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ABSTRACT: Phosphotriesterase homology protein (PHP) is a member of a recently discovered family of
proteins related to phosphotriesterase, a hydrolytic, bacterial enzyme with an unusual substrate specificity
for synthetic organophosphate triesters and phosphorofluoridates, which are common constituents of
chemical warfare agents and agricultural pesticides. No natural substrate has been identified for
phosphotriesterase, and it has been suggested that the enzyme may have evolved the ability to hydrolyze
synthetic compounds in bacteria under selective pressure to meet nutritional needs. PHP, which has 28%
sequence identity with phosphotriesterase, may belong to the family of proteins from which phosphotri-
esterase evolved. Here we report the cloning, expression, initial characterization, and high-resolution
X-ray crystallographic structure of PHP. Biochemical analysis shows that PHP is monomeric and binds
two zinc ions per monomer. Unlike phosphotriesterase, PHP does not catalyze the hydrolysis of nonspecific
phosphotriesters. The structure, similar to that of phosphotriesterase, consists of a long, ellipticalR/â
barrel and has a binuclear zinc center in a cleft at the carboxy end of the barrel at the location of the
presumptive active site.

Generally, evolution is presumed to require millions of
years for selective adaptation of an organism to a particular
ecological niche. Recent evidence suggests that evolution
in microorganisms can occur over a shorter time period, on
the order of decades or centuries rather than eons. Studies
of artificial evolution of bacteria in a laboratory setting
document the alteration of proteins on a short time scale in
response to selective pressures (1). The evolution of novel
activities may entail the adaptation of a substrate binding
pocket in a protein to alter specificity for a given type of
catalytic function or the evolution of a new catalytic activity
in a pre-existing binding pocket which had no previous
catalytic function. One such example is the artificial
evolution of a bifunctional enzyme having 3-deoxy-D-
arabinoheptulosonate-7-phosphate synthase and chorismate
mutase activities in a strain ofBacillus subtilisdeficient in
chorismate mutase activity (2). The bifunctional enzyme
apparently evolved from a monofunctional deoxy-D-arabino-
heptulosonate-7-phosphate synthase by mutagenesis of an
allosteric effector site for prephenate that previously had no
catalytic activity. Another example is the evolution of
â-galactosidase activity in a strain ofEscherichia coliwhich
had the gene forâ-galactosidase deleted (3). The activity
evolved under selective growth of the bacteria on media
containing lactose as the carbon source.

The enzyme phosphotriesterase (PTE)1 fromPseudomonas
diminutamay be an example of natural evolution of a new
enzymatic activity in response to changing environmental
conditions. PTE is a metalloenzyme with a binuclear zinc
center that catalyzes the hydrolysis of a variety of organo-
phosphate triesters and phosphorofluoridates (4-6). All of
the phosphate triesters found to be substrates of PTE are
synthetic compounds, and the identity of any naturally
occurring substrate for the enzyme is unknown. PTE has
attracted interest because of its potential use in the detoxi-
fication of chemical waste and warfare agents and its ability
to degrade agricultural pesticides (4). The gene for PTE is
carried on a plasmid inP. diminutaand on a different plasmid
in FlaVobacteriumsp. (7, 8). The enzyme has a broad
substrate specificity for phosphate triesters but no detectable
activity with phosphate monoesters or diesters and no activity
as an esterase or protease (4, 9, 10). PTE catalyzes the
hydrolysis of the insecticide paraoxon at a rate approaching
the diffusion limit and thus appears to be optimally evolved
for utilizing this synthetic substrate (4, 11). The synthesis
of paraoxon was first reported in 1950 (12), suggesting that
the phosphotriesterase activity has evolved in bacteria over
the past several decades from an enzyme with a related
catalytic function.
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From a search of theE. coli genomic sequence database,
an open reading frame (ORF) was identified coding for a
protein with an amino acid sequence 28% identical to that
of PTE (13). This protein was named phosphotriesterase
homology protein (PHP) and is believed to belong to the
family of proteins from which PTE evolved. Four other
genes with homologous sequences have been subsequently
identified in rat, mouse, mycobacterium, and mycoplasma
(14-16; GenBank reference x99477). On the basis of
sequence homology, the structure of PHP might be expected
to be similar to that of PTE, and crystallographic structures
are available for the apo form of PTE and its complexes
with Zn and Cd (6, 17, 18). The structures of PTE show
that it has anR/â barrel fold and possesses a binuclear metal
center at its active site. In the complex of PTE with zinc,
the two metal ions are separated by 3.3 Å. The zinc ions
are bridged by a water molecule and the side chain of a
carbamylated Lys169. One zinc ion exhibits tetrahedral
coordination by ligands from carbamylated Lys169, His201,
and His230 and a water molecule. The other zinc ion is
coordinated with trigonal bipyramid geometry by ligands
from His55, His57, carbamylated Lys169, Asp301, and a
water molecule. The coordinated water molecule may act
as the nucleophile in the hydrolysis reaction. Examination
of an alignment of the primary sequences of PHP and PTE
shows that the four histidine residues and the aspartate
involved in coordination of zinc in PTE are conserved in
PHP (13). An Ala is found in the sequence of PHP at the
position of the carbamylated Lys in PTE; however, the next
residue in the sequence of PHP is a glutamate. It seemed
plausible that the carboxylate group of Glu125 might replace
the carbamate of Lys169 in PTE and that the shift in position
in the sequence might compensate for the longer length of
the carbamylated Lys side chain. Here we report the cloning,
purification, and initial biochemical characterization of the
enzyme. In addition, we present the crystallographic struc-
ture of PHP complexed with two zinc ions, determined at
1.7 Å resolution, and offer a comparison with the structures
of PTE and urease, two related, hydrolytic metalloenzymes
that have theR/â barrel fold.

