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M3-Oxo stabilized by three metal cations is a sufficient nucleophile
for enzymatic hydrolysis of phosphate monoesters
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Diverse species have previously been proposed to be effective nucleophiles in enzymatic hydrolysis of phosphate esters. A

novel penta-metal cluster (two Fe** and three Ca>) was recently discovered in the active site of PhoX alkaline phosphatase,

with the revelation of an architecture of ps-oxo bridging one Ca>* and two antiferromagnetically coupled Fe*'. In this work,
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using density functional theory calculations, the ps-oxo stabilized by three cations has been demonstrated to be a new
type of effective nucleophile. The calculations give a strong support to the “ping-pong” mechanism involving the

nucleophilic attack of the psz-oxo on the substrate phosphor and the subsequent hydrolysis of the covalent phospho-

www.rsc.org/

enzyme intermediate. A base mechanism with the ps-oxo acting as a general base to activate an additional water has

further been demonstrated to be inaccessible. The results advance the understanding of enzymatic hydrolysis of

phosphate esters and may give important inspiration for the exploration of multinuclear biomimetic catalysts.

1 Introduction

Enzymatic hydrolysis of phosphate esters play significant roles
in various biological processes such as biological detoxification,
energy and signal transduction, the replication of the genetic
material, etc."® In such reactions, the nucleophile mechanism
initiated by a nucleophilic attack on the substrate phosphor is
widely employed.”™ Diverse species have been proposed to
be effective nucleophiles (Fig. 1), including the cysteine
thiolate (protein tyrosine phosphatases),”'18 the serine
alkoxide (PhoA alkaline phosphatases),lg'22 the terminal
hydroxide coordinating to one metal ion (a few purple acid
phosphatasesza’24 and 3'-5' exonucleaseszs’zs), and especially
the bridging hydroxide stabilized by two metal cations
(phosphotriesterase,27'29 Ser/Thr protein phosphatases,3°'32
phospholipase G,*® nuclease P1,** RNase 7% etc). Quite
recently, a novel penta-metal cluster (two Fe* and three Ca2+)
was discovered in the active site of PhoX alkaline phosphatase
from Pseudomonas fluorescens (Fig. 2.A), with the revelation
of an architecture of ps-oxo bridging three of the metals (one
ca® and two antiferromagnetically coupled Fe3+). PhoX
catalyzes the hydrolysis of phosphate monoesters ranging
from alkyl to aryl phosphates (Fig. 2.B)."”” The PhoX reaction
mechanism turns out to be very attractive for the
understanding of the chemistry of phosphate ester hydrolysis.
Does PhoX also employ the nucleophile mechanism? In
particular, can the psz-oxo stabilized by three cations serve as a
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new type of nucleophile in the hydrolysis of phosphate esters?
The scrutiny into this is of significance for the interpretation of
this new piece in phosphate ester hydrolysis and may give

useful inspiration to the exploration of multinuclear
biomimetic catalysts.
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Fig. 1 Diverse nucleophiles in enzymatic hydrolysis of phosphate esters, including
cysteine thiolate (A), serine alkoxide (B), terminal hydroxide (C), u,-bridging hydroxide
(D), and ps-bridging oxo (E).

In the present work, using unrestricted density functional
theory (UDFT) with the hybrid functional B3LYP,***® we have
investigated the reaction mechanism of PhoX alkaline
phosphatase. Two substrates were considered, i.e., methyl and
p-nitrophenyl phosphates, which represent alkyl and aryl
phosphates, respectively. We here present the energetics for
the PhoX-catalyzed hydrolysis of methyl and p-nitrophenyl
phosphates and provide the characterization of the stationary
points involved. It has been demonstrated that the
nucleophilicity of the ps;-oxo stabilized by three cations is
sufficient to be utilized in the hydrolysis of phosphate
monoesters.
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Fig. 2 Overall view of the PhoX structure and close-up view of the active site with a Pi
bound (A), and hydrolysis of phosphate monoesters catalyzed by PhoX alkaline
phosphatase (B). Coordinates from PDB entry 4ALF were used to generate the pictures
in A. The water molecules are referred to as W. The ps-oxo is indicated by O,.
Schematic ligand interactions in the PhoX active site are given in Fig. S1 in the
Electronic Supplementary Information (ESI).

