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Abstract

The values of Ki for methylphosphate dianion (MP2�) inhibition of the cleavage of 2-hydroxy-
propyl-4-nitrophenyl phosphate (HpPNP) catalyzed by 1,3-bis(1,4,7-triazacyclonon-1-yl)-2-
hydroxypropane (Zn2(1)(H2O)) approach a small limiting value of 6 lM at pH < pKa = 7.8 for
deprotonation of the catalyst to form Zn2(1)(HO�). There is a 1600-fold difference in the affinity
of a phosphate diester monoanion (diethylphosphate) and phosphate monester dianion (MP2�)
for Zn2(1)(H2O). This suggests that the latter is an analog for the transition state dianion for the
cleavage reaction of HpPNP and other phosphate diesters. The observation that this transition state
analog binds selectively to Zn2(1)(H2O) provides strong evidence that this is the active form of the
catalyst which binds selectively to the ionized substrate. The efficiency of catalysis of the cleavage of
phosphate diesters by Zn2(1)(H2O) and proteins is compared.
� 2007 Elsevier Inc. All rights reserved.

Keywords: Metal ion catalysis; Phosphate diester; RNA analog

1. Introduction

Much has been learned about the mechanism for catalysis of biological reactions
through the study of reactions catalyzed by small and medium-sized molecules [1]. Simple
Brønsted buffer acids and bases cause an increase in the rate of proton transfer reactions,
0045-2068/$ - see front matter � 2007 Elsevier Inc. All rights reserved.

doi:10.1016/j.bioorg.2007.02.003

* Corresponding authors. Fax: +1 716 645 6963.
E-mail addresses: jmorrow@buffalo.edu (J.R. Morrow), jrichard@buffalo.edu (J.P. Richard).



M.-Y. Yang et al. / Bioorganic Chemistry 35 (2007) 366–374 367
that are sometimes coupled to changes in bonding to heavy atoms, because they provide
greater stabilization of the transition state from hydrogen bonding [2,3] and electrostatic
interactions [4,5] than is observed for the competing reactions catalyzed by the conjugate
acid or base of solvent, and because of the tendency of the strong solvation of hydroxide
ion to reduce its reactivity as a specific base catalyst [6–8]. Metal dications provide greater
electrostatic stabilization of the anionic transition state for deprotonation of carbon than
do cationic buffers or hydronium ion [9]. Catalysis by small Brønsted acids and bases and
by metal cations can be enhanced through the incorporation of simple recognition ele-
ments in synthetic catalysts. However, the activity of these small-molecule catalysts is
far below that observed for large molecular weight protein catalysts.
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All catalysis results from the development of specific stabilizing binding interactions
between the catalyst and the transition state for the catalyzed reaction [10–12]. Very good
catalysts bind their respective transition state with an extraordinarily high affinity and this
molecular recognition has often been mimicked in the tight binding of stable small mole-
cule analogs of the transition states for protein-catalyzed reactions [10,11]. By comparison,
scant attention has been paid to the possibility that transition state analogs might show a
high affinity to low molecular weight synthetic catalysts.

Zn2(1)(H2O) is an unusually potent small molecule catalyst where the two metal cations
function cooperatively [13] to provide a stabilization of the transition state for phospho-
diester cleavage in water that is a substantial fraction (�9.6 kcal/mol, ca. 50%) of that pos-
sible for a hypothetical protein catalyst of the same reaction [14]. We have proposed that
this rate acceleration reflects the large selectivity of the catalyst for binding the transition
state dianion compared with the reactant monoanion [15,16]. We report that methyl phos-
phate dianion (MP2�) is a very strong competitive inhibitor of Zn2(1)(H2O)-catalyzed
cleavage of 2-hydroxypropyl-4-nitrophenyl phosphate (HpPNP) and by this criterion
serves as an analog of the transition state for the catalyzed reaction. A comparison of
the pH rate profile for Zn2(1)(H2O)-catalyzed cleavage of HpPNP and the corresponding
logarithmic profile of values of Ki for inhibition of the reaction by MP2� provide insight
into the reaction mechanism. Finally, we speculate on the explanation for the apparent dif-
ference in the affinity of Zn2(1)(H2O) for binding to the reaction transition state and to the
transition state analog MP2�.
2. Experimental