MATERIALS AND METHODS

Cloning of PHP. TheE. coliphosphotriesterase homology
protein (ePHP) sequence was identified previously using the
BLAST searching algorithm (19) for sequences with homol-
ogy to phosphotriesterase (13). A primer complementary
to the 5′ end of the sequence that incorporated anNdeI
restriction site and another primer complementary to the 3′
end of the sequence that incorporated aHindIII restriction
site were synthesized. The primer sequences were 5′GGAAT-
TCCATATGAGTTTTGATCCGAC for the N-terminal primer
and 5′GCTCTCAAGCTTTTATTGGAAAAATTGAGA for
the C-terminal primer. Both primers were prepared by the
University of CaliforniasSan Francisco (UCSF) Biomo-
lecular Resources Center. Thephpgene was amplified out
of anE. coli genomic DNA library obtained from the lab of
C. Craik (20; originally from M. Obukowicz, Monsanto)
using the polymerase chain reaction and then cloned into
the pTactac vector (21). The resulting plasmid was termed
pJWP1. The DNA sequence was confirmed by dideoxy
sequencing performed by the UCSF Biomolecular Resource
Center DNA Sequencing Facility.

Protein Expression and Purification.The ePHP gene,
cloned in plasmid PJWP1, was expressed inE. coli strain
DH5R grown at 37°C on LB media generally supplemented
with 1 mM ZnSO4 (except where otherwise specified for
metal analysis experiments). One liter cultures of trans-
formed bacteria were grown in the presence of 100 mg of
ampicillin to an OD600nm of 0.6 before induction of ePHP
gene expression by addition of 2 mL of 0.5 M IPTG.
Cultures were then grown for another 30 h at 37°C before
harvesting by centrifugation at 4000g for 15 min at 4°C.
Cell pellets were resuspended in 40 mL of cold 20 mM Bis-
Tris‚HCl at pH 6.6 (buffer A) and lysed by sonication. ePHP
appeared to be the major protein in the crude lysate and
soluble fraction as observed by polyacryamide gel electro-
phoresis (Figure 1, lanes 1 and 2). The cell homogenate
was centrifuged at 18000g at 4 °C for 30 min to remove
cellular debris, and the supernatant was dialyzed overnight
at 4 °C against buffer A. After dialysis, the protein was
loaded onto an anion exchange Q Sepharose (Pharmacia)
column (2.5 cm diameter× 37 cm length) pre-equilibrated
with buffer A. The protein was eluted with a 2 L linear
gradient of 0 to 1 M NaCl in buffer A. Fractions containing
ePHP, which eluted at approximately 0.25 M NaCl, were
pooled, and ammonium sulfate was added to a final
concentration of 1.2 M and the pH adjusted by the addition
of Tris‚HCl (pH 8.0) to a concentration of 100 mM before
chromatography on a Rainin HPLC phenyl-5PW column
(TosoHaas, 20 mm ID× 15 cm) pre-equilibrated in 1.5 M
ammonium sulfate and 100 mM Tris‚HCl at pH 8.0 (buffer
C). The ePHP protein was eluted using a linear gradient
from buffer C to buffer D (100 mM Tris‚HCl at pH 8.0).
Fractions containing ePHP protein were pooled and dialyzed
to remove ammonium sulfate. Coomassie blue-stained
SDS-PAGE gels showed that the protein was purified to
80% homogeneity after Q Sepharose chromatography (Figure

FIGURE 1: Purification of ePHP overexpressed inE. coli: lane 1,
sample from lysed cells ofE. coli overexpressing pJWP1; lane 2,
dialyzed supernatant identical to the material loaded on the Q
Sepharose column; lane 3, pooled fractions containing ePHP from
Q Sepharose chromatography; and lane 4, pooled fractions contain-
ing ePHP from hydrophobic interaction chromatography. At the
left, molecular size standards include serum albumin (66.2 kDa),
ovalbumin (45 kDa), carbonic anhydrase (31 kDa), trypsin inhibitor
(21.5 kDa), and lysozyme (14.4 kDa). Samples were separated by
polyacrylamide gel electrophoresis on a 15% gel and visualized
with Coomasie Brilliant Blue.
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1, lane 3) and to better than 98% homogeneity after
hydrophobic interaction chromatography (Figure 1, lane 4).
A final yield of 10 mg of purified protein was obtained from
1 L of culture. The identity of the purified ePHP was
confirmed by peptide sequencing of the N-terminal amino
acids. The protein after polyacrylamide gel eletrophoresis
was blotted onto nitrocellulose in preparation for sequencing,
which was performed by the UCSF Biomolecular Resource
Center. Metal analysis of the purified protein by inductively
coupled plasma emission spectroscopy showed that 1.9 equiv
of zinc was incorporated per monomer of protein.
Gel Filtration. The polymerization state of ePHP was

determined by analytical gel filtration chromatography.
ePHP (1 mg) was loaded onto a Pharmacia Sephacryl S-100
HR column (900 cm× 16 mm) along with molecular weight
standards (1 mg each), ovalbumin, carbonic anhydrase, and
bovine serum albumin. The column was equilibrated and
eluted with 10 mM Tris and 150 mM NaCl (pH 7.5).
Metal Analysis of ePHP.ePHP was expressed in bacterial

