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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, alliftical
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  The enzyme phosphotriesterase (PfEEm Pseudomonas
years for selective adaptation of an organism to a particular diminutamay be an example of natural evolution of a new
ecological niche. Recent evidence suggests that evolutionenzymatic activity in response to changing environmental
in microorganisms can occur over a shorter time period, on conditions. PTE is a metalloenzyme with a binuclear zinc
the order of decades or centuries rather than eons. Studiegenter that catalyzes the hydrolysis of a variety of organo-
of artificial evolution of bacteria in a laboratory setting phosphate triesters and phosphorofluoridadessj. All of
document the alteration of proteins on a short time scale in the phosphate triesters found to be substrates of PTE are
response to selective pressurés (The evolution of novel synthetic compounds, and the identity of any naturally
activities may entail the adaptation of a substrate binding occurring substrate for the enzyme is unknown. PTE has
pocket in a protein to alter specificity for a given type of attracted interest because of its potential use in the detoxi-
catalytic function or the evolution of a new catalytic activity fication of chemical waste and warfare agents and its ability
in a pre-existing binding pocket which had no previous to degrade agricultural pesticide$)( The gene for PTE is
catalytic function. One such example is the artificial carried on a plasmid iR. diminutaand on a different plasmid
evolution of a bifunctional enzyme having 3-deooy- in Flavobacteriumsp. (7, 8). The enzyme has a broad
arabinoheptulosonate-7-phosphate synthase and chorismatsubstrate specificity for phosphate triesters but no detectable
mutase activities in a strain &acillus subtilisdeficient in activity with phosphate monoesters or diesters and no activity
chorismate mutase activity?), The bifunctional enzyme  as an esterase or proteage 9, 10). PTE catalyzes the
apparently evolved from a monofunctional deam¢grabino- hydrolysis of the insecticide paraoxon at a rate approaching
heptulosonate-7-phosphate synthase by mutagenesis of athe diffusion limit and thus appears to be optimally evolved
allosteric effector site for prephenate that previously had no for utilizing this synthetic substratet,(11). The synthesis
catalytic activity. Another example is the evolution of of paraoxon was first reported in 19502, suggesting that
p-galactosidase activity in a strain Bscherichia coliwhich the phosphotriesterase activity has evolved in bacteria over
had the gene fof-galactosidase delete®)( The activity the past several decades from an enzyme with a related
evolved under selective growth of the bacteria on media catalytic function.
containing lactose as the carbon source.

1 Abbreviations: PHP, phosphotriesterase homology protein; PTE,
phosphotriesterase; IPTG, isoprogb-thiogalactopyranoside; ICP,
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From a search of thE. coli genomic sequence database, | 2 3 4
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 62— —_—

-
homology protein (PHP) and is believed to belong to the —
family of proteins from which PTE evolved. Four other 45 - - =
genes with homologous sequences have been subsequently =
identified in rat, mouse, mycobacterium, and mycoplasma r — —

(14—16;, GenBank reference x99477). On the basis of 31 —= g
sequence homology, the structure of PHP might be expected
to be similar to that of PTE, and crystallographic structures o4 5 ——m= —
are available for the apo form of PTE and its complexes
with Zn and Cd @, 17, 18). The structures of PTE show
that it has ar/g 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 A. The zinc ions
are bridged by a water molecule and the side chain of a

. . o Ficure 1: Purification of ePHP overexpressedEncoli: lane 1,
carbamylated Lys169. One zinc ion exhibits tetrahedral sample from lysed cells . coli overexpressing pJWP1: lane 2,

coordination by ligands from carbamylated Lys169, His201, gjalyzed supernatant identical to the material loaded on the Q
and His230 and a water molecule. The other zinc ion is Sepharose column; lane 3, pooled fractions containing ePHP from
coordinated with trigonal bipyramid geometry by ligands Q Sepharose chromatography; and lane 4, pooled fractions contain-
from His55, His57, carbamylated Lys169, Asp301, and a ing ePHP from hydrophobic interaction chromatography. At the

f left, molecular size standards include serum albumin (66.2 kDa),
water molecule. The coordinated water molecule may act ovalbumin (45 kDa), carbonic anhydrase (31 kDa), trypsin inhibitor

as the nucleophile in the. hydrolysis reaction. Examination (215 kDa), and lysozyme (14.4 kDa). Samples were separated by
of an alignment of the primary sequences of PHP and PTE polyacrylamide gel electrophoresis on a 15% gel and visualized

shows that the four histidine residues and the aspartatewith Coomasie Brilliant Blue.