All buffers and Zn(NO3)2 were reagent grade from Sigma–Aldrich. Water was distilled
and then passed through a Milli-Q purification system. The ligand 1 [13,17] and the bar-
ium salt of 2-hydroxypropyl-4-nitrophenylphosphate (HpPNP) [18] were synthesized by
literature procedures. The solution pH was determined at 25 �C using an Orion digital
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pH meter equipped with a temperature compensation probe. Procedures described in ear-
lier work were used to prepare solutions of Zn2(1) for kinetic studies [14].

The following buffers were used in these experiments: N-(2-hydroxyethyl)piperazine-N 0-
(2-ethanesulfonic acid) (Hepes, pH 7.6–8.0) and 2-(N-cyclohexylamino)ethanesulfonic
acid (CHES, pH 8.6–9.3). The solutions were prepared and the reactions were initiated
as described in earlier work [13,14]. The transesterification of HpPNP was monitored
by following the increase in absorbance at 400 nm due to the release of 4-nitrophenolate
ion. Pseudo-first-order rate constants kobsd (s�1) for transesterification of HpPNP were
determined from the slopes of semilogarithmic plots of reaction progress against time,
which were linear for at least three reaction halftimes.
3. Results

Fig. 1 shows the decrease in the normalized rate constants kobsd/ko for the cleavage of
HpPNP catalyzed by 0.10 mM Zn2(1)(H2O) in the presence of increasing concentrations
of methylphosphate dianion (CH3OPO3

2� or MP2�), where kobsd (s�1) is the observed rate
constant for the cleavage reaction and ko is the rate constant for reaction in the absence of
the inhibitor dianion. These data show that MP2� is a potent competitive inhibitor of the
Zn2(1)(H2O)-catalyzed cleavage reaction. The binding of MP2� to Zn2(1)(H2O) is so tight
that essentially no catalytic activity is observed when ½CH3OPO3

2�� > 10½Zn2

ð1ÞðH2OÞ� ¼ 10�4M. Therefore, it was not possible to work under conditions where the
inhibitor concentration is very much larger than the catalyst concentration and make
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Fig. 1. The effect of increasing total concentration of CH3OPO3
2� on the normalized rate constant for cleavage of

HpPNP catalyzed by [Zn2(1)(H2O)] = [L]T = 0.1 mM. Key: (d), reactions at pH 7.6; (.), pH 8.0; (n), pH 8.6;
(m), pH 8.9; (¤), pH 9.3.
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the assumption in fitting these data that formation of the Zn2(1)(H2O)•MP2� complex
does not cause a significant decrease in the concentration of the unbound inhibitor. The
solid lines in Fig. 1 show the least squares fit of data at different pH to Eq. (1), derived
for a scheme where MP2� and substrate compete for binding to Zn2(1)(H2O), where
[I]T = ½CH3OPO3

2��T and [L]T = 10�4 M are the total concentrations, respectively, of all
the different forms of the inhibitor and catalyst. This fitting procedure gave values of
the dissociation constant (Ki)obsd for breakdown of the complex between Zn2(1)(H2O)
and MP2� to form the free catalyst.

