
UCLA
UCLA Previously Published Works

Title
Conservative Tryptophan Mutants of the Protein Tyrosine Phosphatase YopH Exhibit Impaired 
WPD-Loop Function and Crystallize with Divanadate Esters in Their Active Sites

Permalink
https://escholarship.org/uc/item/8wg4n0pm

Journal
Biochemistry, 54(42)

ISSN
0006-2960

Authors
Moise, Gwendolyn
Gallup, Nathan M
Alexandrova, Anastassia N
et al.

Publication Date
2015-10-27

DOI
10.1021/acs.biochem.5b00496
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/8wg4n0pm
https://escholarship.org/uc/item/8wg4n0pm#author
https://escholarship.org
http://www.cdlib.org/


Conservative Tryptophan Mutants of the Protein Tyrosine
Phosphatase YopH Exhibit Impaired WPD-Loop Function and
Crystallize with Divanadate Esters in Their Active Sites
Gwendolyn Moise,† Nathan M. Gallup,‡ Anastassia N. Alexandrova,‡,§ Alvan C. Hengge,*,†

and Sean J. Johnson*,†

†Department of Chemistry and Biochemistry, Utah State University, Logan, Utah 84322-0300, United States
‡Department of Chemistry and Biochemistry, University of California, Los Angeles, California 90095-1569, United States
§California Nanosystems Institute, University of California, Los Angeles, California 90095-1569, United States

*S Supporting Information

ABSTRACT: Catalysis in protein tyrosine phosphatases (PTPs) involves move-
ment of a protein loop called the WPD loop that brings a conserved aspartic acid
into the active site to function as a general acid. Mutation of the tryptophan in the
WPD loop of the PTP YopH to any other residue with a planar, aromatic side chain
(phenylalanine, tyrosine, or histidine) disables general acid catalysis. Crystal
structures reveal these conservative mutations leave this critical loop in a catalytically
unproductive, quasi-open position. Although the loop positions in crystal structures
are similar for all three conservative mutants, the reasons inhibiting normal loop
closure differ for each mutant. In the W354F and W354Y mutants, steric clashes
result from six-membered rings occupying the position of the five-membered ring of the native indole side chain. The histidine
mutant dysfunction results from new hydrogen bonds stabilizing the unproductive position. The results demonstrate how even
modest modifications can disrupt catalytically important protein dynamics. Crystallization of all the catalytically compromised
mutants in the presence of vanadate gave rise to vanadate dimers at the active site. In W354Y and W354H, a divanadate ester
with glycerol is observed. Such species have precedence in solution and are known from the small molecule crystal database. Such
species have not been observed in the active site of a phosphatase, as a functional phosphatase would rapidly catalyze their
decomposition. The compromised functionality of the mutants allows the trapping of species that undoubtedly form in solution
and are capable of binding at the active sites of PTPs, and, presumably, other phosphatases. In addition to monomeric vanadate,
such higher-order vanadium-based molecules are likely involved in the interaction of vanadate with PTPs in solution.

P rotein tyrosine phosphatases (PTPs) catalyze the
dephosphorylation of Tyr residues, functioning in concert

with protein tyrosine kinases (PTKs) to modulate signal
transduction pathways.1−4 One of the most-studied PTPs is the
Yersinia protein tyrosine phosphatase YopH. YopH is an
essential virulence factor in Yersinia, a bacterial genus that
includes three species causative of human illness, ranging from
gastrointestinal disease to bubonic plague.5 YopH is also one of
the most powerful phosphatases known, with kcat values of
∼1300 s−1 for physiological phosphopeptide substrates at 30
°C.6,7 Given the rate constant of ∼10−20 s−1 for the uncatalyzed
hydrolysis of phosphate monoester dianions, YopH is one of
the most efficient enzymes known.8 Another well-studied PTP
is PTP1B, a human phosphatase with a number of roles that
include regulation of the insulin receptor protein. PTP1B and
YopH have highly superimposable active sites and the same
mechanism, although catalysis by PTP1B is 1 order of
magnitude slower.
PTPs catalyze the hydrolysis of tyrosine phosphate esters by

a two-step mechanism (Figure 1) via a phosphoenzyme
intermediate.2,3 The phosphoryl group binds in a conserved
element known as the P-loop, a signature motif with the

