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Phosphatidylcholine-preferring phospholipase C is a trinuclear zinc-dependent phosphodiesterase, catalyzing
the hydrolysis of choline phospholipids. In the present study, density functional theory is used to investigate
the reaction mechanism of this enzyme. Two possible mechanistic scenarios were considered with a model
of the active site designed on the basis of the high resolution X-ray crystal structure of the native enzyme.
The calculations show that a Zn1 and Zn3 bridging hydroxide rather than a Zn1 coordinated water molecule
performs the nucleophilic attack on the phosphorus center. Simultaneously, Zn2 activates a water molecule
to protonate the leaving group. In the following step, the newly generated Zn2 bound hydroxide makes the
reverse attack, resulting in the regeneration of the bridging hydroxide. The first step is calculated to be rate-
limiting with a barrier of 17.3 kcal/mol, in good agreement with experimental kinetic studies. The zinc ions
are suggested to orient the substrate for nucleophilic attack and provide electrostatic stabilization to the dianionic
penta-coordinated trigonal bipyramidal transition states, thereby lowering the barrier.

I. Introduction

The enzymes of the phospholipase C (PLC) family act as
phosphodiesterases to catalyze the hydrolysis of phospholipids,
yielding a diacylglycerol (DAG) and a phosphorylated head-
group (Scheme 1).1,2 In mammalian systems, DAG acts as a
secondary messenger in signal transduction, responsible for the
activation of membrane-bound protein kinase C.1,3 Mammalian
PLCs have not been purified and the genes encoding these
enzymes have not been cloned.2b In Bacillus cereus, the
phosphatidylcholine-preferring PLC (PLCBC) is an extracellular
monomeric enzyme containing 245 amino acids. It also catalyzes
the hydrolysis of phosphatidylethanolamine and phosphati-
dylserine but with lower efficiency.2a The antigenic similarity
of PLCBC with the mammalian counterpart suggests that PLCBC

may be a useful model for the poorly characterized mammalian
enzymes.4

The X-ray crystal structure of PLCBC has been determined
to high resolution (1.5 Å) and revealed that the active site
(shown in Figure 1) contains a trinuclear zinc cluster, wherein
Zn1 and Zn3 are bridged by an aspartate (Asp122) and an
oxygen species (labeled as OA), and Zn2 is bridged to Zn3 via
an oxygen species.5 In addition, five histidines (His14, His69,
His118, His128, and His142), an aspartate (Asp55), a glutamate
(Glu146), and a tryptophan (Trp1) are coordinated to the three
zinc ions, as shown in Figure 1.

There are two other known trinuclear zinc phosphodiesterases.
One is nuclease P1 (NP1),6 which catalyzes the hydrolysis of
the P-O3′ bond of single-strand DNA and has an almost
identical disposition and coordination of the three zinc ions in
the active site. The other is endonuclease IV,7 which catalyzes
the cleavage of P-O3′ bond at the 5′ of abasic sites, producing
a 3′-hydroxyl group and a 5′-terminal phosphate. It exhibits an

(R/�)8 TIM barrel fold which differs from the all R-helical folds
in PLCBC and NP1.

Phosphate hydrolysis and transfer is of enormous importance
in biology, as it is involved in, for example, signaling, regulation,
and energy transduction.8 Computational studies have over the
years provided great insights into these important processes.9

The reaction mechanism of phosphodiesterases is in general
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SCHEME 1: Reaction Catalyzed by PLC

Figure 1. X-ray structure of the trizinc active site in PLCBC

(coordinates taken from PDB entry 1AH75).
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believed to proceed through an in-line attack by an activated
water molecule or a hydroxide on the substrate phosphorus
center, followed by collapse of the resulting pentacoordinated
species with an inversion of the stereochemistry at the phos-
phorus center.10 The catalytic mechanism of PLCBC has been
the subject of discussion for a long time. Earlier studies focused
on the substrate binding mode. The X-ray structure of PLCBC