involved in coordination of zinc in PTE are conserved in

PHP (L3). An Ala is found in the sequence of PHP atthe = Protein Expression and PurificationThe ePHP gene,
position of the carbamylated Lys in PTE; however, the next cloned in plasmid PJWP1, was expressedtircoli strain
residue in the sequence of PHP is a glutamate. It seemedPH5a grown at 37°C on LB media generally supplemented
plausible that the carboxylate group of Glu125 might replace With 1 mM ZnSQ (except where otherwise specified for
the carbamate of Lys169 in PTE and that the shift in position metal analysis experiments). One liter cultures of trans-
in the sequence might compensate for the longer length offormed bacteria were grown in the presence of 100 mg of
the carbamylated Lys side chain. Here we report the cloning, ampicillin to an ORoonm Of 0.6 before induction of ePHP
purification, and initial biochemical characterization of the gene expression by addition of 2 mL of 0.5 M IPTG.
enzyme. In addition, we present the crystallographic struc- Cultures were then grown for another 30 h at°€7before
ture of PHP complexed with two zinc ions, determined at harvesting by centrifugation at 409@or 15 min at 4°C.

1.7 A resolution, and offer a comparison with the structures Cell pellets were resuspended in 40 mL of cold 20 mM Bis-
of PTE and urease, two related, hydrolytic metalloenzymes Tris'HCI at pH 6.6 (buffer A) and lysed by sonication. ePHP

14.4 — _—

that have thea/$ barrel fold. appeared to be the major protein in the crude lysate and
soluble fraction as observed by polyacryamide gel electro-
MATERIALS AND METHODS phoresis (Figure 1, lanes 1 and 2). The cell homogenate

Cloning of PHP. TheE. coli phosphotriesterase homology Wwas centrifuged at 180@0at 4 °C for 30 min to remove
protein (ePHP) sequence was identified previously using thecellular debris, and the supernatant was dialyzed overnight
BLAST searching algorithml@) for sequences with homol-  at 4 °C against buffer A. After dialysis, the protein was
ogy to phosphotriesteras@3). A primer complementary  loaded onto an anion exchange Q Sepharose (Pharmacia)

to the 5 end of the sequence that incorporated Nuatd column (2.5 cm diametex 37 cm length) pre-equilibrated
restriction site and another primer complementary to the 3 with buffer A. The protein was eluted viita 2 L linear
end of the sequence that incorporateHliadIll restriction gradient of 06 1 M NaCl in buffer A. Fractions containing
site were synthesized. The primer sequences WEEAAT- ePHP, which eluted at approximately 0.25 M NaCl, were

TCCATATGAGTTTTGATCCGAC for the N-terminal primer ~ pooled, and ammonium sulfate was added to a final
and BGCTCTCAAGCTTTTATTGGAAAAATTGAGA for concentration of 1.2 M and the pH adjusted by the addition
the C-terminal primer. Both primers were prepared by the of Tris*HCI (pH 8.0) to a concentration of 100 mM before
University of California=San Francisco (UCSF) Biomo- chromatography on a Rainin HPLC phenyl-5PW column
lecular Resources Center. Thhpgene was amplified out  (TosoHaas, 20 mm IDx 15 cm) pre-equilibrated in 1.5 M

of anE. coligenomic DNA library obtained from the lab of ~ammonium sulfate and 100 mM Trt3$Cl at pH 8.0 (buffer

C. Craik @QO; originally from M. Obukowicz, Monsanto) C). The ePHP protein was eluted using a linear gradient
using the polymerase chain reaction and then cloned intofrom buffer C to buffer D (100 mM Tri¢HCl at pH 8.0).

the pTactac vector2(l). The resulting plasmid was termed Fractions containing ePHP protein were pooled and dialyzed
pJWP1. The DNA sequence was confirmed by dideoxy to remove ammonium sulfate. Coomassie blue-stained
sequencing performed by the UCSF Biomolecular Resource SDS-PAGE gels showed that the protein was purified to
Center DNA Sequencing Facility. 80% homogeneity after Q Sepharose chromatography (Figure
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1, lane 3) and to better than 98% homogeneity after 1.5 M ammonium sulfate, 10% 2-methyl-2,4-pentanediol,
hydrophobic interaction chromatography (Figure 1, lane 4). 100 uM Zn(OAc),, and 50 mM HEPES (pH 7.5). Three
A final yield of 10 mg of purified protein was obtained from  microliters of a solution containing the protein was mixed
1 L of culture. The identity of the purified ePHP was with 3 uL of the precipitant solution and the mixture allowed
confirmed by peptide sequencing of the N-terminal amino to equilibrate at room temperature. Crystals appeared after
acids. The protein after polyacrylamide gel eletrophoresis 3 days, but typically grew in clusters. The quality of crystals
was blotted onto nitrocellulose in preparation for sequencing, was improved by microseeding drops with crushed crystals.
which was performed by the UCSF Biomolecular Resource Single crystals obtained from seeding had dimensions of
Center. Metal analysis of the purified protein by inductively approximately 10@im x 300um x 300um and diffracted
coupled plasma emission spectroscopy showed that 1.9 equito 1.7 A resolution.