sequence CX5R that includes the nucleophilic cysteine, a
conserved arginine, and a semicircular arrangement of back-
bone amide groups. Substrate binding in PTPs favors the closed
conformation of a flexible loop bearing the conserved sequence
WPD. This loop contains a conserved aspartic acid that
functions as a general acid in the first chemical step, and as a
general base in the second (Figure 1).9,10 In the closed
conformation, the WPD loop brings the conserved Asp residue
up to 8 Å closer to the bound substrate.11−15 Although the
open- and closed-loop forms of the active sites of YopH and
PTP1B superimpose well with one another, the loops move at
significantly different rates in the two enzymes and respond
differently to mutation of the W residue.16 The W354F mutant
of YopH has lost general acid catalysis and crystallizes with this
loop in an intermediate, quasi-open position. In contrast, the
corresponding W179F mutation in PTP1B has no significant
structural effect, and causes a minor reduction in rate.17
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Crystal structures of the W354F mutant of YopH obtained in
the presence and absence of ligands show the same quasi-open
loop position. Furthermore, a structure obtained with vanadate
revealed a bridged divanadate molecule at the active site.18 Such
a species would be rapidly hydrolyzed by general acid catalysis
in the native enzyme, leaving behind the monomeric form
typically observed in the active sites of phosphatases crystallized
in the presence of vanadate. Thus, the loop-compromised
mutant permitted the visualization of a vanadate species that
likely forms and competes with substrate in solution but has
not been observed in crystals of a functional phosphatase. The
W354F instance was the first such example of which we are
aware.
We report here results with two additional mutations to

YopH that also impair the WPD loop and disable general acid
catalysis. Crystals of these enzymes show the presence of an
ester complex formed between divanadate and glycerol; the
latter was added only after crystallization, as a cryoprotectant.
These results demonstrate that vanadate oligomers bind to
PTPs, and that interactions with ester-forming molecules in
solution can rapidly result in new species bound at the active
site. Previous studies have shown that effects from confinement,
and local interactions with membrane interfaces, have effects on
the coordination chemistry of vanadium.19,20 It is, therefore, not
surprising that an active site environment can provide
stabilization to species that cannot be observed in solution. A
computational analysis of the bonding in the divanadate
glycerol ester was performed to examine how it differs from
analogous complexes in small molecule crystals and compared
to divanadate alone. The results provide insight into the effect
of the active site environment on the formation and stability of
such species.
Together, the results reported here give new insights into

how even conservative mutations affect WPD-loop movement
in YopH, provide new examples of oligomeric vanadate species
that can form and occupy the active site of PTPs, and reveal
how the local environment affects the chemical bonding of such
species. The computational results permit a comparison of how
bonding within the divanadate moiety is affected by
coordination with glycerol and how these protein-bound
species compare with analogous structures found in the small
molecule crystal database.

■ MATERIALS AND METHODS

Chemicals. IPTG and DTT were purchased from GoldBio.
All other buffers and reagents were purchased from Sigma-

Aldrich. p-Nitrophenyl phosphate (p-NPP) was made and
purified as previously described.21 Crystal trays and coverslips
were purchased from Hampton Research.

Protein Expression and Purification. The YopH mutants
were made using the Qiagen QuikChange Lightning Site-
directed Mutagenesis Kit. Primers were designed according to
directions in the protocol. The W354Y and W354H mutations
were introduced using complementary primers where the
primers in the forward direction were GTG GTT CAT GTT
GGC AAT TAT CCC GAT CAG ACC GCA GTC AGC and
G GTT CAT GTT GGC AAT CAT CCC GAT CAG ACC
GCA GTC AGC TCT G, respectively. Both mutants were
expressed and purified as previously described and showed 99%
purity on a sodium dodecyl sulfate−polyacrylamide gel
electrophoresis gel.18

Crystallography. Crystals were grown by hanging drop
vapor diffusion at room temperature (22 °C). Crystals of YopH
mutants W354H and W354Y were grown with a well solution
of 0.1 M HEPES buffer (pH 7.5) and 15−28% polyethylene
glycol (PEG) 3350. The crystals grew best in the higher PEG
concentration range (20−26%), but crystals can be seen
throughout the range. The drop consisted of 2 μL of well
solution and 3 μL of protein solution (15 mg/mL enzyme in
100 mM sodium acetate, 100 mM NaCl, 1 mM EDTA, and 1
mM DTT). Crystals appeared in 3−5 days. Crystal
optimization was achieved by microseeding. Crystals were
prepared for cryocooling by being transferred into a
stabilization solution containing increasing concentrations of
glycerol, starting at 0% and increasing by 5% increments to a
final concentration of 20% (5 min/step). The crystals were
then flash-frozen in liquid nitrogen and stored under liquid
nitrogen.
Crystals in complex with vanadate were grown by incubating

protein with sodium metavanadate (Na3VO4) at a 1:5 molar
ratio, where protein/Na3VO4 solution was left to interact for 30
min on ice prior to cocrystallization. A stock solution of
Na3VO4 was made up to a concentration of 106.4 mM in dilute
NaOH as previously described22 and mixed with the protein
solution, and then the combined solution was added to the
drop. The concentration of the sodium metavanadate solution
was checked by UV spectroscopy at 260 nm.23 Vanadate-bound
crystals grew best in the lower PEG concentration range (16−
20%), and microseeding was required to obtain crystals.