The values of (Ki)obsd determined by fitting the data from Fig. 1 to Eq. (1) are reported
in Table 1. No attempt was made to distinguish between inhibition by methyl phosphate
monoanion and dianion, because the inhibitor (pKa = 6.3) [19] was at least 95% ionized at
the pH range examined in these experiments [7.6–9.3]. Table 1 also lists the value of
Ki = 16 mM for inhibition of Zn2(1)(H2O)-catalyzed cleavage of HpPNP by diethyl phos-
phate determined in earlier work [14]. This is 1600-fold larger than Ki for inhibition by
MP2� at the same pH. Williams et al. also reported very recently a similar large difference
in the values of Ki = 10 mM and 5 lM for inhibition by diethylphosphate monoanion and
phenyl phosphate dianion, respectively, of HpPNP cleavage catalyzed by a highly reactive
aqua form of a mononuclear Zn(II) complex [20]. Diethylphosphate inhibition of Zn2(1)-
catalyzed cleavage of HpPNP was fit in earlier work to a scheme where the catalyst forms
a complex with 2-molecules of inhibitor [14], consistent with independent binding of the
two metal-coordinated macrocycles of Zn2(1) to the inhibitor. By comparison the data
in this work were fit to a scheme where Zn2(1) binds a single molecule of MP2�. This
provides evidence for cooperativity of the macrocycles in binding of both the dianionic
inhibitor and the transition state for cleavage of HpPNP [13].
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4. Discussion

The large decrease in kobsd for Zn2(1)(H2O)-catalyzed cleavage of HpPNP observed as
the concentration of MP2� is increased (Fig. 1) shows that Zn2(1)(H2O) combines with
Table 1
Values of (Ki)obsd Determined for Inhibition of Zn2(1)(H2O)-catalyzed cleavage of HpPNP at 25 �C and I = 0.10
maintained with NaNO3

pH (Ki)obsd (mM)

CH3OPO3
2� a ðEtOÞ2PO2

� b

7.6 0.010 ± 0.011 16
8.0 0.015 ± 0.0001
8.6 0.047 ± 0.002
8.9 0.083 ± 0.003
9.3 0.22 ± 0.01

a Values of (Ki)obsd determined by fitting the data from Fig. 1 to Eq. (1). The quoted errors are standard
deviations.

b Ref. [14].
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MP2� to form an inactive complex. The 1600-fold difference in the values of Ki at pH 7.6
for inhibition of Zn2(1)(H2O)-catalyzed cleavage of HpPNP by diethylphosphate mono-
anion, a reactant analog, and by MP2� is due to the much stronger stabilizing electrostatic
interactions between the cationic dinuclear catalyst and the dianion compared to the
monoanion. We propose that the tight binding of the dianion mimics the tight binding
of Zn2(1)(H2O) to the dianionic transition state for the cleavage of HpPNP, and so by this
criterion methylphosphate dianion is a transition state analog [10,11]. The value of
Ki = 6 lM determined at low pH corresponds to an unusually strong binding affinity
for small charged ions in water, because intermolecular electrostatic interactions in this
solvent are normally strongly attenuated by the strong solvation of the uncomplexed ions.

Fig. 2 presents the pH profile of values of log (Ki)obsd for inhibition of Zn2(1)(H2O)-cata-
lyzed cleavage of HpPNP by MP2�. The solid line shows the least-squares fit of the data to
Scheme 1 determined using Eq. (2), Ka = 10�7.8 M [14] and Ki = 6 lM, the limiting value
for inhibition at low pH (see below), where the catalyst is fully protonated. Fig. 2 also pre-
sents the pH rate profile of second-order rate constants kZn for Zn2(1)(H2O)-catalyzed
transesterification of HpPNP (Fig. 2) taken from earlier work [14]. The solid line shows
the fit of these data to Eq. (3) determined using Ka = 10�7.8 M, where kc is the limiting
second-order rate constant at high pH.
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Fig. 2. The pH profiles for: (a) (.), the observed inhibition constants (Ki)obsd for inhibition by methylphosphate
dianion of Zn2(1)(H2O)-catalyzed transesterification of HpPNP. (b) (d), second-order rate constants
kZn(M�1 s�1) for Zn2(1)(H2O)-catalyzed cleavage of HpPNP determined in earlier work [14].
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The pH profiles from Fig. 2 show breaks at pH = pKa = 7.8 for ionization of
Zn2(1)(H2O) to form Zn2(1)(HO�) [14]. This provides strong support for a mechanism
in which Zn2(1)(H2O) is the active form of catalyst that is selective for binding and catal-
ysis of the reaction of ionized substrate HpPNP� (Scheme 1) [15,20]. The active catalyst
Zn2(1)(H2O) shows optimal affinity for binding to the transition state analog methylphos-
phate dianion and this binding affinity falls off with deprotonation of the catalyst to form
Zn2(1)(HO�). By comparison, there is an increase in the concentration of the ionized C-2
alkoxide form of HpPNP� (a pKa � 12.8 was estimated for the corresponding hydroxyl at
uridine-3 0-4-nitrophenyl phosphate and an even higher pKa is expected for HpPNP) [21]
throughout the entire range of pH studied in these experiments, so that kZn increases with
increasing pH when the catalyst is fully protonated, but becomes pH independent at
pH > pKa = 7.8 because of the falloff in the fraction of the catalyst in the active form.
The microscopic rate constant k 0Zn must be much larger than the observed rate constant
kZn, because only a small fraction of the total substrate is present in the reactive oxygen-
ionized form.