of zinc was incorporated per monomer of protein. X-ray Diffraction Measurement and Data Processifg.

Gel Filtration. The polymerization state of ePHP was preparation for diffraction measurements, crystals were
determined by analytical gel filtration chromatography. transferred to an artificial mother liquor consisting of the
ePHP (1 mg) was loaded onto a Pharmacia Sephacryl S-10Qrecipitant solution with 20% glycerol added as a cryopro-
HR column (900 cmx 16 mm) along with molecular weight  tectant. The crystals were mounted in rayon loops, 400
standards (1 mg each), ovalbumin, carbonic anhydrase, andn diameter, and flash frozen under a stream of nitrogen at
bovine serum albumin. The column was equilibrated and —180°C. Diffraction data were measured with an Raxis Il
eluted with 10 mM Tris and 150 mM NaCl (pH 7.5). image plate detector using Cualadiation generated by an

Metal Analysis of ePHPePHP was expressed in bacterial 18 kW rotating anode operating at 50 kV and 300 mA. Data
cultures grown on media supplemented with different metal were processed with the programs Denzo and Scale@8ck (
ions, including ZnSQ CoCh, MnCl,, CuSQ, FeSQ, NiSQy, All data processing and subsequent refinement were per-
and CdCQ. In each case, 1.0 mL of overnight culture of formed on a Silicon Graphics workstation.

DH5a containing pJWP1 was used to inoculate 200 mL of  Structure Determination and Refinemerithe unit cell

LB media containing 20 mg of ampicillin. The cultures were dimensions of the crystal were determined with the program
grown to an OyonmOf 0.4 (about 3 h), and then 40Q. of Denzo, and the crystallographic space group was assigned
0.5 M IPTG and 2 mL of a 100 mM solution of the asP2; by analysis of pseudo precession images using the
appropriate metal were added to the culture. The R@&Q program Xprep. Calculation of a Matthew’s coefficieBtl),
dissolved in degassed water immediately before addition, andV,,,, of 2.7 A¥Da indicated the presence of two monomers
the FeSQ was added in two aliquots 90 min apart to avoid in the asymmetric unit. Inspection of peaks in a native
oxidation and precipitation of Pé. Bacterial lysates were  Patterson map showed that the monomers of the asymmetric
prepared as described above, and the protein was partiallyunit were related by a translation in fractional coordinates
purified by chromatography on Q Sepharose using a stepof 0.4 iny and 0.5 inz. Attempts to solve the structure by
gradient. The Q Sepharose was first washed with 150 mM molecular replacement using the atomic coordinates of the
NacCl in buffer A followed by elution of ePHP with 200 MM apo form of PTE fronP. diminuta which has 28% sequence
NaCl in buffer A. Fractions containing ePHP were dialyzed identity with ePHP, were initially unsuccessful. The multiple
against 50 mM NaCl and 20 mM TridCI (pH 7.5) and isomorphous replacement method was therefore used to
submitted for metal analysis by inductively coupled plasma determine experimental phases. Three heavy-atom deriva-
(ICP) emission spectroscopy performed by the Garratt- tives were prepared by soaking crystals in a mother liquor
Callahan Co. (Millbrae, CA) and by XRAL Laboratories. [1 M ammonium sulfate, 10% 2-methyl-2,4-pentanediol, and
Protein concentrations were determined by amino acid 50 mM HEPES (pH 7.5)] containing heavy-atom compounds.
analysis at the University of Michigan, Protein and Carbo- Details concerning the concentrations of the heavy-atom
hydrate Structure Facility (Ann Arbor, MI). compounds, mercuric chloride, Baker's dimercurial, and