Data Collection and Validation. Crystals were screened
on a home source X-ray system, and diffraction data were
collected at the Stanford Radiation Lightsource (SSRL). Data

Figure 1. Mechanism of hydrolysis by protein tyrosine phosphatases (PTPs). In the first step, nucleophilic attack by a conserved cysteine is
concerted with leaving group departure and protonation by aspartic acid. Subsequent hydrolysis of the phosphocysteine intermediate regenerates
free enzyme.
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were processed using HKL2000.24 Molecular replacement was
performed with Phaser25(as implemented in either CCP426or
Phenix27) using wild-type (WT) YopH [Protein Data Bank
(PDB) entry 1YPT]28 as a search model. Model building,
refinement, and validation were performed using Coot,29

Phenix,30 and MolProbity31 (Table 1). The structures are
deposited as PDB entries 4ZN5, 4YAA, 4ZI4, and 4Z6B.
Pymol32 was used to align structures and create figures.
Kinetics. The pH−rate profiles for WT YopH and both

mutants were collected using real-time and end point kinetics in
the pH range of 4.5−8.5 with the substrate p-NPP. The
conditions were 0.1 M buffer base mix (100 mM sodium
acetate, 100 mM Tris, and 100 mM HEPES). Substrate
concentrations ranged from 1/8KM to 5KM. Unless otherwise
specified, inhibition experiments were conducted at the pH
optimum of 5.5 at 23 °C in a 96-well plate in 100 mM acetate
buffer and 100 mM sodium chloride with 1 mM DTT. The
vanadate inhibitor concentrations ranged from 0.01 to 5.0 μM.
Substrate concentrations ranged from 0.30 to 12 mM p-NPP.
Formation of p-nitrophenol from p-NPP was assayed at 400 nm
using a VersaMax 96-well microplate reader. End point
reactions were quenched with the addition of 10 N NaOH
after reaction times ranging from 1.5 to 30 min. Glycerol
inhibition experiments were conducted using a vanadate

concentration of 32 μM at pH 5.5 with concentrations of
glycerol from 0 to 275 mM (Figure S3). Enzyme concen-
trations in stock solutions were determined using a NanoDrop
ND-1000 spectrophotometer.

Computational Methods. For both W354F and W354Y,
the relevant region was extracted from the enzyme for
computational study. This region consisted of residues that
interacted directly with the vanadate and vanadate−glycerol
complexes, as well as charged and polar residues in the
proximity that may provide electrostatic influences. Hydrogen
atoms were added using Chimera,33 while protons on the
vanadate complex were added by hand using Avogadro.34 All
protonation states of amino acids were assumed, while the
coordinating Cys in both W354F and W354Y was assumed to
be deprotonated, as well as the coordinating oxygens
contributed by glycerol in W354Y. The truncated complexes
consisted of approximately 150 atoms each. The spin states
were considered to be singlets, assuming the d subshell in V to
be empty. Natural bond orbital (NBO) analysis34−38 at the
B3LYP39−41/TZVP42 level of theory was used to evaluate the
chemical bonding in the complexes. Optimizations were
performed using Turbomole version 6.343 using the similar
def2-TZVP basis set.44,45 To accelerate calculations, the
Resolution of Identity (RI)46 and Multipole Accelerated

Table 1. Data Collection and Refinement Statistics for W354Y and W354H YopH Ligand-Free and Cocrystallized Oxyanion-
Bound Forms

W354Y W354H

ligand-free V2O7 ligand-free V2O7

Data Collection
beamline SSRL 7-1 SSRL 7-1 SSRL 7-1 SSRL 7-1
wavelength (Å) 0.97946 0.97946 0.97946 0.97946
space group P212121 P212121 P212121 P212121
unit cell dimensions [a, b, c (Å); α = β = γ = 90°] 52.9, 60.5, 89.4 54.4, 58.0, 90.5 53.3, 60.6, 89.3 52.8, 60.4, 89.3
resolution range (Å) 50.0−1.05 50.0−1.12 40.0−1.20 50−1.12
outer shell (Å) 1.09−1.05 1.16−1.12 1.24−1.20 1.16−1.12
no. of reflections

unique 133901 106319 90707 109639
total 1495665 1071240 1281329 1253588

average redundancy 8.9 10.1 14.1 (12.5) 11.4 (10.5)
mean I/σ(I) 48.3 (4.7) 46.7 (6.1) 24.9 (5.2) 52.8 (10.4)
completeness (%) 99.7 (100.0) 96.2 (78.0) 99.4 (97.4) 99.4 (99.2)
Rmerge (%) 0.036 (0.414) 0.040 (0.218) 0.096 (0.53) 0.064 (0.723)

Refinement
Rwork, Rfree (%) 0.128, 0.140 0.129, 0.145 0.140, 0.159 0.141, 0.159
no. atoms in the structure

total 5295 5005 5039 4996
protein 4839 4530 4644 4586
waters/solvent 456 457 395 392
ligands/ions 0 18 0 18

B factor (Å2)
average 14.83 15.48 18.56 20.01
protein 12.40 12.92 15.99 17.49
water/solvent 27.91 28.34 33.75 34.67
ligand − 23.26 − 18.25

root-mean-square deviation for bonds (Å) 0.008 0.009 0.009 0.008
root-mean-square deviation for bond angles (deg) 1.32 1.28 1.35 1.29
protein geometry

