclear complex may coordinate to two molecules of substrate,
state for the catalyzed reaction is stabilized by 9.3 kcal/mol for OF to one molecule of substrate and one molecule of inhibitor.

a reaction in the presencé d M catalyst. If the latter termolecular complex forms, then it must be
(3) The pH-rate profile (Figure 2) of the ratio of second- catalytically inactive, since our data show a good fit to Scheme
order rate constants for catalysis Bg(LLOH) andZn(L20) 2 in which binding of a single diethyl phosphate monoanion

shows that the enhanced activity of the dinuclear compared to"€nders the catalyst inactive. S
that of the mononuclear complex is due to: (a) the larger activity ~BY comparison, there is relatively little inhibition an-
of the ionized dinuclear compared to mononuclear catalyst, as(L1OH)-catalyzed hyt?rolyss of HPNP by diethyl phosphate
shown by the limiting ratio of 12 at high pH where both catalysts Menoanion (Figure 3): these data were fit to eq 2 derived for
show maximum activity and (b) the greater ease of formation & Scheme (not shown) in which the catalyst binds only a single
of the essential ionized zinc-bound wateZat(L20) (pKa = molecule of diethyl phosphate monoanion with= 94 mM.
7.8) compared witlZn(L1OH) (pKa = 9.2), as shown by the To.gether the data f0|Zn2(L20) and Zn(L1OH) prqwde
increase in the rate constant ratio to a limiting value of 290 for €vidence that each Zn(ll) ion of these complexes binds to a
reactions at low pH. single diethyl phosphate monoanion. The 6-fold tighter binding
We conclude that the enhanced catalytic activitio§(L20) affinity of diethyl phosphate monoanion #m(L20) compared
compared withzn(L1OH) is due to the cooperative roles of with Zn(L1OH) reflects the stronger electrostatic stabilization
the metal ions at the highly charged cationic core of the dinuclear &t the more highly cationic dinuclear complex. ,
catalyst in facilitating loss of a proton from the Michaelis  1Nn€ observed second-order rate constiptéor catalysis of
complex between catalyst and substrate HPNP, and in providingtransesterification at pH 7.6 (Table 2) are equivalerk:igkm
additional stabilization of the rate-limiting transition state for fOF €nzyme catalysts. Table 2 also lists valuekgf~ K; for
the reaction of the fully active [deprotonated] Michaelis inhibition of cleavage by diethyl phosphate monoanion deter-
complex. mined at pH 7.6 and estimates &f{)onsq Calculated from the
Ground-State and Transition-State EffectsThe stabilizing values forkzn 'and Km. The maximum value ok at high pH
interactions between these catalysts and HPNP may be expressefas then estimated by assuming that the pH-rate profiles that
at the ground-state Michaelis complex and result in a tight 90Vern the values dtz, (M~ s7) and keajobsaare the same.
binding affinity of the substrate for catalyst, or they may only Table 2 shows that the barrier for formation of transition state
develop on proceeding to the reaction transition states. from free catalyst and substrate{ = kea/Km) at pH 7.6 is 3.1

We have examined inhibition by diethyl phosphate monoan- kcal/mol lower for the reaction catalyzed by thg di.nuclear
ion of theZn,(L20)-catalyzed reaction of HPNP at pH 7.6 to compared to that by the mononuclear complex. This difference

obtain an estimate of the stabilization of the Michaelis complex €an be divided into a 1.0 kcal/mol preferential stabilization of
the Michaelis complex aZn,(L20) (Kn, effect) and a further

(28) Wolfenden, R.; Snider, M. Acc. Chem. Re001, 34, 938-945. 2.1 kcal/mol stabilization of the transition state for cleavage of
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bound substratek{,:effect). Most of the difference in the barriers The estimated dissociation constantkgf~ K, = 16 mM
to (Keapobsd IS due to the larger fraction of catalytically active for catalysis of the reaction of HPNP [&n»(L20) at pH 7.6
Michaelis complexes foZn,(L20) compared that for t&n- shows that only about 2.4 of the 9.3 kcal/mol transition state
(L1OH) at pH 7.6. Only a small 0.4 kcal/mol difference is stabilization is due to ground-state interactions with the
estimated in the stabilities of the transition states for reaction phosphate monoanion. The remaining 7 kcal/mol of stabilization

at high pH where these catalysts show maximum valuk.gfif may represent stabilizing electrostatic interactions between the
(Table 2). cationic catalyst and negative charge at the C2-oxygen, or
We conclude that the difference in the catalytic powezos- interactions that only develop on proceeding from the Michaelis

(L20) andZn(L1OH) at pH 7.6 is due mainly to the greater complex to the transition state for cleavage of HPNP. This
stabilization of the Michaelis complex and the larger relative discrimination between binding of substrate and transition state

concentration of the catalytically active formaifi,(L20). Our that is characteristic of enzyme catalysis is particularly difficult
data also provide evidence that the valuesgf)(m for turnover to model in small molecule catalysts. If the interactions between
of these two catalysts at high pH are similar. Zny(L20) and bound substrate in the transition state are
Origin of the Catalytic Power of Zn,(L20). The transition primarily electrostatic, then the selectivity in transition-state
state for the transesterification of HPNP catalyze@hy(L20) binding must reflect, in some sense, a redistribution of negative
at pH 7.6 is stabilized by 9.3 kcal/mol. Values kf/Kn ~ charge at the substrate on proceeding to the transition state that

(10 — 10" Mt st are typically observed for enzymatic ~moves negative charge toward the cationic metal ions of the
catalysis of phosphodiester cleavd¥so that the low-molecular ~ catalyst. One possibility is that the Zn(ll) ion coordinates to
weight catalysZn,(L20) has achieved about one-half of the the phosphate monoanion of HPNP and that this coordination
possible ca. 20 kcal/mol stabilization possible for highly efficient strengthens as the formal negative charge at this functional group
protein catalysts. increases from-1 at the phosphate monoanion of substrate to
The 9.3 kcal/mol transition-state stabilization may result either —2 at the oxyphosphorane-like transition state for the transes-
from hydrophobic interactions between nonpolar parts of the terification reaction.
substrate HPNP argh,(L20), or from stabilizing electrostatic
interactions between the anionic substrate and cationic catalyst
Since our catalysts are small and lack any obvious shape
complementarity with substrate, it is probable that transition- g n00rting Information Available: Potentiometric pH titra-
state stgplllzatlop arises mainly from electrostatic interactions. iy, data,"H NMR titration spectra and kinetic rate constants
The activity of this catalyst toward cleavage of RNA and RNA ¢ the yncatalyzed transesterification of HPNP (PDF). X-ray
gnalogqes might easily be gnhanced by increasing these blndlnq;rystanographic files (CIF). This material is available free of
interactions through tetherirign,(L20) to recognition agents. charge via the Internet at http://pubs.acs.org.
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