The mechanism shown in Scheme 1 is also strongly supported by the absence of a pri-
mary solvent deuterium isotope effect on the cleavage of uridine 3 0-4-nitrophenyl phos-
phate (UpPNP) [15]. Together these results show that the high catalytic activity of
Zn2(1)(H2O) is due mainly to the strong stabilization of the transition state from electro-
static interactions between the cationic catalyst and the dianionic transition state for cleav-
age of phosphate diesters [13–15,22,23].

4.1. Transition state binding energy

Compared to enzymes, small molecules are relatively poor catalysts of organic reactions
in water, because they do not normally develop strong interactions with their bound
ligands. The complex that forms between MP2� and Zn2(1)(H2O) (Ki = 6 lM) represents
an extraordinarily tight association of two small charged ligands in the polar solvent
water. The large binding energy for association of MP2�reflects the great power of
Zn2(1)(H2O) as a catalyst of phosphate diester cleavage through a dianionic transition
state—the observed binding energy of �7.1 kcal/mol is 75% of the estimated �9.6 kcal/mol
stabilization of the transition state for the cleavage of HpPNP by interaction with the
Zn2(1)(H2O) catalyst [14].
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The 2.5 kcal/mol difference in the binding energies for stable MP2� compared with the
metastable dianionic phosphorane transition state is intriguing. The difference is probably
not due to the smaller bulk of methylphosphate dianion compared with the transition state
for cleavage of HpPNP, because optimal transition state stabilization is observed for catal-
ysis of the cleavage of the minimal substrate HpPNP and falls off by 2.4 kcal/mol for the
more bulky substrate UpPNP [23]. We have proposed that this falloff reflects steric hin-
drance to the interaction between UpPNP and the densely charged catalytic ‘‘core’’ of
Zn2(1)(H2O) [23]. By comparison, there will be minimal steric hindrance to the approach
of MP2� to the metal cations in the complex with Zn2(1)(H2O).

The negative charge at methylphosphate dianion is delocalized over three oxygens
at free MP2�. However, it is not clear that this should reduce the affinity of MP2�

for the formation of a divalent complex to Zn2(1)(H2O) compared with the localized
dianion at an oxyphosphorane intermediate or oxyphosphorane-like transition state.
This is because the three oxygen atoms at MP2� will not remain equivalent in a com-
plex to Zn2(1)(H2O). Rather, the negative charge will become localized at the two
oxygens that interact most strongly with the metal cations, in order to ensure optimal
electrostatic interactions.

We suggest that the 2.5 kcal/mol difference between the binding energy for the meta-
stable transition state and the stable inhibitor (Scheme 2) is due to the stronger full
‘‘equilibrium’’ solvation of charge at MP2� compared with the dianionic transition state,
because reorganization of the solvation shell of the substrate monoanion that is required
for optimal solvation is only partly complete [7,24,25]. This would lead to a utilization of
a larger part of the intrinsic ligand binding energy to ‘‘pay the price’’ associated with
desolvation of MP2� [26], and a corresponding more favorable free energy of transfer
of the incompletely solvated metastable transition (Scheme 2). In other words, the small
catalyst Zn2(1)(H2O) may resemble enzymes by providing a mechanism to reduce the
barrier to the solution reaction that arises from incomplete reorganization of solvent
at the reaction transition state, by providing optimal stabilization of charge at a preor-

ganized active site [27,28].