Ramachandran outliers (%) 0.0 0.0 0.0 0.0
Ramachandran favored (%) 98.17 97.3 97.9 98.3
rotamer outliers (%) 0.0 0.0 0.0 0.8

PDB entry 4YAA 4ZN5 4Z6B 4ZI4
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Resolution of Identity (MARI-J)47 were used. Empirical
dispersion was included,48 and solvent was included via the
Conductor-like Screening Model (COSMO)49 with a dielectric
constant of 20, because the complexes are partially solvent
accessible. NBO calculations were performed using the
Gaussian 09 suite of programs.50,51 Several protonation states
were tested for both enzymes. For W354F, protonation on O4,
O5, and O7 was attempted; however, only O5 was able to be
successfully converged. The rest were not found to be minima
and resulted in ring breaking upon optimization from various
protonation configurations. For W354Y, protonation on O5
and O6 was attempted but was found to have an energetic
difference of <1 kcal/mol, within the inherent error of density
functional theory.

■ RESULTS

Comparison of the WPD-Loop Positions in W354Y
and W354H with One Another, and with Previous
Structures of W354F and WT. The crystal structures of
W354H, with and without a bound ligand, showed the WPD
loop in a quasi-open position (Figure 2) similar to that
previously reported for the W354F mutant.18 A very similar
position is found for the WPD loop in the W354Y mutant, with
only slight variation of the loop’s configuration in the ligand-
free structure.
Steady State Kinetics for W354H and W354Y. The

W354H and W354Y mutants exhibit Michaelis−Menten
saturation kinetics with the substrate p-NPP, though at a rate
significantly reduced relative to that of WT YopH. The kcat
values at 23 °C for the W354H and W354Y mutants at pH 5.5
are 5.2 ± 0.6 and 2.3 ± 0.1 s−1, respectively, compared with 720
± 5 s−1 for WT. The pH optimum is 5.5 for WT and W354H,
whereas the W354Y mutant has a slightly shifted pH optimum
of 6.2, where its kcat is 6.5 ± 0.9 s−1 (Figure 3, bottom panel).
The KM values for the W354H and W354Y mutants at pH 5.5
are 7.07 ± 1 and 6.4 ± 0.9 mM, respectively, higher than the
KM of 1 mM for WT. In both mutants, the basic limb of the
pH−rate profile is largely lost, with the rate above the
maximum dropping off only slightly before leveling off (Figure
3). This is consistent with previously reported data for the
W354F mutant, in which the general acid D356 is no longer
fully functional.18,52

Observation of Divanadate Glycerol Esters at the
Active Sites of W354H and W354Y. The YopH W354H and
W354Y crystals grown in the presence of vanadate showed
electron density consistent with a divanadate species. A similar

divanadate moiety was previously observed in the W354F
mutant.18 However, the electron density in the YopH W354H
and W354Y structures also showed the presence of a glycerol
molecule with two oxygen atoms occupying coordination sites
(Figure 4). In the divanadate glycerol ester, atom V1 is
coordinated to the sulfur atom of cysteine C401. Atoms O1 and
O2 are hydrogen bonded to backbone amide N−H groups of
P-loop residues R402, A403, V405, and G406. Atom O3
bridges V1 and V2 and is hydrogen bonded to the backbone

Figure 2. Comparison of WT YopH with mutants W354Y (A) and W354H (B) with vanadate (WT) or divanadate glycerol ester (mutants). The
ligand-free, open-loop WT YopH is colored black and the vanadate-bound, closed-loop WT YopH light gray. The W354F mutant, with its loop in a
quasi-open position, is colored dark gray. (A) The ligand-free W354Y structure is colored purple, and the divanadate glycerol ester-bound form is
colored red. (B) The ligand-free W354H structure is colored purple, and the divanadate glycerol ester-bound form is colored red. The ligand-bound
forms of both W354Y and W354H show the WPD loop in an unproductive quasi-open position, consistent with kinetic results.

Figure 3. Effects of pH on the hydrolysis of p-NPP by YopH mutants
W354Y and W354H compared to WT YopH at 23 °C. The W354Y
data are shown as blue squares, W354H data as red circles, and WT
data as green diamonds. The top panel shows the comparative kcat
values in the mutants compared to those of WT YopH are lower by >2
orders of magnitude, and the basic limb of the pH profile is lost. The
bottom panel shows that the mutant kinetic data decrease only slightly
at pH values above their respective maxima, similar to previous data
reported for the W354F mutant.18
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amide and the ε-nitrogen of R409. Atoms O5 and O6 are the
terminal oxygen atoms bonded to V2. The crystals were grown
at pH 7.5, making it likely that either O5 or O6 is protonated.
In the crystal, O5 is hydrogen bonded to two water molecules
while O6 is hydrogen bonded to the amide N−H of residues
Q446 and Q450 with a distance of 2.9 Å (Figure 5). Therefore,
O5 is assumed to be protonated and O6 not. Compared to the
dimeric vanadate in the W354F structure (Figure 4C), in the
glycerol esters found in this work, atoms O4 and O7 have been
replaced by oxygen atoms from the glycerol ester where O4 is
the bridging atom between V1 and V2 and O7 is bonded to V2.
The electron density map in Figure 4A shows a gap between
atom O7 and V2.
Bonding Differences of the Divanadate Core in the