cultures grown on media supplemented with different metal
ions, including ZnSO4, CoCl2, MnCl2, CuSO4, FeSO4, NiSO4,
and CdCO3. In each case, 1.0 mL of overnight culture of
DH5R containing pJWP1 was used to inoculate 200 mL of
LB media containing 20 mg of ampicillin. The cultures were
grown to an OD600nmof 0.4 (about 3 h), and then 400µL of
0.5 M IPTG and 2 mL of a 100 mM solution of the
appropriate metal were added to the culture. The FeSO4 was
dissolved in degassed water immediately before addition, and
the FeSO4, was added in two aliquots 90 min apart to avoid
oxidation and precipitation of Fe2+. Bacterial lysates were
prepared as described above, and the protein was partially
purified by chromatography on Q Sepharose using a step
gradient. The Q Sepharose was first washed with 150 mM
NaCl in buffer A followed by elution of ePHP with 200 mM
NaCl in buffer A. Fractions containing ePHP were dialyzed
against 50 mM NaCl and 20 mM Tris‚HCl (pH 7.5) and
submitted for metal analysis by inductively coupled plasma
(ICP) emission spectroscopy performed by the Garratt-
Callahan Co. (Millbrae, CA) and by XRAL Laboratories.
Protein concentrations were determined by amino acid
analysis at the University of Michigan, Protein and Carbo-
hydrate Structure Facility (Ann Arbor, MI).
Enzyme Assays.ePHP was assayed for enzymatic activity

against a panel of nonspecific substrates. Activity was
determined by monitoring changes in absorbance at 405 nm
for 5 min. The substratesp-nitrophenyl acetate,L-alanine
nitroanilide,p-nitrophenyl sulfate, bis(p-nitrophenyl) phos-
phate, paraoxon, andp-nitrophenyl phosphate were assayed
in the presence of 42µg of purified Zn containing ePHP in
50 mM Tris‚HCl and 100 mM NaCl (pH 7.8). All substrates
were assayed at a concentration of 1 mM except for
nitrophenyl phosphate which was assayed at a concentration
of 0.2 mM. In addition, bothp-nitrophenyl phosphate and
paraoxon were assayed at pH 9.0 in 100 mM CHES buffer
(4). The p-nitrophenyl phosphate was also assayed at pH
5.5 in 100 mM MES buffer. Carbonic anhydrase activity
was assayed by monitoring the time required for a saturated
carbon dioxide solution to lower the pH of 20 mM Tris‚
HCl from 8.3 to 6.3 at 0°C (22).
Crystallization. ePHP was crystallized in hanging drops

by the vapor diffusion method. The protein crystallized at
a concentration of 15 mg/mL from a precipitant solution of

1.5 M ammonium sulfate, 10% 2-methyl-2,4-pentanediol,
100 µM Zn(OAc)2, and 50 mM HEPES (pH 7.5). Three
microliters of a solution containing the protein was mixed
with 3 µL of the precipitant solution and the mixture allowed
to equilibrate at room temperature. Crystals appeared after
3 days, but typically grew in clusters. The quality of crystals
was improved by microseeding drops with crushed crystals.
Single crystals obtained from seeding had dimensions of
approximately 100µm× 300µm× 300µm and diffracted
to 1.7 Å resolution.
X-ray Diffraction Measurement and Data Processing.In

preparation for diffraction measurements, crystals were
transferred to an artificial mother liquor consisting of the
precipitant solution with 20% glycerol added as a cryopro-
tectant. The crystals were mounted in rayon loops, 500µm
in diameter, and flash frozen under a stream of nitrogen at
-180°C. Diffraction data were measured with an Raxis II
image plate detector using CuKR radiation generated by an
18 kW rotating anode operating at 50 kV and 300 mA. Data
were processed with the programs Denzo and Scalepack (23).
All data processing and subsequent refinement were per-
formed on a Silicon Graphics workstation.
Structure Determination and Refinement.The unit cell

dimensions of the crystal were determined with the program
Denzo, and the crystallographic space group was assigned
asP21 by analysis of pseudo precession images using the
program Xprep. Calculation of a Matthew’s coefficient (24),
Vm, of 2.7 Å3/Da indicated the presence of two monomers
in the asymmetric unit. Inspection of peaks in a native
Patterson map showed that the monomers of the asymmetric
unit were related by a translation in fractional coordinates
of 0.4 in y and 0.5 inz. Attempts to solve the structure by
molecular replacement using the atomic coordinates of the
apo form of PTE fromP. diminuta, which has 28% sequence
identity with ePHP, were initially unsuccessful. The multiple
isomorphous replacement method was therefore used to
determine experimental phases. Three heavy-atom deriva-
tives were prepared by soaking crystals in a mother liquor
[1 M ammonium sulfate, 10% 2-methyl-2,4-pentanediol, and
50 mMHEPES (pH 7.5)] containing heavy-atom compounds.
Details concerning the concentrations of the heavy-atom
compounds, mercuric chloride, Baker’s dimercurial, and
uranyl acetate and the lengths of the soaks are presented in
Table 1. The binding sites of heavy-atom derivatives were
determined from inspection of difference Patterson maps and
difference Fourier maps, and MIR phases were calculated
to 2.5 Å using the program Phases (25). The phases were
improved by including anomalous data from the mercuric
chloride and uranyl acetate derivatives in the phase calcula-
tion and by density modification using the program DM to
perform histogram matching, solvent flattening, and non-
crystallographic symmetry averaging (26). Once experi-
mental phases were determined, the structure of the apo form
of PTE fromP. diminuta(17) could be roughly positioned
in the electron density map. The coordinates of PTE were
rotated according to a rotation search using the program
Amore (27), and the experimental phases were used to
perform a phased-translation search with the program X-
PLOR (26). The initialR factor for the molecular replace-
ment solution was 59% in the range of 50-3.5 Å resolution.
No attempt at phase combination of the MIR and model
phases was, therefore, attempted because of the good quality
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of the MIR map and the apparently substantial structural
differences between PTE and ePHP. The PTE model was
adjusted by visual inspection of the MIR map at 2.5 Å
resolution. Model building was performed with O (29), and
the structure was refined with X-PLOR (28) and Refmac
(30). After one round of model fitting and refinement, the
phases were extended to 1.7 Å resolution and all further
fitting of the model was performed using 2Fo - Fc maps.
An Rfree was calculated before the start of refinement from
10% of the data, which was then excluded from all
refinement and map calculations and monitored throughout
the refinement. Multiple cycles of model building were
alternated with positional refinement, isotropicB factor
refinement, and simulated annealing. NCS restraints were
applied to the two monomers composing the asymmetric unit
during initial rounds of refinement. Removal of the NCS
restraints at later stages of refinement resulted in a slightly
lower Rfree and improved geometry of the model. A
composite omit map was calculated with X-PLOR over the
entire structure to identify errors in the coordinates. Water
molecules were added to the structure using the X-PLOR
Waterpick subroutine. The water molecules were placed in
the 2Fo - Fc map in peaks of electron density that exceeded
1.5σ and that were located a minimum of 2.5 Å and not
more than 4 Å from nitrogen or oxygen atoms of the protein.
The quality of the final model was assessed from Ramachan-
dran plots and analysis of model geometry with the program
Procheck (31). The structure of ePHP, refined at 1.7 Å
resolution with good geometry, has anR of 20.4% and an
Rfreeof 24.1% (Table 2). The excellent quality of the electron
density map allowed the placement of all residues with the