4.2. Analogies with enzyme-catalyzed reactions

An important goal of studies of small molecule catalysts such as Zn2(1)(H2O) is
to obtain insight into the explanation for the differences in the catalytic activity of
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large and small catalysts. The results reported here support the following
generalizations.

(1) Effective, albeit nonspecific catalysis [16], is obtained by packaging Zn2+ cations in a
densely charged core where the interaction with dianions is strong, even in the polar
solvent water where electrostatic interactions are normally strongly attenuated. A
related and equally successful strategy is to enhance electrostatic catalysis by a single
Zn2+ through the incorporation of multiple hydrogen bond donors to stabilize the
dianionic transition state for cleavage of HpPNP [20,29].

(2) Since Zn2(1)(H2O) derives its impressive catalytic activity essentially entirely from
electrostatic interactions, even more impressive catalytic activity might be obtained
through the incorporation into the catalyst of a fragment to provide binding recog-
nition. In the same vein, effective catalysis can be obtained through the modular
design of enzyme active sites so as to obtain additive interactions with several differ-
ent portions of the substrate. This is the case for members of the enolase superfamily,
which possess a common catalytic core that provides effective stabilization of related
carbanion reaction intermediates, and a variable region to provide recognition of
groups attached to the carbanion [30].

It has been proposed that enzymes with catalytic proficiencies of ([kcat/Km]cat/kuncat)
> 1011 ‘‘achieve over 15 kcal/mol of ‘‘transition state binding’’ not merely by concatena-
tion of noncovalent effects but by covalent bond formation. . .’’ [31]. This statement is
controversial, in part because it invites debate about whether partly or largely electro-
static interactions, such as hydrogen-bonding interactions between enzyme and sub-
strate or interactions between an enzyme-bound metal cation and liganded transition
state, should be classified as covalent or noncovalent. We are reluctant to become
involved in this debate, which places greater emphasis on the semantics for classifica-

tion of transition state binding interactions than on the more informative determination

of the magnitude of these interactions. However, we note: (1) A hypothetical catalyst
with modules that show �10 kcal/mol and �5 kcal/mol interactions, respectively, with
the transition state dianion and just a single free single uracil of the diribonucleoside
uridylyl-3 05 0-uridine (the �5 kcal/mol interaction for uracil was calculated from the
value of Ki = Kd � 0.1 mM reported for the binding of uracil to uridine phosphorylase)
[32], would provide a total binding energy of (�10) + (�5) + (�6) = �21 kcal/mol
[�6 kcal/mol is the ‘‘connection’’ Gibbs free energy that represents the more favorable
binding of tethered compared with individual ligands] [33] to the transition state for
cleavage of this phosphodiester. (2) Interactions between a protein catalyst and dian-
ionic substrate fragment of >10 kcal/mol can be obtained without the recruitment of
a metal ion cofactor. Intrinsic substrate binding energies of 14 and 12 kcal/mol, respec-
tively, have been estimated for the phosphate groups of D-glyceraldehyde 3-phosphate
and orotidine 5 0-monophosphate in reactions catalyzed without the assistance of metal
cations by triosephosphate isomerase [34] and orotidine 5-monophosphate decarboxylase
[35]. We suggest that stabilization of the enzyme-bound transition state for phosphate
diester cleavage in excess of 15 kcal/mol is possible through transition state binding by
electrostatic interactions with a metal cofactor or the potentially equally strong
interactions of the transition state dianion with catalytic side-chains and the peptide
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backbone of the protein catalyst, in combination with hydrophobic and other interac-
tions with the nonreacting portions of the substrate.
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