Glycerol Ester. The divanadate core in the glycerol ester
structure (Figure 4A) is generally similar to the previously
reported structure of divanadate alone in the W354F mutant

(Figure 4C), but there are significant differences in some bond
angles between oxygen and vanadate, as shown in Table 2.
Overall, the W354F divanadate has a more flattened geometry
in the terminal oxygens. The position of O5 is different in the
glycerol ester, farther from the bridging O3 atom and closer to
the glycerol O7 atom.

Kinetics in the Presence of Vanadate and Added
Glycerol. The inhibition by vanadate of YopH W345H with
the substrate p-NPP was measured in the presence of 0−275
mM glycerol. Glycerol alone does not inhibit YopH W354H
(Figure S3), and added glycerol did not enhance inhibition by
vanadate. The kcat at 32 μM vanadate (10Ki) was 0.071 s−1 in
the absence of glycerol and did not significantly change over the
glycerol concentration range tested (Figure S3).

Computational Analysis of Vanadate Complexes. The
divanadate glycerol ester of W354Y found in this study, and the
divanadate complex found in a previous study of the W354F

Figure 4. Structural comparisons of the divanadate glycerol ester observed in the active site of W354Y with other divanadate species. (A) 2Fo − Fc
electron density map for the divanadate glycerol ester in the active site of W354Y at the 1.0σ contour level. The divanadate ester in W354H is
identical. (B) Simulated annealing omit map at the 1.0σ contour level calculated with the divanadate ester omitted from the model. (C) Divanadate
previously seen in YopH W354F. (D) Bond distances for each type of bond are shown in angstroms, with a length of 2.5 Å for the S−V bond and 1.9
Å for indicated V−O bonds. (E) For comparison, a known small molecule divanadate71 is shown with bond distances for corresponding bonds in
angstroms.

Figure 5. Stereo figure showing the hydrogen bond network in the active site of the W354Y mutant with the divanadate glycerol ester bound. The
hydrogen bonds are shown as dashed black lines where the distances are between 2.8 and 3.1 Å. Vanadate atoms are colored gray; the glycerol ester
is colored teal, and the enzyme is colored pink. The hydrogen bond network stabilizes the divanadate glycerol ester.
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mutant, were analyzed computationally. The glycerol ester was
modeled assuming protonation on either O5 or O6; however,
as described above, on the basis of hydrogen bonds observed in
the crystal, protonation on O5 is more likely. In the simple
divanadate complex of W354F, protonation was modeled on
O5. Table 3 outlines the nature of chemical bonding within
each complex. The inconsistent nature of the bond populations
suggests significant delocalization within the ring, which
precipitates numerical error using NBO analysis. NBO’s
inability to characterize this delocalization is best illustrated
by the alleged existence of four lone pairs on O4 in the W354F
complex. The decreasing populations of each respective orbital

suggest the presence of a highly ionic oxygen atom. Results
have also been shown to be dependent on basis set, also
suggesting a failure to accurately characterize delocalization in
the ring.

■ DISCUSSION
All Conservative Mutations of W354 in YopH

Compromise General Acid Catalysis. Published crystal
structures of native WT YopH with an oxyanion ligand bound
have the WPD loop closed over the active site, in the
catalytically active position.53 In contrast, WT structures with
no bound ligand show the WDP loop in an open position
(Figure 2).53 It was previously found that the W354F mutant
crystallizes with the WPD loop in a quasi-open position, in
which the top of the loop has shifted only ∼2.0 Å from the
open WPD loop toward the closed position.18 That structural
result explained data from pH−rate profiles and kinetic isotope
effects indicating that general acid catalysis was lost in the
W354F mutant. Those results were surprising in light of the
fact that the corresponding mutation to the conserved
tryptophan in the WPD loop of PTP1B has only a minor
effect on rate and does not compromise general acid catalysis.
In this work, the reduced rates and pH−rate profiles of the

W354H and W354Y mutants are also consistent with WPD
loops that cannot achieve the catalytically functional closed
position needed for general acid catalysis. The pH−rate profile
of WT YopH (Figure 3) shows the bell curve characteristic of
PTPs, which, on the acidic limb, gives the pKa of the cysteine
nucleophile and, on the basic limb, gives the pKa of the aspartic
acid.52 The closed WDP loop in WT structures with bound
oxyanion inhibitors shows the general acid D356 within
hydrogen bonding distance of an apical oxygen of the bound
ligand corresponding to the position of the scissile oxygen of
the tyrosine leaving group in the first step of the reaction.
When the WPD loop is in the quasi-open position seen in the
W354H and W354Y mutants, the D356 side chain is outside of
hydrogen bonding range and can no longer perform as a
general acid (Figure S4).