in complex with inhibitor 3,4-di-n-hexanoyloxybutyl-1-phos-
phocholine suggested that the bridging hydroxide is displaced
by one of the phosphate oxygens of the substrate during the
formation of the enzyme substrate complex.11 In addition, there
have been a lot of efforts to identify the role of the Asp55,
Glu146, and Glu4 residues in the active site. Mutagenesis studies
suggested that Glu146 serves as a critical ligand of Zn2,
stabilizing the secondary and tertiary structures of the enzyme,12

while the second-shell Glu4 is primarily involved in substrate
binding through electrostatic interaction with the positive charge
of the choline moiety.13 Asp55 was proposed to play a critical
role in catalysis, since its mutation resulted in an up to 106-fold
decrease of catalytic activity.13c However, another study showed
that Asp55 is not critical for the structural integrity of the
enzyme.11c Molecular dynamics simulations suggested that
Asp55 is a likely candidate for the general base needed to
deprotonate the nucleophilic water molecule.14 These results
suggest the general mechanism called mechanism A in Scheme
2. However, the enzyme-inhibitor complex represents a static
and nonproductive picture of this enzyme. One cannot rule out
the possibility that the hydroxide is still at the bridging position
after the formation of the Michaelis complex. Molecular
modeling studies suggested that the hydrolysis takes place
through an in-line attack by the bridging hydroxide (mechanism
B in Scheme 2).15 This mechanistic proposal has also been put
forward for several dinuclear zinc enzymes,16 as well as the
two aforementioned trinuclear zinc enzymes NP16 and endo-
nuclease IV.7

The two suggested mechanisms are thus quite different in
nature. Here, theoretical calculations can be of great value in
discriminating between different substrate binding modes and
reaction mechanisms. In this study, we use the quantum
chemical cluster approach to investigate the reaction mechanism
of PLCBC. We designed a model of the active site on the basis
of the crystal structure (PDB entry: 1AH7),5 and employed the
hybrid functional B3LYP17 to calculate the potential energy
profiles for the two mechanistic scenarios depicted in Scheme
2. This methodology has been successfully applied to study a

wide variety of enzymes.18 In particular, in the last couple of
years, the reaction mechanisms of several dinuclear zinc
enzymes were studied and a large amount of mechanistic insight
was uncovered.19 The quantum chemical approach has been
shown to be accurate enough to distinguish between reaction
mechanisms. The error in B3LYP has been estimated to be 3-5
kcal/mol for this kind of systems.18g For comparing relative
barriers, the accuracy is expected to be higher.

II. Computational Details

The present theoretical calculations were carried out using
density functional theory (DFT) with the B3LYP functional,17

as implemented in the Gaussian03 program package.20 Geometry
optimizations were performed with the 6-311+G(2d) basis set
for the phosphorus and the five oxygen atoms around it (i.e.,
including the oxygens of the nucleophile and the leaving group),
the effective core potential LANL2DZ21 for Zn, and the
6-31G(d,p) basis set for all other atoms. The use of the
6-311+G(2d) basis set is to ensure a proper description of the
pentacoordinated phosphorus complex. On the basis of these
optimized geometries, more accurate energies were obtained by
performing single-point calculations with the larger basis set
6-311+G(2d,2p) for all atoms.

To estimate the effect of the protein surrounding that is not
explicitly included in the quantum chemical model, single-point
calculations on the optimized structures were carried out with
the conductor-like polarizable continuum model (CPCM)22

method at the same level of theory as geometry optimizations.
The dielectric constant was chosen to be 4, which is the standard
value used in modeling protein surroundings. Recent studies
from our laboratory have shown that the effect of the dielectric
surrounding diminishes with a growing model size.23 At a model
size of ca. 150-200 atoms, the effect almost vanishes and the
choice of the dielectric constant thus become irrelevant.
Frequency calculations were performed to obtain zero-point
energies (ZPE) and to confirm the nature of the various
stationary points. In the geometry optimizations, certain atoms
were kept fixed to their crystallographically observed positions
(see below). This procedure gives rise to several small imaginary
frequencies, typically on the order of 10i-30i cm-1. These do
not contribute significantly to the ZPE and can thus be ignored.
However, they make the calculations of the harmonic entropy
effects inaccurate. Therefore, entropy was not considered in the
current study. In any case, entropy effects are expected to be
rather small and do not alter any mechanistic conclusion, as
shown, for example, by QM/MM free energy calculations on
histone lysine methyltransferase.24