2 Computational methods

All calculations were performed using unrestricted density
functional theory (UDFT) with the hybrid functional B3LYP3*3®
as implemented in the Jaguar 7.6 package.39 Geometry
optimizations were carried out with the lacvp basis set for
the Fe and Ca atoms, the 6-311+G(d) for P, the 6-31G(d,p) for
waters, the functional groups of residues, and the substrate
atoms except for P, and the 6-31G for the alkyl chains of
residues. Based on the optimized geometries, more accurate
energies were obtained by performing single point calculations
with larger basis sets, i.e. lacv3p+ for Fe and Ca and cc-pvtz(-f)
for other elements. To estimate the effects of the protein
environment on the calculated energies, solvation effects were
calculated at the same theory level as the optimizations by
performing single point calculations on the optimized
structures using the self-consistent reaction field method with
a Poisson-Boltzmann solver’* and a dielectric constant (g) of
4 which is a standard value that has been used in many
previous studies. ™ Using Gaussian 03,% frequency
calculations were performed at the same theory level as the
optimizations to obtain zero-point energies (ZPE) and to
confirm the nature of the stationary points. As mentioned later,
some atoms were kept fixed to their X-ray crystal positions. An
investigation of varying constraints with acetylene hydratase47
as an example indicates that the coordinate error has very
small effect on the calculated energies when the resolution of
the starting crystal structure is better than 2.0 A (1.25 A in the
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present case).12 Another study of phosphotriesterase48 also
shows that the energy differences between with and without
atom fixation are not of such a magnitude that they will alter
any conclusion about the mechanism. Dispersion corrections
were calculated using the empirical formula by Grimme et al.
(i.e., DFT-D3).**? The energies reported here have been
corrected for solvation, zero-point vibrational, and dispersion
effects. The present procedure has been well
benchmarked***>#8°3>% 3nd successfully used to study a large
number of enzyme mechanisms in the past decade. A
comprehensive review has been written recently.43

3 Results and discussion

The X-ray crystal structure of PhoX (PDB code: 4ALF)12 was
used to build a model of the PhoX active site (see Fig. 3). The
chemical model contains the five metal ions (two Fe** and
three Ca”), the bridging ps-oxo (0,), the first-shell ligands
(Glu90, Glul94, Glu273, Glu387, Glu532, Asp292, Asp479,
Asp494, Cys179, and six water molecules), and four second-
shell residues (Asp69, Thr534, Arg385 and GIn550) which are
hydrogen bonding to the first-shell ligands. To reduce the size,
some truncations were made so that in principle the side
chains of residues were kept. To preserve the spatial
arrangement of the residues, the atoms where the truncations
have been done were kept frozen to their X-ray crystal
positions. This procedure has been indicated by careful
benchmarks to have little effect on the calculated energies.”’48
The total charge of the model is -1 and the total number of
atoms without substrates included is 186.

With methyl phosphate included, the present model of the
PhoX active site was optimized at diverse electronic states (see
Table S1 in the ESI). The ground state of enzyme-substrate
complex (referred to as React,.) was found to be at the singlet
state with the two high-spin iron cations antiferromagnetically
coupled (Table S1), consistent with the experimental finding.12
In React,,, the unpaired spins at Fe, and Feg are computed to
be 3.94 and -4.09, respectively, with a little delocalization at
the O, atom (-0.21). The substrate is tightly bound by the
metal cluster (see Figs. 3 and 4). It is shown that two
phosphoryl oxygens respectively coordinate to Fe, and Feg (the
two O-Fe distances are 2.22 and 2.16 A, respectively) and the
third phosphoryl oxygen binds to Cag and Ca.. The ester
oxygen (denoted by Oy,) is hydrogen bonding to a water bound
by Cac (named by W¢). With this, the phosphor center is
located at a distance of 2.82 A to O,, a reasonable distance for
the initial step of nucleophilic attack.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 Optimized structure of the PhoX active site with a methyl phosphate bound (A) and its schematic structures without (B) and with (C) substrate shown. For clarity, some
atoms are omitted (e.g. the Ca, in C). Asterisks indicate the atoms which are fixed to their X-ray positions. Water molecules are denoted by W. All distances are in angstrom (A).

From React,., a transition state (TSye Fig. 4) for the
nucleophilic attack of O, on the substrate phosphor has been
optimized and confirmed to be a first-order saddle point with
an imaginary frequency of 116/ cm™™. This step turns out to be
a Sy2-type concerted displacement, i.e., simultaneously with
the O,-P bond formed, the P-O,; ester bond is broken. It can
thus be called by phosphoryl transfer. In TS, the key
distances of the phosphor to the O, and the leaving group
oxygen (Oy) are 1.96 and 1.88 A, respectively. The phosphoryl
transfer results in a covalent phospho-enzyme intermediate
(Intpe, Fig. 4), with a O,-P bond distance of 1.64 A. It is
interesting to find that the leaving methoxide is immediately
protonated by the Cac-activated W. water, leading to a Cac-
stabilized hydroxide (OcH) and a free methanol product
hydrogen-bonding to the former. The former most likely acts
as another nucleophile in the next step of the hydrolysis of the
phospho-enzyme intermediate. Furthermore, the More-
O’Ferral-Jencks (MFJ) plot (Fig. 4),>>*® which defines the
reaction pathway in terms of the O,-P and P-O, distances,
indicates that the nature of phosphoryl transfer is concerted
associative.