Divanadate Species Are Consistently Observed in
Crystal Structures of Loop-Impaired YopH, but Never in
Native PTPs. Vanadate modulates a number of biological
processes, generating interest in the origin of its interactions
with proteins.54−61 In particular, vanadate is a potent inhibitor
of many phosphatases, and its insulin mimetic effect is ascribed
to its inhibition of PTPs.62,63 An understanding of these effects
is complicated by the tendency of vanadate to oligomerize.64

Inhibitory effects are observed under conditions where
vanadate is primarily oligomerized and the monomer is a
minor form.56,64 The reaction of vanadate with organic
molecules containing hydroxyl groups to form esters is well-
known. Nuclear magnetic resonance has been used to
document the formation of binary and ternary complexes
with monodentate and bidentate ligands in aqueous solution.
Such species are of variable stability and exist in an equilibrium
that is pH-dependent. Even vanadate tetramers have been
implicated as important inhibitory species in vitro and in
vivo.56,64−66

Even though protein crystallization conditions often require
vanadate concentrations that would primarily result in
oligomeric species, such structures almost exclusively show
monomeric vanadate at the active site. In WT YopH vanadate
structures, bound vanadate is a pentacoordinated monomer
that resembles the transition state for phosphoryl transfer. This

Table 2. Comparison of the Angles of the Oxygen Bonds
around the Second Vanadium in the Divanadate Structure
and the Divanadate Glycerol Structurea

aOn the right are the overlaid structures of the divanadate complexes
shown in panels A (W354Y, red) and C (W354F, cyan) of Figure 4.

Table 3. Electronic Structure Parameters Characterizing the
Vanadium and the Core Oxygen Atoms of the Vanadate
Complexes Shown in Panels A and C of Figure 4a

W354Y (O5
protonated)

W354Y (O6
protonated)

W354F (O5
protonated)

Q(V1) 0.47465 0.48708 0.53678
Q(V2) 0.76664 0.75449 0.67021
Q(O3) −0.58994 −0.58636 −0.71285
Q(O4) −0.50702 −0.52930 −0.57151
Q(S) −0.08888 −0.12353 −0.32647

Bond Population (|e|)
V1−S σ 1.83403 1.87050 1.92570
V1−S π 1.88443 none none
V1−O3 σ 1.82461 1.86361 1.94333
V1−O3 π none none 1.84156
V1−O4 1.87661 1.91441 none
V2−O3 σ 1.87459 1.87481 1.88011
V2−O3 π 1.81815 none none
V2−O4 1.89713 1.89748 none

Lone Pair Populations (|e|)
LP1(O3) 1.80911 1.82386 1.84984
LP2(O3) none 1.67226 none
LP1(O4) 1.86524 1.85103 1.82748
LP2(O4) none none 1.69656
LP3(O4) none none 1.58339
LP4(O4) none none 1.45719
LP1(S) 1.93562 1.93217 1.95739
LP2(S) none 1.80825 1.88237

aThe structure in Figure 4A is a glycerol ester, while that in Figure 4C
is only the divanadate core. The identity of the protonated oxygen
atom is given in the top row. Calculated with NBO analysis showing
atomic charges (Q) and electronic populations of two-center, two-
electron bonds and lone pairs. A complete table including results for
all the oxygen atoms appears in the Supporting Information.
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has been attributed to the facile interconvertability of different
vanadate species in solution, and the ability of the active sites of
phosphatases to selectively stabilize the monomeric form.67

However, active PTPs should catalyze the decomposition of
any dimeric forms that bind in solution, using the same
mechanism and catalytic groups as for phosphomonoester
hydrolysis.68 This would leave behind the monomeric forms
that are routinely observed.
When crystallized in the presence of vanadate, all three YopH

mutants (W354F, W354H, and W354Y) show the presence of
a dimeric form of vanadate. Kinetic and crystallographic
evidence is consistent with the WPD loop impaired such that
general acid D356 does not reach the active site. In contrast,
the analogous W354F mutant of PTP1B remains fully
functional,17 and crystals grown in the presence of vanadate
show the monomeric form at the active site.69 This is not
surprising, because a functional general acid would catalyze the
decomposition by hydrolysis of the dimeric forms observed in
the loop-compromised mutants. The loss of general acid
catalysis permits the trapping of a form of vanadate that is
known to exist in solution, and which the structures
demonstrate is clearly able to bind effectively to the active
site. Thus, the monomeric form of vanadate typically observed
in crystal structures of phosphatases is not the only form and
may not be the major form that binds to the active site in
solution. Phosphatase complexes with vanadate are typically
grown under conditions where oligomeric forms of vanadate
predominate. These results indicate that inhibition by
monomeric vanadate is probably not the only contributor to
the biological effects of vanadate via enzyme inhibition.
The importance of local medium effects in stabilizing