exception of the first residue at the N terminus, which is
disordered. The average temperature factors for main chain
atoms and side chain atoms are 11.0 and 13.6, respectively.
Superposition Analysis.The refined coordinates of ePHP

were superimposed on the coordinates of the apo form of
PTE using the program superimpose (32). The optimum
superposition was obtained by removing residues where the
structures showed the largest differences. The following
portions of the ePHP structure were not included in the
superposition: the region betweenâ1 andR1, including
antiparallelâ strandsâ2 andâ3 (residues 17-32); the loop
betweenâ7 andR5 (residues 160-164); the loop between
â9 andR7 (residues 213-217); and the loop betweenâ10
andR8 (residues 242-256). The overall rms deviation of
the main chain atomic coordinates determined from the
superposition of the two structures was 1.7 Å.
Electrostatic Calculations.Electrostatic surface potentials

for ePHP and urease were calculated with the program
GRASP (33). The accessible surface was determined with
a probe radius of 1.4 Å. Calculations were performed using
a solvent dielectric constant of 80 and a protein dielectric
constant of 2.

RESULTS AND DISCUSSION

Sequence Alignment.The original alignment of ePHP and
phosphotriesterase was reported by Scanlan and Reid (13).
Since that time, four new family members have been
identified (14-16; GenBank reference x99477). Figure 2
shows an alignment of all six known members of the
phosphotriesterase family. The phosphotriesterase homology
protein (ePHP) nomenclature adopted by Scanlan and Reid
(13) is used with additional prefixes to indicate the organism
from which the protein originated. TheE. coli protein is
labeled ePHP, theMycoplasma pneumoniaeprotein mpPHP,
theMycobacterium tuberculosisprotein mtPHP, the mouse
protein muPHP, and the rat protein rPHP. The mouse and
rat proteins are 92% identical at the amino acid level and
may be species variants of the same enzyme. Phosphotri-
esterase, ePHP, mtPHP, and mammalian PHPs are 27-30%
identical at the amino acid level. Although mpPHP is less
similar to other members of the family, the level of sequence

Table 1: Crystallographic Data and Heavy-Atom Refinement Statistics

crystals (temperature of-180°) space groupP21 a) 42.1 Å,b) 80.8 Å,c) 98.2 Å, andâ ) 97.1°

native baker's dimercurial mercuric chloride uranyl acetate

Rmergea 0.075 0.088 0.074 0.090
no. of reflections 286 468 122 476 236 370 262 809
no. of unique reflections 69 475 53 311 57 170 55 506
completeness (%) 98 (50-2.9 Å),

94 (2.1-2.0 Å),
72 (1.8-1.7 Å)

97 (50-2.7 Å),
86 (2.1-2.0 Å),
77 (1.9-1.8 Å)

99 (50-2.3 Å),
96 (2.1-2.0 Å),
79 (1.9-1.8 Å)

96 (50-2.6 Å),
91 (2.1-2.0 Å),
85 (1.9-1.8 Å

no. of sites 4 2 2
heavy-atom soaks 0.1 mM, 1 h 0.1 mM, 1 h 5 mM, 1 day
Rcentricb 0.53 (4 Å) 0.62 (2.9 Å) 0.54 (2.9 Å)
Ranomc 0.048 (3.5 Å) 0.061 (2.9 Å)
phasing powerd 2.4 (4 Å) 1.7 (2.9 Å),

1.0 (ano, 3.5 Å)
1.3 (2.9 Å),
1.5 (ano, 2.9 Å)

figure of merit 0.58 (10-2.9 Å)
a Rmerge) ∑i∑h|I(h) - Ii(h)|/∑i∑hI(h), whereIi(h) andI(h) are theith and the mean measurement of the intensity of reflectionh. b Rcentric) ∑||FPH

( FP| - |FH||/∑|FPH - FP|, whereFPH is the structure factor of the derivative,FP is that of the native data, andFH is the calculated heavy-atom
structure factor. The upper resolution cutoffs used for the calculations are shown in parentheses.c Ranom) ∑|F+ - F-|/∑|F| for acentric anomalous
scattering data.d Phasing power) rms(|FH|/E), whereFH is the calculated heavy-atom structure factor andE is the residual lack of closure error.
ano indicates the calculated value based on the anomalous difference.