With solvation effects of the surrounding protein and
dispersion effects added, the phosphoryl transfer is calculated

This journal is © The Royal Society of Chemistry 20xx

to have a barrier of 11.8 kcal/mol (Fig. 5.A). This clearly
demonstrates that this step is energetically accessible and the
M3-oxo stabilized by three metal cations is nucleophilic enough
to be utilized in the phosphoryl transfer. In this step, the Lewis
acidic metal ions may play a role to stabilize the negative
charge developing in the nucleophilic attack, thereby lowering
the energy barriers. The resultant intermediate (Inty,) lies 7.8
kcal/mol lower than React,. showing a quite large
exothermicity.

We also examined the dissociative mechanism, where the
covalent bond between the phosphor center and the O
oxygen is already broken before the O,-P bond is formed,
leading to a positive-charge-increased tri-coordinated
metaphosphate intermediate (see Scheme S1 in the ESI).
However, any attempts to optimize this tri-coordinated
metaphosphate intermediate failed and all resulted in the
penta-coordinated intermediate described earlier. This may
implies that the dissociative mechanism does not exist in PhoX.
The same results (associative mechanism instead of
dissociative mechanism) have been found in the cases of
phosphotriesterase (di-zinc enzyme)27 and PhoA alkaline
phosphatase (tri-metal enzyme).21 A possible reason for the
achievement of associative mechanism in these three enzymes

J. Name., 2013, 00, 1-3 | 3
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is that the parts directly binding to phosphate moiety are
positively charged, including several metal cations. These local
cationic surroundings most likely prefer an associative
mechanism, in which negative charge is increased during the
catalysis.57
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Fig. 4 Optimized structures of stationary points for the phosphoryl transfer in the
methyl phosphate hydrolysis and the corresponding More—QO’Ferral-Jencks (MFJ) plot.
For clarity, ligands are omitted except for some key water molecules. All distances are
indicated in angstrom (A). In the MFJ plot, the key distances of the phosphor to the
leaving group oxygen (P-O) and the nucleophile oxygen (P-O,) are given in square
brackets, and relative energies (kcal/mol) are provided in parentheses.
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O, to be 2.07 and 1.77 A, respectively. By the frequency
analysis and MFJ plot (Fig. 6), the nature of TSgy has also been
confirmed to be a Sy2-type concerted associative displacement,
that is, the W¢ water performs the nucleophilic attack on the P
center to replace the pz-oxo (meanwhile, one proton of W¢ is
transferred back to the OgH’). The displacement, also named
by the hydrolysis of phospho-enzyme intermediate, leads to a
product of inorganic phosphate and a regenerated active site
(Prod, Fig. 6).
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Fig. 5 Potential energy profiles for the phosphoryl transfer (A) and the hydrolysis of
phospho-enzyme intermediate (B) in the PhoX-catalyzed reactions. Methyl: methyl
phosphate. p-Nitrophenyl: p-nitrophenyl phosphate.
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Fig. 6 Optimized structures of stationary points in the hydrolysis of phospho-enzyme
intermediate and the corresponding More—0’Ferral-Jencks (MFJ) plot.

When the methanol product was removed from Int,,., the
OcH lost the hydrogen bond to the methanol and then was
immediately protonated by an adjacent water coordinating to
Cag (see Intgy in Fig. 6), resulting in a new Cac-bound water
(W¢) and a Cag-stabilized hydroxide (OgH). In Intgy, the W¢
oxygen (O¢) is 3.34 A away from the phosphor and orientated
at a perfect position to attack on the phosphor from the
opposite side of O. A transition state of this kind (TSeu, Fig. 6)
has been optimized with the distances of the P to the O¢ and

4| J. Name., 2012, 00, 1-3

The barrier of this step (16.9 kcal/mol) is predicted to be
higher than that of phosphoryl transfer (11.8 kcal/mol) (Fig.
5.B), indicating that the hydrolysis of phospho-enzyme
intermediate is rate-limiting in the overall reaction. This result,
along with an endothermicity of 10.5 kcal/mol in the second
step (Fig. 5.B), probably implies that the ps;-oxo stabilized by
three cations may be a stronger nucleophile than the
hydroxide bound by one metal ion. On the other hand, the
binding of an oxygen species (probably an original water) to
three metal ions may significantly lower its pK,, thus
facilitating the formation and stabilization of a ps;-oxo species.