III. Active Site Model

The active site model used in the present calculations is
constructed on the basis of the crystal structure of native PLCBC

(PDB entry 1AH7, Figure 1).5 The model consists of the three
zinc ions along with their first-shell ligands. Zn1 and Zn3 are
bridged by Asp122 and a hydroxide. Zn1 is coordinated by
Asp55, His69, and His118, Zn2 is coordinated by His128,
His142, and Glu146, and Zn3 is coordinated by Trp1 and His14.
The amino acid residues were truncated so that in principle only
the functional coordination groups, extended by one or two
carbons, were kept in the model. Thus the histidines were
represented by methylimidazoles, aspartates, and glutamates by
acetates, and the terminal part of Trp1 by aminoacetaldehyde.
A simple model substrate, dimethyl phosphate, was used, which
is adequate for the purposes of this mechanistic study. Hydrogen
atoms were added manually. During the geometry optimizations,

SCHEME 2: Proposed Mechanistic Scenarios for the
Reaction of PLCBC
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truncation atoms were kept fixed at their crystallographically
observed positions to keep the optimized structures close to the
experimental one. These centers are indicated by asterisks in
the figures below.

To study the two mechanisms discussed in the Introduction
(Scheme 2), two models with different substrate binding
modes were devised. In model A, the bridging hydroxide is
assumed to be displaced by one of the substrate oxygens (Oγ).
A water molecule that is supposed to act as the nucleophile
was manually added to coordinate to Zn1 and to form a
hydrogen bond to Asp55 (the assumed base). Model A is
composed of 109 atoms and has an overall charge of +2.
The optimized structure is shown in Figure 2. In the
alternative model B, the substrate was assumed to coordinate

to Zn1 and Zn2 via two of its oxygens, similarly to what has
been suggested for endonuclease IV.25 A water molecule was
added to coordinate to Zn2 and form a hydrogen bond to the
leaving oxygen. This Zn2-bound water could function as a
general acid to protonate the leaving group (OL). A water
molecule occupying a similar position has been observed in
the crystal structure of PLCBC in complex with inorganic
phosphate.26 To make the water molecule coordinate to Zn2
properly, a carboxylate shift of the Glu146 residue was
necessary (see Figure 2). This type of phenomena has also
been observed in endonuclease IV25 and other metalloen-
zymes.27 Model B has a size of 111 atoms and an overall
charge of +1.

Figure 2. Optimized structures for the active site model of PLCBC in two substrate binding modes. Atoms marked with asterisks were fixed at their
X-ray structure positions during the geometry optimizations. Distances are given in angstrom (Å).
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IV. Results and Discussion

IV.1. Mechanism A: Nucleophilic Attack by a Terminal
Water Molecule. We first consider the mechanism in which
the water molecule bound to Zn1 is the nucleophile. In the
optimized structure of substrate binding mode A (A-React in
Figure 2), one of the phosphate oxygens is bridging Zn1 and
Zn3 with quite equal distances, 2.25 and 2.22 Å, respectively.
The other oxygen (O�) is asymmetrically bound between Zn2
and Zn3, with bond distances of 2.05 and 2.76 Å, respectively.
The reactive water molecule coordinates to Zn1 with a distance
of 2.22 Å and forms a hydrogen bond to the Asp55 residue.
Coordination of water to zinc ions is known to lower its pKa

significantly (by 7 units or more),28 which means that Asp55
can take a proton from the water molecule to generate a
hydroxide for the nucleophilic attack. In this mechanism, the
nucleophilic attack is adjacent to the leaving group, and not
from the back side of the leaving group, as is widely accepted
for phosphoesterases.8 According to the rules of Westheimer,29

nucleophilic attack and leaving group departure are likely to
take place only in the axial position of the phosphate. Thus, a
Berry pseudorotation process30 is required for mechanism A,
involving an exchange of two axial ligands (OA and O�) with
two equatorial ligands (Oγ and OL) in the pentacoordinated
trigonal bipyramidal species.