Enzyme AssaysPHP was assayed for enzymatic activity uranyl acetate and the lengths of the soaks are presented in
against a panel of nonspecific substrates. Activity was Table 1. The binding sites of heavy-atom derivatives were
determined by monitoring changes in absorbance at 405 nmdetermined from inspection of difference Patterson maps and
for 5 min. The substrateg-nitrophenyl acetate,-alanine difference Fourier maps, and MIR phases were calculated
nitroanilide, p-nitrophenyl sulfate, bigtnitrophenyl) phos- to 2.5 A using the program Phas&5). The phases were
phate, paraoxon, argnitrophenyl phosphate were assayed improved by including anomalous data from the mercuric
in the presence of 429 of purified Zn containing ePHP in  chloride and uranyl acetate derivatives in the phase calcula-
50 mM TrisHCI and 100 mM NaCl (pH 7.8). All substrates tion and by density modification using the program DM to
were assayed at a concentration of 1 mM except for perform histogram matching, solvent flattening, and non-
nitrophenyl phosphate which was assayed at a concentratiorcrystallographic symmetry averaging6j. Once experi-
of 0.2 mM. In addition, botlp-nitrophenyl phosphate and mental phases were determined, the structure of the apo form
paraoxon were assayed at pH 9.0 in 100 mM CHES buffer of PTE fromP. diminuta(17) could be roughly positioned
(4). The p-nitrophenyl phosphate was also assayed at pH in the electron density map. The coordinates of PTE were
5.5 in 100 mM MES buffer. Carbonic anhydrase activity rotated according to a rotation search using the program
was assayed by monitoring the time required for a saturatedAmore 7), and the experimental phases were used to
carbon dioxide solution to lower the pH of 20 mM Tris  perform a phased-translation search with the program X-
HCI from 8.3 to 6.3 at CC (22). PLOR @6). The initial R factor for the molecular replace-

Crystallization. ePHP was crystallized in hanging drops ment solution was 59% in the range of-58.5 A resolution.
by the vapor diffusion method. The protein crystallized at No attempt at phase combination of the MIR and model
a concentration of 15 mg/mL from a precipitant solution of phases was, therefore, attempted because of the good quality
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Table 1: Crystallographic Data and Heavy-Atom Refinement Statistics

crystals (temperature 6f180°) space group2;

a=421Ab=80.8Ac=982A and3=97.1°

native baker's dimercurial mercuric chloride uranyl acetate

Riergé 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 57170 55506
completeness (%) 98 (5.9 A), 97 (50-2.7 A), 99 (50-2.3 A), 96 (50-2.6 A),

94 (2.1-2.0 A), 86 (2.1-2.0 A), 96 (2.1-2.0 A), 91 (2.1-2.0 A),

72 (1.8-1.7A) 77 (1.9-1.8 A) 79 (1.9-1.8A) 85(1.9-1.8A
no. of sites 4 2 2
heavy-atom soaks 0.1mM,1h 0.1mM,1h 5mM, 1 day
Reentrid 0.53 (4 A) 0.62(29A 054 (29A
Ranont 0.048 (3.5 A) 0.061 (2.9 A)
phasing power 2.4 (4 A) 1.7 (2.9 A), 1.3 (2.9 A),

1.0 (ano, 3.5 A) 1.5 (ano, 2.9 A)

figure of merit 0.58 (16-2.9 A)

2 Rmerge= 2 nl1(h) — 1i(h)[/3i3 I (), whereli(h) andI(h) are theith and the mean measurement of the intensity of refledtidReentic= Y ||Fen
+ Fp| — |Full/Y|Fpn — Fp|, whereFpy is the structure factor of the derivativiep is that of the native data, arfel; is the calculated heavy-atom
structure factor. The upper resolution cutoffs used for the calculations are shown in pareritRgsgss Y |F™ — F~|/3|F| for acentric anomalous

scattering datef Phasing power= rms(Fy|/E), whereFy, is the calculated

heavy-atom structure factor &nd the residual lack of closure error.

ano indicates the calculated value based on the anomalous difference.

Table 2: Structure Refinement Statistics

Reys? (50—1.7 A) 0.204
Ried? (50—1.7 A) 0.241
rms deviation from ideal bond lengths (A) 0.008
rms deviation from ideal bond angles (deg) 1.62

8 Ruyst = YnlFo — Fel/YnlFol, whereF, andF. are the observed and
calculated structure factor amplitudes, respectiveBke. is the cross-
validationR factor determined for 10% of the total reflections, which
were omitted from map calculations and refinement.

of the MIR map and the apparently substantial structural

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 AnalysisThe refined coordinates of ePHP

were superimposed on the coordinates of the apo form of
PTE using the program superimpos¥?) 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 betwegil and al, including
antiparallels strands32 andS3 (residues 1732); the loop

differences between PTE and ePHP. The PTE model wasbetween37 andob (residues 160164); the loop between

adjusted by visual inspection of the MIR map at 2.5 A
resolution. Model building was performed with @9), and

the structure was refined with X-PLORE&) and Refmac
(30). After one round of model fitting and refinement, the
phases were extended to 1.7 A resolution and all further
fitting of the model was performed usindg-2 — Fc maps.