Table 2: Structure Refinement Statistics

Rcrysta (50-1.7 Å) 0.204
Rfreeb (50-1.7 Å) 0.241
rms deviation from ideal bond lengths (Å) 0.008
rms deviation from ideal bond angles (deg) 1.62

a Rcryst ) ∑h|Fo - Fc|/∑h|Fo|, whereFo andFc are the observed and
calculated structure factor amplitudes, respectively.b Rfree is the cross-
validationR factor determined for 10% of the total reflections, which
were omitted from map calculations and refinement.
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identity increases to 29% if only residues 50-250 are
considered. The aspartate and all four histidine residues that
coordinate Zn2+ in phosphotriesterase are conserved across
the six members of the phosphotriesterase family. Only the
lysine at position 169 is not strictly conserved. This residue
is replaced by a glutamate and is shifted by one position in
the alignment for ePHP, muPHP, and rPHP. Both mtPHP

and mpPHP have a lysine at the position corresponding to
169 in phosphotriesterase, and these lysines are likely to be
similarly carbamylated.
Metal Ion Composition.The conservation in ePHP of the

residues involved in zinc ligation in phosphotriesterase
suggested that ePHP would also be a metalloenzyme. We
therefore analyzed purified ePHP for metal content. Initial

FIGURE 2: Alignment of the sequences of PTE and those of phosphotriesterase homology proteins fromE. coli (ePHP),M. tuberculosis
(mtPHP),M. pneumoniae(mpPHP), mouse (muPHP), and rat (rPHP). Sequences were aligned with the PILEUP and BESTFIT functions
of the GCG Software package (Genetics Computer Group, Inc., Madison, WI). Residues that make up the Zn2+ binding site in
phosphotriesterase and the analogous residues in the PHP proteins are boxed. Stars (*) in theM. pneumoniaesequence indicate positions
where stop codons are found in the database sequence. The two loops in the PTE sequence, that betweenâ9 andR7 and that betweenâ10
andR8, which were found in the crystallographic structure of PTE to participate in the formation of the active site and to contain residues
that form contacts with the substrate analogue diethyl 4-methylbenzylphosphonate are highlighted in gray. The residues within these loops
that participate in binding the phosphonate inhibitor are shown in white.
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analysis of purified ePHP grown in simple LB media showed
incorporation of approximately 0.7 mol of zinc, 0.2 mol of
iron, and 0.2 mol of manganese per mole of protein (data
not shown). The low metal stoichiometry suggested that the
endogenous metal ion concentration of the LB growth media
was insufficient to allow full metal incorporation in the
overexpressed ePHP. The problem was overcome by
supplementing the growth media with divalent cations. In
the presence of 1 mM Zn2+, ePHP incorporates two zinc
atoms per protein molecule. The results of expression of
ePHP in media containing different divalent transition metals,
Mn2+, Fe2+, Co2+, Ni2+, Cu2+, Zn2+, or Cd2+, are shown in
Table 3. E. coliPHP has a clear preference for binding Zn2+

over Mn2+, Fe2+, Co2+, Ni2+, and Cu2+. In every case, Zn2+

in the LB growth media successfully competes for incorpora-
tion into ePHP, even in the presence of large excesses of
alternative metal ions. Only Cd2+, when present in large
excess, displaces Zn2+, and Cd2+ is unlikely to be associated
with the protein under physiological conditions. Zinc and
cadmium often display similar binding affinities for proteins,
and cadmium toxicity in many animals is thought to arise
from disruption of zinc metabolism (34). E. coli PHP also
shows affinity for Fe2+, and curiously, the presence of Fe2+

increases Zn2+ uptake, possibly by activation of an Fe2+

ionophore that transports Zn2+ to some extent as well.
Enzyme ActiVity Assays. ePHP was tested for general

esterase, aminopeptidase, sulfatase, phosphatase, carbonic
anhydrase, phosphodiesterase, and phosphotriesterase activi-
ties with the following substrates:p-nitrophenyl acetate,
L-alanine nitroanilide,p-nitrophenyl sulfate, bis(p-nitrophen-
yl) phosphate, paraoxon, andp-nitrophenyl phosphate. No
enzymatic activity was detected with any of these nonspecific
substrates. The crude lysate of bacteria overexpressing ePHP
was also assayed for phosphotriesterase activity because of
concern that enzymatic activity might be lost during purifica-
tion. No nonspecific phosphotriesterase activity, however,
was detected in crude lysates.
Gel Filtration of ePHP. The phosphotriesterase protein

from Pseudomomasis thought to function as a dimer (7) on
the basis of ultracentrifugation studies and its dimeric
association in X-ray crystallographic structures (17). To
establish whether ePHP exists as a monomer or multimer,
we used size exclusion chromatography and compared the
migration of ePHP with that of protein standards with known
molecular weights. As shown in Figure 3, ePHP elutes close
to carbonic anhydrase at 29 kDa, which agrees well with
the molecular weight of 32915 predicted from its amino acid
sequence, and indicates that purified ePHP exists in a

monomeric state. To rule out the possibility that hydrophobic
interaction chromatography causes dimer dissociation, ePHP,
only partially purified by ion exchange chromatography, was
similarly subjected to analytical gel filtration chromatogra-
phy. Again, ePHP was found to elute with a retention time
consistent with monomer composition (data not shown).
Although most knownR/â barrels form dimers or larger
multimers, ePHP appears to be monomeric at least in the
absence of bound substrate.