The PhoX-catalyzed hydrolysis of p-nitrophenyl phosphate
follows the same pattern as the case of methyl phosphate and
similar stationary points have been optimized (see Fig. 7). The
transition state (TSpnp) for the step of phosphoryl transfer was
also shown to be Sy2-type concerted associative. In TSy, the
0,-P and P-Oy, distances are computed to be 2.13 and 1.99 A,
respectively, which are slightly longer than the corresponding
distances in TSme (1.96 and 1.88 A), indicating that the nature

This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins




Page 5 of 7

Dalton Transactions

of phosphoryl transfer trends toward the dissociative direction
when the pK, of the leaving group decreases.
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Fig. 7 Optimized structures of stationary points for the phosphoryl transfer in the p-
nitrophenyl phosphate hydrolysis and the corresponding More—O’Ferral-Jencks (MFJ)
plot.

Since p-nitrophenolate is a better leaving group, it is
reasonable to observe that the barrier (9.2 kcal/mol) is 2.6
kcal/mol lower than that in the case of methyl phosphate (Fig.
5.A). The resulting p-nitrophenolate was not protonated by the
W. water due to its low pK,. To perform the second
displacement, the W water may be activated by other general
base or the hydroxide from solution. For all phosphate
monoester substrates, the step of the phospho-enzyme
hydrolysis may be identical as the nucleophile (OcH) and the
leaving group (p3-oxo) are probably reserved.

In phosphotriesterase (PTE) a base mechanism was also
suggested, in which the bridging hydroxide acts as a base
(instead of a nucleophile) to abstract a proton from a water
molecule leading to another hydroxide and then the resultant
hydroxide performs a nucleophilic attack on the substrate
phosphor (see Scheme $2).°% Although this kind of base
mechanism has been demonstrated to be unfavorable in PTE
by the X-ray crystal structures and DFT calculations,28 it is still
necessary to examine its feasibility in the present case of PhoX.
Based on the chemical model of Fig. 3, an additional water
molecule (Wat) was added to optimize an enzyme-methyl
phosphate complex with the Wat coordinated to the Feg ion
(denoted by Reacty,, Fig. S2 in the ESI). From Reacty,s, a
transition state (TSpase, Fig. S2) with the Wat oxygen attacking
the P has been optimized. In TSy, the distances of the
phosphor to the leaving group oxygen and the added water
oxygen (O,4) are 2.32 and 1.86 A, respectively. It has been
confirmed by the frequency analysis that simultaneously with
the O,4-P bond formation, one Wat proton is transferred to

This journal is © The Royal Society of Chemistry 20xx
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the pz-oxo (O), indicating that the ps-oxo serves as a general
base to activate the attacking water. This step results in an
enzyme-product complex (Prody.s., Fig. S2) which is quite
similar to the crystal structure of PhoX with inorganic
phosphate bound.*? For example, the O-P, O -Fe,, O,-Feg, and
O,-Ca, distances in Prody,s are 2.93 2.09, 1.98, and 2.46 A
respectively, to be compared to the crystallographic distances
of 2.84, 1.98, 1.95, and 2.40 A respectively. Therefore, the
base mechanism in PhoX could not be simply ruled out by the
geometrical analysis. However, the energy barrier is calculated
to be very high (33.8 kcal/mol), a value that indicates the
infeasibility of base mechanism in PhoX.

4 Conclusions

In summary, the calculations present strong evidences to the
hypothesized "ping-pong" mechanism in the PhoX-catalyzed
hydrolysis of phosphate monoesters,12 where two Sy2-type
chemical displacements take place, i.e., the phosphoryl
transfer initiated by the nucleophilic attack of the ps-oxo on
the substrate phosphor and the subsequent hydrolysis of the
covalent phospho-enzyme intermediate. In the catalytic cycle,
the configuration at the phosphor center is retained and the
Ms-oxo oxygen is always conserved in the active site. In
particular, it has been demonstrated that the ps-oxo stabilized
by three metal cations is a new type of nucleophile whose
nucleophilicity is sufficient to be utilized in the hydrolysis
reaction, a feature that advances the understanding of this
missing piece in enzymatic hydrolysis of phosphate esters and
may be inspiring for the exploration of multinuclear
biomimetic catalysts. Furthermore, a base mechanism, where
the ps-oxo acts as a general base (instead of a nucleophile) to
activate the nucleophilic water molecule, has been
demonstrated to be unreachable in PhoX.
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