From A-React, the structure of the nucleophilic attack
transition state (A-TS) was optimized and is shown in Figure
3. The barrier is calculated to be 23.8 kcal/mol (22.8 kcal/mol
without solvation). At A-TS, the key distance between the water
oxygen and the phosphorus center (OA-P) is 2.14 Å, and the
distance between leaving methoxide oxygen and phosphorus
(OL-P) is 1.67 Å, slightly increased from 1.58 Å in A-React.
The simultaneous proton transfer from the water molecule to
Asp55 has O-H-O distances of 1.49 and 1.04 Å. It is found
that the hydroxide attack on the phosphorus center results in
the direct elimination of a methanol with a concerted proton
transfer from the attacking hydroxide to the leaving methoxy
anion (CH3O-) to form the product complex (A-Prod in Figure
3). No pentacoordinated intermediate was possible to locate and
the Berry pseudorotation is seen to be part of the concerted
transition state. A More O’Ferral Jencks (MFJ) plot31 shows
that this concerted transition state has a slightly associative
character (see Supporting Information, Figure SI1). The reaction
is calculated to be exothermic by as much as 23.0 kcal/mol (26.1
kcal/mol without solvation).

The energies calculated for this mechanism are summarized
in Figure 4. The experimental rate constants are measured to
be in the range 5-1000 s-1,2a,32 which can be converted to
barriers of around 13-17 kcal/mol using classical transition-
state theory. The calculated barrier for model A (23.8 kcal/mol)
is about 7-10 kcal/mol higher than the experimental one.
Considering that the overall hydrolysis of diethyl phosphate is
exothermic by about 2 kcal/mol,33 the large exothermicity found
for this mechanism indicates that the product complex is very
strongly bound to the trinuclear zinc center and that its release
will have a high barrier. These two facts strongly argue against
the terminal water molecule being the nucleophile in the PLC
reaction.

IV.2. Mechanism B: Nucleophilic Attack by a Bridging
Hydroxide. In the alternative mechanism B, the hydroxide
bridging Zn1 and Zn3 perform the nucleophilic attack.15 This
mechanism was criticized on the basis of the fact that the
bridging hydroxide is replaced by one oxygen of the substrate
analogue 3,4-di-n-hexanoyloxybutyl-1-phosphocholine.11 How-
ever, the other trinuclear zinc enzymes NP1 and endonuclease
IV are assumed to adopt this mechanism. Also, an inhibitor
structure does not necessarily reflect the correct substrate binding
mode. We therefore decided to investigate the energetics of such
a mechanism. The optimized structure of the Michaelis complex
(here termed B-React) for model B is shown in Figure 2. The

Figure 3. Optimized geometries of the transition state and product complex for the phosphatidylcholine hydrolysis by PLCBC in mechanism A. For
clarity, some residues and hydrogen atoms are not shown, and the histidine ligands are represented by only a nitrogen atom in the figures. The full
model can be seen in Figure 2.

Figure 4. Calculated potential energy profile for mechanism A.
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substrate coordinates to Zn1 and Zn2 with two of its phosphate
oxygens, with a Zn1-Oγ distance of 2.21 Å and a Zn2-O�

distance of 2.06 Å. A weak interaction is observed between
the substrate and the Zn3 ion (Zn3-O�: 3.59 Å). There is also
a hydrogen bond between the leaving oxygen (OL) and the Zn2
bound water molecule. These interactions help to orient the
substrate such that there is a nearly straight line between OA-P-
OL, with an angle of 175.6°. The improper dihedral angle
O�-P-OR-Oγ is 136.8°, to be compared to 121.9° formed by
Oγ-P-OR-OL in A-React. This indicates a more accessible
conformation for nucleophilic attack in B-React. The OA-P
distance is 2.92 Å and the substrate in this binding mode is
thus well-arranged for the nucleophilic attack.