particular vanadate species is another important consider-
ation.19,20 These factors likely contribute to the formation and
observation of the divanadate glycerol ester observed in the
crystal structures of the W354H and W354Y mutants. Glycerol
is added after crystals had grown, as a cryoprotection for data
collection at cryogenic temperatures (100 K). Vanadate is
known to form esters with hydroxyl-bearing molecules in
solution. A number of small molecule divanadate esters are
known from the Cambridge database that are analogous to the
glycerol esters found in this study, showing that such species

can form in solution in a manner independent of an enzymatic
active site. Kinetic data show no indication of a synergistic
inhibitory effect on YopH activity between glycerol and
vanadate. Therefore, the esters observed in the crystals most
likely formed at the active site where divanadate was already
bound.
Two of the small molecule precedents for analogous

polyhydroxy esters with bridged vanadium(V) species,
compound 1 (Figure 4E and Figure S1)70 and compound 2
(Figure S2),71 were used in a computational analysis to assess
how the protein environment affects the bonding and charges.

Electronic Nature of the Divanadate Complexes.
Among vanadate phosphatase X-ray structures, divanadate is
uniquely found in the W354 mutants of YopH. The local
environment can significantly affect the bonding and stability of
vanadate species.19,20 The active site of the phosphatase VHZ
allowed stabilization and identification of metavanadate.68 This
led to a computational investigation of the bonding interactions
within this ligand and how it interacts with the active. The
structures of the divanadate moieties are very similar in
structure, but one significant difference noted between the
atomic charges of the simple divanadate complex in W354F and
the glycerol ester in W354Y is the more negative charge on the
cysteine sulfur atom in W354F. In both complexes, the sulfur is
an apical ligand to the vanadium atom at the bottom of the
active site. The higher negative charge in W354F means this
interaction is more ionic in character. Similarly, both of the
bridging oxygen atoms, O3 and O4, are more negative in this
complex. This is possibly a stabilizing response to the larger
negative charge on sulfur, as O3 is coordinated to two
backbone amide hydrogen atoms. The coordinated glycerol has
the effect of reducing the degree of polarization of these atoms.
A gap in electron density is evident between O7 and V2 of

the glycerol complex. The computational analysis shows that
this bond is highly ionic with 17% of electron density residing
on V2 and 83% on O7. Under all circumstances, a bond was
found between O7 and the terminal glycerol carbon,
irrespective of basis set, with a high population.
The effectiveness of hydrogen bonding in the protein

environment in stabilizing charge can be seen in the
comparative partial charges on O5 and O6 in the divanadate

Figure 6. Stereo figure of the superposition of the YopH W354Y mutant with published structures, comparing the position of the tyrosine side chain
with phenylalanine and tryptophan. (A) W354Y (cyan) overlaid with the W354F structure (gray, PDB entry 3F9B). The tyrosine side chain occupies
the same position as phenylalanine. (B) W354Y (cyan) overlaid with WT YopH in the open-loop position (black, PDB entry 1YPT). The tyrosine is
coplanar with the indole side chain of tryptophan.
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glycerol complex. The charge is higher on the atom modeled as
protonated (O5) than on O6, which is hydrogen bonded to
two backbone amide hydrogens. The small molecule analogues
were found to be very similar to their protein-bound
counterparts. In particular, the partial charges on the vanadium
atoms closely resembled those of the model with a similar set of
coordinated atoms. The vanadium atom coordinated to
cysteine, V1, in both complexes has an atomic charge very
similar to that of the symmetric model compound 1, in which
each vanadium atom has four oxygens and one sulfur ligand.
The outer vanadium atom, V2, has a higher partial positive
charge, very similar to those in the compound 2 complex that
has five oxygen ligands to each vanadium atom.
Origins of Impaired Loop Motion by Conservative

Mutations to Trp354 in YopH. Mutation of the conserved
tryptophan to phenylalanine disables general acid catalysis in
YopH, but not PTP1B.17 An examination of crystal structures
reveals that, in both enzymes, loop closure is accompanied by a
repositioning of the conserved indole side chain within a
hydrophobic pocket.18 In the complex with vanadate, the
W179F mutant of PTP1B has the WPD loop in its normal
closed position, and the ligand-free enzyme has an open WPD
loop. In contrast, structures of the W354F YopH mutant show
the WPD loop in the same quasi-open position regardless of
whether an oxyanion is bound. It was proposed that the W354F
mutation locked the WPD loop in YopH, resulting from steric
clashes that would arise in a fully closed-loop conformation.
The loop may not be locked in solution. The original mutation,
as well as the mutations to His and Tyr reported here, may
instead alter the energy landscape such that the quasi-open
positions observed are the lowest-energy conformations and
thus observed in crystals. There may be further loop motion
retained in solution. However, the kinetic results make it clear
that general acid catalysis is no longer operative in these
mutants. If the loop is still able to close normally, it occurs too
infrequently to contribute to catalysis. The absence of acid
catalysis is inferred from loss of the basic limb of the pH−rate
profile and confirmed using kinetic isotope effects in the
original W354F mutant.21