An Ryee 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, isotrop® 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 Ryee 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 Z, — Fc. map in peaks of electron density that exceeded
1.50 and that were located a minimum of 2.5 A and not
more tha 4 A 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 81). The structure of ePHP, refined at 1.7 A
resolution with good geometry, has &wof 20.4% and an
Riee Of 24.1% (Table 2). The excellent quality of the electron
density map allowed the placement of all residues with the

/9 anda7 (residues 213217); and the loop betweelO
and a8 (residues 242256). The overall rms deviation of
the main chain atomic coordinates determined from the
superposition of the two structures was 1.7 A.

Electrostatic Calculations Electrostatic surface potentials
for ePHP and urease were calculated with the program
GRASP @3). The accessible surface was determined with
a probe radius of 1.4 A. Calculations were performed using
a solvent dielectric constant of 80 and a protein dielectric
constant of 2.

RESULTS AND DISCUSSION

Sequence AlignmeniThe original alignment of ePHP and
phosphotriesterase was reported by Scanlan and R&jd (
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. ThE. coli protein is
labeled ePHP, thilycoplasma pneumonigeotein mpPHP,
the Mycobacterium tuberculosigrotein 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 ar8(%
identical at the amino acid level. Although mpPHP is less
similar to other members of the family, the level of sequence
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Ficure 2: Alignment of the sequences of PTE and those of phosphotriesterase homology proteiis ai{ePHP),M. tuberculosis

(mtPHP),M. pneumoniagmpPHP), 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 ug*thending site in

K1

phosphotriesterase and the analogous residues in the PHP proteins are boxed. Stars ) pn#@moniaesequence indicate positions
where stop codons are found in the database sequence. The two loops in the PTE sequence, that¢bhatwegnand that betweefil0

anda8, 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.

identity increases to 29% if only residues 5860 are

and mpPHP have a lysine at the position corresponding to

considered. The aspartate and all four histidine residues thatl69 in phosphotriesterase, and these lysines are likely to be

coordinate ZA" in phosphotriesterase are conserved acrosssimilarly carbamylated.

the six members of the phosphotriesterase family. Only the

Metal lon Composition.The conservation in ePHP of the

lysine at position 169 is not strictly conserved. This residue residues involved in zinc ligation in phosphotriesterase

is replaced by a glutamate and is shifted by one position in suggested that ePHP would also be a metalloenzyme. We

the alignment for ePHP, muPHP, and rPHP. Both mtPHP therefore analyzed purified ePHP for metal content.

Initial
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Table 3: Analysis of Metal Content of ePHP Expressed in the 100 ' T ' ' T
Presence of Different Divalent Caticns 8o}
growth moles of metal ion per mole of ePHP § bovine
condions Mn Fe Co Ni Cu zn Cd total 2 60 serumalbumin
bt Ibumi
1mM M= 0.2 0.2 1 14 Z ovaumn
1 mM Fet 0.8 0.1 1.5 2.4 2 a0l
1 mM Co* 0.4 01 038 1.3 5
1 mM Ni2* 0.1 1 1.1 3
1 mM Cw* 01 01 02 11 15 2
1mM Zr?t 0.1 1.9 2.0 carbonic
1 mM Cct* 01 01 03 07 12 anhydrase
aThe protein concentration was determined by amino acid analysis, 2060 6'5 7'0 7'5 810 8'5 90
and the metal ion content was determined by ICP emission spectroscopy. Volume (i)

i » o . Ficure 3. Determination of native molecular size using gel
analysis of purified ePHP grown in simple LB media showed filtration chromatography. One milligram of each purified ePHP

incorporation of approximately 0.7 mol of zinc, 0.2 mol of protein and three molecular mass standards (BSA, ovalbumin, and

iron, and 0.2 mol of manganese per mole of protein (data carbonic anhydrase) were loaded onto a 9006 mm ID
e Sephacryl S-100 HR (Pharmacia) column pre-equilibrated with 10
not shown). The low metal stoichiometry suggested that the o " t1is"HCI and 150 mM NaCl (pH 7.5). The flow rate was

endogenous metal ion concentration of the LB growth media maintained at 0.5 mL/min using a peristaltic pump, and the eluant
was insufficient to allow full metal incorporation in the was monitored at 254 nm during collection of 6.4 mL fractions.
overexpressed ePHP. The problem was overcome byEluted proteins were identified using polyacrylamide gel electro-
supplementing the growth media with divalent cations. In~ Phoresis.