In general, the nucleophilic attack can result in a pentaco-
ordinated trigonal bipyramidal intermediate, like in
phosphotriesterase,19a DNA polymerase �,9f DNA polymerase
IV,9g ribonuclease A,9j and ribonuclease H,9k for example.
However, in the case of PLC, a concerted SN2-type transition
state B-TS1 (Figure 5) was found, without the formation of a
pentacoordinated intermediate. This is similar to the results
found for endonuclease IV,25 myosin,9o cAMP-dependent protein
kinase,9p cyclin-dependent kinase Cdk2,9q human uridine-
cytidine kinase 2,9s and RNase Z.19f We find that the nucleophilic
attack occurs directly from the bridging position, similarly to
all the dinuclear zinc enzymes studied previously.19 Two proton
transfers take place concertedly at the same B-TS1 transition
state. The Zn2-bound water molecule protonates the leaving
group, facilitating thereby its release, while Asp55 abstracts a
proton from the bridging hydroxide, increasing thereby its
nucleophilic power. The nature of B-TS1 was confirmed to have
an imaginary frequency of 195i cm-1, corresponding to the
OA-P bond formation and P-OL bond cleavage, coupled with
proton transfers from the bridging hydroxide to Asp55 and from
the Zn2-bound water to OL. The barrier is calculated to be 17.3
kcal/mol (20.9 kcal/mol without solvation), which is 6.5 kcal/
mol lower than the barrier obtained for mechanism A. At B-TS1,
the nascent P-OA bond is 1.73 Å, and the scissile P-OL bond
is 2.06 Å. The Zn1-Oγ and Zn3-O� distances become
considerably shorter (2.05 and 2.31 Å, respectively), which
indicates these two zinc ions provide electrostatic stabilization
to the transition state, thereby lowering the barrier. As in the
case of A-TS, MFJ analysis (Supporting Information, Figure
SI2) shows that B-TS1 is slightly associative. Downhill from
B-TS1, the intermediate B-Int1 is formed (Figure 5), in which
the protonated leaving alcohol has dissociated and a hydroxide

is bound to Zn2. This species is calculated to be only 0.1 kcal/
mol (1.5 kcal/mol without solvation) higher than B-React. The
leaving alcohol can easily be released to the solution as it is
only hydrogen-bonded to the Zn2 bound hydroxide.

After the release of the alcohol, the following steps involve
the regeneration of the bridging hydroxide which can start a
new catalytic cycle. Two possibilities can be envisioned here.
In the first, the newly generated Zn2-bound hydroxide acts as
a nucleophile to reverse the reaction. In the second, it acts as a
base to activate a water molecule that attacks the phosphorus
center. Both these two scenarios were considered here.

To study the nucleophile mechanism, we simply removed
the alcohol from B-Int1 and reoptimized the structure (called
B-Int2a, Figure 6). We then optimized the transition state for
the hydroxide attack at the phosphorus center (B-TS2a, Figure
6). The barrier is calculated to be only 8.1 kcal/mol (3.9 kcal/
mol without solvation) relative to B-Int2a, and the step is
calculated to be exothermic by 3.9 kcal/mol (7.1 kcal/mol
without solvation). This nucleophilic attack results in the direct
cleavage of the P-OA bond and the formation of the product
complex (B-Proda, Figure 6), completing hence the catalytic
cycle. At B-TS2a, the P-Oδ distance is 2.20 Å, while the P-OA

bond distance is 1.70 Å. Simultaneously, a proton is transferred
back from Asp55 to the bridging oxygen (OA). Thus, Asp55
acts first as a general base to accept a proton from the bridging
hydroxide and then as a general acid to offer a proton to
regenerate the bridging hydroxide. This is similar to the function
of Asp67 in the dinuclear zinc enzyme RNase Z.19f The results
thus explain why Asp55 is a critical residue for catalysis, as its
mutation results in a 106-fold drop in activity.13c

Due to the weaker interaction between Zn2 and Oδ in
B-Proda, Glu146 is now bound in a bidentate fashion to Zn2.