Circular Dichroism. The crystallographic structure of PTE
shows that the enzyme has anR/â barrel fold. ePHP shares
28% sequence identity with PTE, and structural similarities
between the proteins were anticipated (13). The circular
dichroism spectrum of ePHP and that of triosephosphate
isomerase, an archetypicalR/â barrel protein, are highly
similar in shape and amplitude, consistent with ePHP also
having theR/â barrel fold (Figure 4).

Table 3: Analysis of Metal Content of ePHP Expressed in the
Presence of Different Divalent Cationsa

moles of metal ion per mole of ePHP
growth

conditions Mn Fe Co Ni Cu Zn Cd total

1 mM Mn2+ 0.2 0.2 1 1.4
1 mM Fe2+ 0.8 0.1 1.5 2.4
1 mM Co2+ 0.4 0.1 0.8 1.3
1 mM Ni2+ 0.1 1 1.1
1 mM Cu2+ 0.1 0.1 0.2 1.1 1.5
1 mM Zn2+ 0.1 1.9 2.0
1 mM Cd2+ 0.1 0.1 0.3 0.7 1.2
a The protein concentration was determined by amino acid analysis,

and the metal ion content was determined by ICP emission spectroscopy.

FIGURE 3: Determination of native molecular size using gel
filtration chromatography. One milligram of each purified ePHP
protein and three molecular mass standards (BSA, ovalbumin, and
carbonic anhydrase) were loaded onto a 900 cm× 16 mm ID
Sephacryl S-100 HR (Pharmacia) column pre-equilibrated with 10
mM Tris‚HCl and 150 mM NaCl (pH 7.5). The flow rate was
maintained at 0.5 mL/min using a peristaltic pump, and the eluant
was monitored at 254 nm during collection of 6.4 mL fractions.
Eluted proteins were identified using polyacrylamide gel electro-
phoresis.

FIGURE 4: Comparison of the circular dichroism spectra of ePHP
and triosephosphate isomerase. Circular dichroism spectra were
recorded on an Aviv Circular Dichroism Spectrometer (model
62DS) instrument using a 1 mm path length cuvette. Purified ePHP
protein at a concentration of 2.5µM in buffer containing 50 mM
KF and 10 mM KHPO4 (pH 7.5) was used for data collection. The
protein concentration was determined by amino acid analysis
(University of Michigan). Data were recorded every 1 nm from
185 to 260 nm, and a buffer blank was subtracted. The solid line
shows the circular dichroism spectrum for triosephosphate isomerase
that was obtained from data provided in the Dicroprot V2.1 portion
of the Antheprot program (Deleage and Geourjon, 1993). The
crosses (×) show the CD spectrum of ePHP for comparison.
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Description of theR/â Barrel Structure. The X-ray
crystallographic structure of ePHP confirms predictions from
the circular dichroism analysis. The structure shows that
ePHP has an elliptical (Râ)8 barrel fold with two antiparallel
â strands inserted between strandâ1 and helixR1 of the
barrel (Figure 5). An additional helix,R9, follows R8,
pointing inward from the C-terminal end of the barrel toward
the binding pocket of the zinc center. The binuclear zinc
center is located at the C-terminal end of theâ barrel at
perhaps the active site of this putative enzyme. The active
sites of enzymes possessing theR/â barrel fold are commonly
found at similar positions where catalytic residues are
contributed either from the C-terminal ends of theâ strands
of the barrel or from the loops connecting the strands to the

R helices that follow them. Figure 6 shows the coordination
geometry at the binuclear zinc center. The two zinc ions
are separated by 3.35 Å with one of the zinc ions coordinated
by five ligands in a trigonal bipyramid arrangement and the
other having tetrahedral geometry (Table 4). The ligands
about the first zinc ion include the side chains of His14,
His12, Asp243, and Glu125. The carboxylate groups of
Asp243 and Glu125 occupy the apical positions of the
trigonal bipyramid. The identity of the fifth ligand is unclear
from the electron density (Figure 7) but may be some
molecule from theE. coli extract from which the protein
was purified or an unknown contaminant in the crystallization
medium. The density does not appear to fit any buffer
molecule used in crystallization. The carboxylate group of
Glu125 and this molecule of unknown identity act as bridging
ligands between the two zinc ions. The ligands around the
second zinc ion include the side chains of Glu125, His158,
and His186 and the molecule of unknown nature arranged
with distorted tetrahedral geometry. In small molecule and
protein complexes with metal ions, carboxylate groups
generally show preferential coordination through the syn
lone-pair electrons of the carboxylate oxygens (35). Such
is the case here, where Glu125 and Asp243 coordinate the
zinc ions through their syn lone pairs. Histidine generally
binds to metal ions preferentially through the Nε2 position
(36), and in ePHP, three of the histidine ligands, His12,
His14, and His186, are coordinated in this manner. His158
is coordinated with the less favorable Nδ1 interaction and
has a strained geometry (ø1 ) 160° and ø2 ) 111°).
Binuclear metal centers of PTE and urease, alsoR/â barrel
metalloproteins, show similar coordination schemes and

FIGURE 5: Ribbon representation of the structure of ePHP. The
protein forms anR/â barrel and in addition has two antiparallelâ
strands,â2 andâ3, inserted between the firstâ strand andR helix
of the barrel. A helical excursion,R9, follows the lastR helix of
the barrel motif and extends inward toward the binuclear metal
center. TheR helices are colored purple, and theâ strands are green.
The two zinc ions are drawn as blue spheres located at the carboxyl
end of theR/â barrel. The structure was rendered using the program
Setor (43).

FIGURE 6: Comparison of the binuclear metal centers of (A) ePHP and (B) urease (37). Coordinated solvent molecules are drawn as gray
spheres. The numbers shown indicate the distances in angstroms between metal ions and ligands.