the presence of 1 mM 2h, ePHP incorporates two zinc
atoms per protein molecule. The results of expression of
ePHP in media containing different divalent transition metals,
Mn2+, Fet, Co*, Nizt, CU*T, Zr?t, or CcEt, are shown in
Table 3. E. coliPHP has a clear preference for bindingZn
over Mrtt, Fet, Ca?t, Ni2*, and Cd@*. In every case, 21

in the LB growth media successfully competes for incorpora-
tion into ePHP, even in the presence of large excesses of
alternative metal ions. Only Gt, when present in large
excess, displaces Zn and Cd* is unlikely to be associated 190.0 200.0 210.0 220.0 230.0 240.0 250.0 260.0

. . . . . . wavel h (nm)
with the protein under physiological conditions. Zinc and FiIGURE 4: Comparison of theaciererl;r: dichroism spectra of ePHP
cadmium often display similar binding affinities for proteins, and trioéephosphate isomerase. Circular dichroism spectra were

and cadmium toxicity in many animals is thought to arise recorded on an Aviv Circular Dichroism Spectrometer (model
from disruption of zinc metabolisn84). E. coli PHP also 62DS) instrument usia 1 mm patheéngth cuvette. Purified ePHP

shows affinity for F&", and curiously, the presence of?Fe protein at a concentration of 2:M in buffer containing 50 mM
increases ZAt uptake, possibly by activation of an e KF and 10 mM KHPQ (pH 7.5) was used for data collection. The

. protein concentration was determined by amino acid analysis
ionophore that transports Znto some extent as well. (University of Michigan). Data were recorded every 1 nm from

Enzyme Actity Assays. ePHP was tested for general 185 to 260 nm, and a buffer blank was subtracted. The solid line
esterase, aminopeptidase, sulfatase, phosphatase, carbonstiows the circular dichroism spectrum for triosephosphate isomerase

anhydrase, phosphodiesterase, and phosphotriesterase actiat was obtained from data provided in the Dicroprot V2.1 portion
ties with the following substratesp-nitrophenyl acetate, g:otshsiSAz)thsethxttﬁéogg“;‘pgterheriggf ;‘B?_'Sfeo(’r“ég’rgbalr?fgg' The
L-alanine nitroanilidep-nitrophenyl sulfate, bigtnitrophen- '

yl) phosphate, paraoxon, aipehitrophenyl phosphate. No

enzymatic activity was detected with any of these non_specmc I'g1teraction chromatography causes dimer dissociation, ePHP,
substrates. The crude lysate of bacteria overexpressing ePH

was also assayed for phosphotriesterase activity because 0?.nly partially purified by ion exchange chromatography, was

concern that enzymatic activity might be lost during purifica- similarly subjected to analytical gel filtration chromatogra-

: - . L phy. Again, ePHP was found to elute with a retention time
tion. No nonspecific phosphotriesterase activity, however, consistent with monomer composition (data not shown)
was detected in crude lysates. P '

Gel Filtration of ePHP. The phosphotriesterase protein Although most knowna/j barrels form dimers or larger

from Pseudomomais thought to function as a dimeT)(on multimers, ePHP appears to be monomeric at least in the
the basis of ultracentrifugation studies and its dimeric absence of bound substrate.

association in X-ray crystallographic structurds)( To Circular Dichroism. The crystallographic structure of PTE
establish whether ePHP exists as a monomer or multimer,shows that the enzyme has aff barrel fold. ePHP shares
we used size exclusion chromatography and compared the28% sequence identity with PTE, and structural similarities
migration of ePHP with that of protein standards with known between the proteins were anticipatedB)( The circular
molecular weights. As shown in Figure 3, ePHP elutes close dichroism spectrum of ePHP and that of triosephosphate
to carbonic anhydrase at 29 kDa, which agrees well with isomerase, an archetypical barrel protein, are highly
the molecular weight of 32915 predicted from its amino acid similar in shape and amplitude, consistent with ePHP also
sequence, and indicates that purified ePHP exists in ahaving theo/$ barrel fold (Figure 4).