To investigate the alternative base pathway, the alcohol of
B-Int1 was replaced by a water molecule to form B-Int2b
(Figure 6). Due to the similar pKa values of hydroxide and
methoxide, this path looks like a mirror image of the first half-
reaction. The transition state B-TS2b (Figure 6) is found to have
a geometry similar to that for B-TS1. The barrier is calculated
to be 18.9 kcal/mol (18.6 kcal/mol without solvation) relative
to B-Int2b. This is 10.8 kcal/mol (15.7 kcal/mol without
solvation) higher than that for the direct Zn2-bound hydroxide
attack. Thus, the calculations show that there is no need of an
additional water molecule for the formation of the final product
and the regeneration of the bridging hydroxide.

Figure 5. Optimized geometries of the transition state and intermediate in mechanism B.
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The energies calculated for mechanism B are summarized in
Figure 7. The first step determines the reaction rate with a barrier
of 17.3 kcal/mol. This agrees very well with the 13-17 kcal/
mol barriers estimated from the experimental rate constants.2a,32

IV.3. Deuterium Isotope Effect. On the basis of solvent
viscosity experiments coupled with the observed normal deu-
terium isotope effect (kH/kD ) 1.9), a proton transfer was
implicated in the rate-determining step.34 It seems that a zinc-
bound water molecule may not be a viable option for the
nucleophilic attack in PLCBC, since inverse isotope effects have
been detected for several enzymes that utilize zinc-bound waters

as nucleophiles, such as AMP deaminase,35 thermolysin,36

stromelysin,37 and desuccinylase.38

Here, we have calculated the deuterium isotope effects for
both mechanism A and B. This was done by recalculating the
zero-point energies from the harmonic frequencies using the
mass of deuterium instead of proton for the water molecule
bound to Zn1 in mechanism A and Zn2 in mechanism B. The
computed ZPE difference is then converted to isotope effect
using classical transition-state theory.

For mechanism B, the calculations yield a normal isotope
effect of 2.2, which is derived from a barrier increase of 0.47

Figure 6. Optimized geometries for the intermediates, transition states, and products for the second half of mechanism B.

2538 J. Phys. Chem. B, Vol. 114, No. 7, 2010 Liao et al.



kcal/mol. This value is very close to the experimental one of
1.9.34 For mechanism A, however, the barrier increases by only
0.02 kcal/mol, corresponding to a normal isotope effect of 1.04.
These findings, thus, further corroborate the results discussed
above, namely that mechanism B is more favored and that the
bridging hydroxide is the nucleophile.

V. Conclusions

In the present paper, the reaction mechanism of phosphodi-
ester hydrolysis by PLCBC has been investigated using the hybrid
DFT method B3LYP. Two quantum chemical models based on
two different mechanistic scenarios were devised and transition
states and intermediates along the reaction pathways were
located. Our results show that the reaction mechanism shown
in Scheme 3 is energetically more feasible. The phosphate group
of the substrate binds to the trinuclear zinc cluster mainly
through direct coordination to Zn1 and Zn2, and hydrogen
bonding to the Zn2-bound water molecule. The hydroxide
bridging Zn1 and Zn3 makes the nucleophilic attack on the
phosphorus center, concertedly with the dissociation of the
leaving alkoxide, which takes a proton from the Zn2-bound
water molecule. In the subsequent step, the Zn2 bound hydroxide
makes a reverse attack, resulting in the regeneration of the
bridging hydroxide. The first step is rate-limiting and the barrier
is calculated to be 17.3 kcal/mol, in good agreement with
experimental kinetic studies. In this mechanism, all three zinc
ions provide catalytic power by electrostatic stabilization of the
transition states. Asp55 acts first as a general base to accept a

proton from the bridging hydroxide in the first step, and then
as a general acid to return it in the second step.
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Högbom, M. J. Biol. Chem. 2006, 281, 4993–4999. (b) Moche, M.; Shanklin,
J.; Ghoshal, A.; Lindqvist, Y. J. Biol. Chem. 2003, 278, 25072–25080. (c)
Andersson, M. E.; Högbom, M.; Rinaldo-Matthis, A.; Andersson, K. K.;
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