Table 4: Coordination Geometry at the Binuclear Zinc Center
of ePHP

ligand-metal
distance
(Å) ligand-metal-ligand

angle
(deg)

His12 Nε2-Zn1 2.3 His12 Nε2-Zn1-H2O 117.5
His14 Nε2-Zn1 2.2 His14 Nε2-Zn1-His12 Nε2 119.1
Asp243 Oδ2-Zn1 2.4 His14 Nε2-Zn1-H2O 123.4
Glu125 Oε2-Zn1 2.4 Asp243 Oδ2-Zn1-Glu125 Oε2 171.9
H2O-Zn1 2.0
Glu125 Oε1-Zn2 2.2 Glu125 Oε1-Zn2-His158 Nδ1 94.8
His158 Nδ1-Zn2 2.3 His186 Nε2-Zn2-His158 Nδ1 93.5
His186 Nε2-Zn2 2.2 Glu125 Oε1-Zn2-H2O 111.8
H2O-Zn2 2.3 His186 Nε2-Zn2-H2O 110.8
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structures (18, 37). For comparison, the metal center of
urease is shown in Figure 6. In both the structures of PTE
and urease, a carbamylated lysine residue acts as a bridging
ligand at the position of Glu125 in the ePHP structure. The
side chain of Glu125 adopts an unusually strained conforma-
tion (æ ) -71°, ψ ) 108°, ø1 ) 59°, ø2 ) 179°, andø3 )
-60°) presumably because of distortion caused by coordina-
tion to the two zinc ions in ePHP. In the structures of PTE
and urease, a water molecule serves as the second bridging
ligand between the divalent cations at the analogous position
of the mysterious solvent molecule shown in the structure
of ePHP. It is possible that ePHP, which is similar in
structure and perhaps function to these two hydrolytic
metalloenzymes, may normally have a coordinated hydroxide
at its zinc center, or alternatively, a substrate molecule may
bind between the two zinc ions.
A long groove extends from the zinc center of ePHP along

the protein surface between theâ sheets (strandsâ1-â5 and
strandsâ6-â10), which compose the barrel (Figure 8). The
groove, approximately 17 Å long, 8 Å wide, and 4 Å deep,
is lined by resides from loops at the carboxyl ends of theâ
strands. These loops include that between antiparallelâ
strandsâ2 andâ3, and those connecting strands and helices
within the barrel motif, including loops betweenâ5 andR3,
â6 andR4, â7 andR5, â8 andR6, â9 andR7, andâ10 and
R8. The putative active site of ePHP appears to be largely
hydrophobic, made up of residues Leu15, Ile17, Leu19, Ile52,

Tyr84, Ile126, Phe161, Val184, Leu189, Ile244, and Tyr216
(Figure 9). A calculation of the electrostatic surface potential
of ePHP shows that the binding pocket containing the zinc
ions lies in a region of positive potential produced by the
divalent cations and positively charged residues in the
vicinity, including Lys23, Lys213, and Arg246 (Figure 10).
This concentration of positive charge contrasts with the
overall negative charge of the protein, which has a pI of 5.2
and a charge of-12 at neutral pH as judged from the amino
acid sequence. This finding suggests that, if ePHP is indeed
an enzyme, it may bind an anionic substrate. Similarly, in
purple acid phosphatase, which catalyzes the hydrolysis of
negatively charged phosphate monoesters and which pos-
sesses a binuclear Fe(II)-Zn(II) center, the electrostatic
potential is positive in the vicinity of the metal center at the
active site (38). In contrast, for urease, which catalyzes the
hydrolysis of urea, a neutral substrate, the electrostatic
potential surrounding its binuclear nickel center appears to
be slightly negative. The positive electrostatic potential at
the binuclear zinc center of ePHP may serve to attract an
anionic substrate into its presumed active site.
Superposition of ePHP and PTE.The refined structures

of ePHP and the apo form of PTE were superimposed and
found to have an overall rms deviation of 1.7 Å for the
atomic coordinates of backbone atoms in aligned regions
(Figure 11). PTE is larger than ePHP and has approximately
40 additional residues at the N terminus, including two

FIGURE 7: 2Fo - Fc electron density map contoured atσ in the vicinity of the binuclear zinc center of ePHP. The figure was produced
using the program O (29).
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antiparallelâ strands, which precede the firstâ strand of
ePHP. Portions of the ePHP structure show large differences
with respect to the PTE structure and were therefore not
included in the superposition, including the region between
â1 andR1 that encompasses antiparallelâ strandsâ2 and
â3 (residues 17-32), which are not present in PTE; the loop
betweenâ7 andR5 (residues 160-164); the loop between
â9 andR7 (residues 213-217); and the loop betweenâ10
and R8 (residues 242-256). In superimposed regions,
relatively large structural differences are seen in the loop
connectingâ6 andR4, which has an rms deviation of 2.4
Å, the loop connectingâ8 andR6 (residues 185-193), which
has an rms deviation of 3.5 Å, helixR8, which has an rms
deviation of 2.1 Å, and the loop connectingR8 andR9, which
has an rms deviation of 2.3 Å.
Notably, significant differences between the two structures

are found in the regions corresponding to the presumptive
active site of ePHP. Aside from the residues involved in
metal ligation, few of the residues in the active site are
conserved. The positively charged residues in ePHP, Lys23,
Lys213, and Arg246, are substituted in PTE with Trp, His,
and Ile, respectively. In PTE, residues at the active site found
to form contacts with the substrate analogue diethyl 4-meth-
ylbenzylphosphonate, namely, Phe306, Tyr309, Met317,
Leu271, Trp131, and His257, are also not conserved.
Met317 is the only relatively conservative substitution and