A€

monomeric state. To rule out the possibility that hydrophobic
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Table 4: Coordination Geometry at the Binuclear Zinc Center

of ePHP
distance angle
ligand—metal A ligand—metal-ligand (deg)
His12 No—2Zn, 23 His12 No—Zm—H>0 117.5
His14 No,—2Zn; 2.2 His14 No—Zm—His12 N, 119.1
Asp243 Q,—Zm 24 His14 No—Zm—H,0 123.4
Glul25 Q;—Zny 2.4 Asp243 @—2Zn—Glul25Q, 171.9
HZO—an 2.0
Glul25 Q;—Zn, 2.2 Glul25 ;—2Zn,—His158 N1 94.8
His158 Nyy—Zn, 23 His186 No—Zn,—His158 Ny~ 93.5
His186 N,—Zn; 2.2 Glul25 ;—2Zn,—H,0 111.8
HgO—an 2.3 His186 I\Jz—an—HZO 110.8

o helices that follow them. Figure 6 shows the coordination
geometry at the binuclear zinc center. The two zinc ions
are separated by 3.35 A 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 Glul25. The carboxylate groups of
Asp243 and Glul25 occupy the apical positions of the
trigonal bipyramid. The identity of the fifth ligand is unclear
Ficure 5: Ribbon representation of the structure of ePHP. The from the electron density (Figure 7) but may be some
protein forms ara/g barrel and in addition has two antiparalfl molecule from theE. coli extract from which the protein

strands 32 andf3, inserted between the firStstrand andx helix o . . L
of the barrel. A helical excursiom9, follows the lasta. helix of was purified or an unknown contaminant in the crystallization

the barrel motif and extends inward toward the binuclear metal medium. The density does not appear to fit any buffer
center. Thex helices are colored purple, and fhietrands are green.  molecule used in crystallization. The carboxylate group of
The two zinc ions are drawn as blue spheres located at the carboxylG|y125 and this molecule of unknown identity act as bridging
gg?ocr’fég;mﬂ barrel. The structure was rendered using the program i a0 ds hetween the two zinc ions. The ligands around the
' second zinc ion include the side chains of Glu125, His158,
Description of theo/f Barrel Structure The X-ray and His186 and the molecule of unknown nature arranged
crystallographic structure of ePHP confirms predictions from with distorted tetrahedral geometry. In small molecule and
the circular dichroism analysis. The structure shows that protein complexes with metal ions, carboxylate groups
ePHP has an ellipticab3)s barrel fold with two antiparallel ~ generally show preferential coordination through the syn
p strands inserted between strafitl and helixal of the lone-pair electrons of the carboxylate oxygeBS)( Such
barrel (Figure 5). An additional helixa9, follows o8, is the case here, where Glul25 and Asp243 coordinate the
pointing inward from the C-terminal end of the barrel toward zinc ions through their syn lone pairs. Histidine generally
the binding pocket of the zinc center. The binuclear zinc binds to metal ions preferentially through the, osition
center is located at the C-terminal end of {héarrel at (36), and in ePHP, three of the histidine ligands, His12,
perhaps the active site of this putative enzyme. The active His14, and His186, are coordinated in this manner. His158
sites of enzymes possessing thig barrel fold are commonly  is coordinated with the less favorable;Nnteraction and
found at similar positions where catalytic residues are has a strained geometry,;(= 160> and y, = 111°).
contributed either from the C-terminal ends of thetrands Binuclear metal centers of PTE and urease, algbbarrel
of the barrel or from the loops connecting the strands to the metalloproteins, show similar coordination schemes and

A B
His 134
Aap 360
Ly
His 136

@

His 14

His 186

®:
\L‘is]ﬁl

Ficure 6: Comparison of the binuclear metal centers of (A) ePHP and (B) ur8aseJoordinated solvent molecules are drawn as gray
spheres. The numbers shown indicate the distances in angstroms between metal ions and ligands.