Structures of the W354Y and W354H mutants were
examined for the origins of hindered loop closure. Figure 6
shows the relative positioning of the Y354 side chain compared
with the F354 mutant. Both mutants have WPD loops in
similar positions, and the residue 354 side chains are in the
same positions. The bottom panel of Figure 6 shows an overlay
of W354Y with the open-loop conformation of native YopH.
Figure 7 shows YopH in the closed-loop conformation
superimposed with the W354Y and W354H mutants. In the
quasi-open conformations of the mutants, the backbone
carbonyl oxygen of residue 354 makes a hydrogen bond to
the side chain of general acid D356. Upon loop closure in the
native enzyme, this interaction is replaced with a hydrogen
bond to an N−H of R409. The closed-loop conformation of
the native enzyme is also stabilized by a hydrogen bond
between the indole N−H and the backbone carbonyl of T358.
None of the mutants can form this hydrogen bond.
Figure 8 shows a hypothetical position of the Y354 side chain

in a closed-loop position of the enzyme. This orientation was
obtained by assuming the same position of the backbone
carbon chain and the first two carbons of the side chain, and
coplanarity of the aromatic rings. The hydrogens of the six-
membered ring would result in steric clashes in a fully closed-
loop position. In addition, this conformation would place the

phenolic oxygen atom 1.9 Å from the backbone carbonyl
oxygen of T358. Both considerations would make it energeti-

Figure 7. Comparison of the position of the side chains of YopH
W354H (green) and W354Y (cyan), with the native YopH W354
(white) in the closed-loop position. The indole N−H of the native
enzyme forms a hydrogen bond with the backbone carbonyl of T358
in the closed-loop conformation. The histidine imidazole ring in
W354H superimposes well with the indole ring of the tryptophan
when the native enzyme is in the open-loop position. A hydrogen
bond is evident between the N−H of the imidazole ring and the
backbone carbonyl of the residue P355, stabilizing the quasi-open
conformation of this mutant. No such interaction is present in native
YopH. In both structures, the backbone carbonyl of residue 354
hydrogen bonds to the side chain of P355. Upon loop closure in native
YopH, this interaction is replaced by a hydrogen bond to the N−H of
R409.

Figure 8. Full loop closure of the W354Y mutant would result in
several steric clashes. The top panel shows a space-filling model of the
WPD-loop-closed native YopH. The indole N−H of the native
enzyme forms a hydrogen bond with the backbone carbonyl of T358.
The bottom panel shows the predicted position of the W354Y side
chain (gray) in the closed-loop position, assuming the residue
backbone and the first two carbons of the side chain occupy the
same positions as W354 of the native enzyme (purple). In addition to
significant overlap involving carbon atoms on the six-membered ring,
the phenolic oxygen would be ∼1.9 Å from the backbone carbonyl
oxygen of T358.
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cally unfavorable for the loop in W354Y to close in the manner
seen in the native enzyme.
The phenylalanine and tyrosine mutants both place a six-

membered ring in a position overlaying the five-membered
indole ring of the native enzyme. The histidine mutant also
exhibits a quasi-open loop, even though structural data show
the five-membered imidazole ring superimposes well with the
five-membered ring of indole in the open-loop position.
However, the different regiochemistry of the N−H of the
imidazole results in a hydrogen bond with the backbone
carbonyl of P355. There is no analogous hydrogen bond in the
native enzyme, with the closest analogy being the previously
mentioned indole N−H hydrogen bond with T358 present in
the closed conformation. This interaction will stabilize the
quasi-open position and present a barrier to full loop closure.

■ CONCLUSIONS

The rates of WPD-loop movement have been shown to be
variable among PTP family members and are correlated with
their catalytic activities. Conservative mutations to noncatalytic
residues in the loop have different effects in YopH compared to
PTP1B. These results show that YopH is intolerant of any
aromatic side chain at position 354 other than the indole found
in the native enzyme. In all three mutants with other aromatic
side chains, in crystal structures with vanadate bound the WPD
loop is found in a similar, quasi-open position that does not
permit acid catalysis.
The results show that, unlike PTP1B, YopH is completely

intolerant of even conservative substitutions to the tryptophan
side chain in the WPD loop. The vanadate-complexed
structures provide further support, beyond the single previous
instance, for the ability of divanadate to bind to the active site
of PTPs. Although crystal structures of vanadate bound to
native phosphatases show only the monomeric form, vanadate
has significant biological effects and is a potent phosphatase
inhibitor under conditions where oligomeric forms are
dominant. The consistent finding of a dimeric form in all
three WPD-loop-compromised YopH mutants shows the single
previous instance was not an anomaly and suggests that
oligomeric forms of vanadate and their esters can compete for
PTP active sites. More hydrogen bonds are observed with the
divanadate species than the monomer. A native PTP would
cleave such forms, leaving behind the monomeric vanadate
typically observed. The initial binding of higher-order vanadate
oligomers to phosphatases likely contributes to their inhibitory
activity, before they are hydrolyzed to the monomeric form
observed in crystal structures.
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