is replaced by a hydrophobic residue, Leu250 in ePHP.
Phe306, Tyr309, and Leu271, however, have no correspond-
ing residues in ePHP and reside in regions of insertion in
PTE relative to ePHP (Figure 2). In PTE, strandâ9 is shorter
than it is in ePHP and diverges into a loop that forms a flap
over the active site that is not seen in the structure of ePHP.
In PTE, the connecting region betweenâ9 andR7 has an
insertion of 14 residues with respect to the ePHP sequence
and contains Leu271, found in the substrate binding pocket
of PTE. The loop betweenâ10 andR8 in PTE, which
contains Phe306 and Tyr309, has an insertion of nine residues
with respect to ePHP sequence. This loop, which differs
substantially in the two structures, is also the location of the
conserved aspartate (Asp243 in ePHP) involved in zinc
ligation.
PTE lacks the long groove observed along the surface of

ePHP, in part because of insertions in the loops and
differences in the positions of the loops surrounding the
active site. In particular, the loop betweenâ9 and R7
occludes the active site in PTE. Even if the insertion in this
loop is deleted from the PTE structure, however, the enzyme
lacks a long groove because of structural differences between
ePHP and PTE in the region connectingâ1 andR1. In
ePHP, a loop between antiparallelâ strands,â2 andâ3,
contributes to a side wall of the groove. In PTE, the long
loop replacing these strands is not in the proper position for

FIGURE 8: Conolly surface of ePHP. The surface was calculated with the program InsightII using a probe radius of 1.4 Å (Molecular
Simulations, Inc., and ref44). The displayed slab thickness was adjusted to about 12.5 Å to show the long groove, which extends between
the parallelâ sheets of theR/â barrel. An ammonium sulfate ion from the crystallization medium binds at the base of the groove and forms
charged hydrogen bonds with Lys213 and Arg246. Ordered water molecules are shown as blue spheres. The zinc center, though not visible
here, is located approximately 7 Å from the sulfate ion and, in this view, would lie above the plane of the displayed section.
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formation of a long binding crevice. Several of the regions
in the apo form of PTE that show large structural deviations
from ePHP apparently undergo structural changes in the
presence of bound divalent cations, including the region
betweenâ1 andR1, the loop betweenâ7 andR5, the loop
betweenâ9 andR7, and the loop betweenâ10 andR8 (6,
17, 18). Once the coordinates for the complex of PTE with
divalent cations become available, we look forward to
providing a detailed analysis and comparison of the struc-
tures.

If ePHP indeed belongs to the family of enzymes from
which PTE evolved, the substantial sequence and structural
differences indicate it is a distant ancestor. AllR/â barrel
proteins discovered so far have been found to be enzymes
with active sites at similar positions at the carboxyl end of
their R/â barrels. On the basis of the common location of
active sites in these enzymes, it has been suggested thatR/â
barrel proteins are related to one another by divergent
evolution from a common ancestor (39). ePHP is most
similar in structure to a subclass ofR/â barrel proteins that
includes PTE, as well as urease and adenosine deaminase.
These proteins all have long ellipticalR/â barrels and bind
metal ions with nearly identical ligands (18, 37, 40). In PTE
and urease, Glu125 is replaced with a carbamylated lysine.
In adenosine deaminase, Glu125 is replaced with an aspar-
tate. Curiously, adenosine deaminase binds only one zinc
ion despite having four histidine residues and an aspartate
at positions analogous to those observed for the residues
which bind zinc in ePHP. The three proteins in this subclass
of R/â barrel proteins with known catalytic activities are
hydrolytic enzymes, and this observation might lead one to
speculate that ePHP may also catalyze some hydrolytic
reaction.

Zinc is found in a wide range of hydrolytic enzymes,
including carbonic anhydrase, various carboxypeptidases,
nucleases, and alkaline and acid phosphatases (41, 42).
Although assays so far have not detected enzymatic activity,
the protein may require a specific substrate not yet identified.
We propose that ePHP is most likely a hydrolytic enzyme,
utilizing an anionic substrate. The long groove along the
surface of ePHP suggests its substrate may be polymeric.
Like in PTE, urease, adenosine deaminase, and carbonic
anhydrase, at least one of the zinc ions may coordinate a
water molecule, thus lowering its pKa to enhance nucleo-
philicity. Alternatively, zinc may play a role analogous to
that in carboxypepetidase and serve as an electrophilic
catalyst, polarizing a carbonyl or phosphoryl oxygen bond
to activate a substrate for nucleophilic attack. In addition,
the metal ions may lower the pKa of a substrate leaving group
to facilitate bond cleavage. The numerous examples of metal
ion catalysis in enzymes suggest many possibilities that will
only be delineated once the true physiological function of
ePHP is known.

FIGURE 9: Space filling model of the structure of ePHP colored
according to the nature of amino acid side chains. Basic residues
are colored dark blue, acidic residues red, aromatic and other
hydrophobic residues gold, histidines medium light blue, and zinc
ions aqua.

FIGURE 10: Representation of the electrostatic surface potentials
of (A) ePHP and (B) urease. The accessible surfaces were
determined for the structures with the metal ions and solvent
molecules omitted. Calculations of electrostatic potential included
the charge on the divalent metal ions. Histidines were assigned a
neutral charge. Regions of positive potential are colored blue, and
regions of negative potential are colored red. The orientation of
the molecule is the same as that in Figure 5.
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FIGURE 11: Superposition of the refined structures of ePHP and
the apo form of phosphotriesterase (Brookhaven Protein Data Bank
entry 1PTA). The structure of ePHP is displayed in purple and that
of PTE in green.
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