His 272
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Ficure 7: 2F, — F. electron density map contoured @in the vicinity of the binuclear zinc center of ePHP. The figure was produced
using the program O20).

structures 18, 37). For comparison, the metal center of Tyr84, 1le126, Phel61, Val184, Leul89, lle244, and Tyr216
urease is shown in Figure 6. In both the structures of PTE (Figure 9). A calculation of the electrostatic surface potential
and urease, a carbamylated lysine residue acts as a bridgingf ePHP shows that the binding pocket containing the zinc
ligand at the position of Glu125 in the ePHP structure. The ions lies in a region of positive potential produced by the
side chain of Glu125 adopts an unusually strained conforma-divalent cations and positively charged residues in the
tion (p = —721°, v = 108, y1 = 59°, yo = 179, andys = vicinity, including Lys23, Lys213, and Arg246 (Figure 10).
—60°) presumably because of distortion caused by coordina- This concentration of positive charge contrasts with the
tion to the two zinc ions in ePHP. In the structures of PTE overall negative charge of the proteihich has a pof 5.2
and urease, a water molecule serves as the second bridgingnd a charge of-12 at neutral pH as judged from the amino
ligand between the divalent cations at the analogous positionacid sequence. This finding suggests that, if ePHP is indeed
of the mysterious solvent molecule shown in the structure an enzyme, it may bind an anionic substrate. Similarly, in
of ePHP. It is possible that ePHP, which is similar in purple acid phosphatase, which catalyzes the hydrolysis of
structure and perhaps function to these two hydrolytic negatively charged phosphate monoesters and which pos-
metalloenzymes, may normally have a coordinated hydroxide sesses a binuclear Fe(HZn(ll) center, the electrostatic
at its zinc center, or alternatively, a substrate molecule may potential is positive in the vicinity of the metal center at the
bind between the two zinc ions. active site 88). In contrast, for urease, which catalyzes the
A long groove extends from the zinc center of ePHP along hydrolysis of urea, a neutral substrate, the electrostatic
the protein surface between thesheets (strang$l—35 and potential surrounding its binuclear nickel center appears to
strandg36—/310), which compose the barrel (Figure 8). The be slightly negative. The positive electrostatic potential at

groove, approximately 17 A lon@ A wide, ard 4 A deep,  the binuclear zinc center of ePHP may serve to attract an
is lined by resides from loops at the carboxyl ends offhe anionic substrate into its presumed active site.

strands. These loops include that between antiparAllel Superposition of ePHP and PTEThe refined structures
strand$52 and3, and those connecting strands and helices of ePHP and the apo form of PTE were superimposed and
within the barrel motif, including loops betwe@b anda3, found to have an overall rms deviation of 1.7 A for the

6 anda4, 57 andob5, 48 anda6, 59 anda7, ands10 and atomic coordinates of backbone atoms in aligned regions
a8. The putative active site of ePHP appears to be largely (Figure 11). PTE is larger than ePHP and has approximately
hydrophobic, made up of residues Leul5, lle17, Leul9, lle52, 40 additional residues at the N terminus, including two
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[
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FiGURe 8: Conolly surface of ePHP. The surface was calculated with the program Insightll using a probe radius of 1.4 A (Molecular
Simulations, Inc., and ref4). The displayed slab thickness was adjusted to about 12.5 A to show the long groove, which extends between
the paralle}3 sheets of theu barrel. An ammonium sulfate ion from the crystallization medium binds at the base of the groove and forms
charged hydrogen bonds with I)_g5213 and Arg246. Ordered water molecules are shown as blue spheres. The zinc center, though not visible
here, is located approximage¥? A from the sulfate ion and, in this view, would lie above the plane of the displayed section.

antiparallels strands, which precede the fir8tstrand of is replaced by a hydrophobic residue, Leu250 in ePHP.
ePHP. Portions of the ePHP structure show large differencesPhe306, Tyr309, and Leu271, however, have no correspond-
with respect to the PTE structure and were therefore noting residues in ePHP and reside in regions of insertion in
included in the superposition, including the region between PTE relative to ePHP (Figure 2). In PTE, strgt®lis shorter

Bl andal that encompasses antiparajebtrandss2 and than it is in ePHP and diverges into a loop that forms a flap
3 (residues 1732), which are not present in PTE; the loop over the active site that is not seen in the structure of ePHP.
betweens7 andob5 (residues 1606164); the loop between In PTE, the connecting region betwegf anda7 has an

£9 anda7 (residues 213217); and the loop betweegfilO insertion of 14 residues with respect to the ePHP sequence
and a8 (residues 242256). In superimposed regions, and contains Leu271, found in the substrate binding pocket
relatively large structural differences are seen in the loop of PTE. The loop betweef10 anda8 in PTE, which
connectingf6 anda4, which has an rms deviation of 2.4 contains Phe306 and Tyr309, has an insertion of nine residues
A, the loop connecting8 anda6 (residues 185193), which with respect to ePHP sequence. This loop, which differs
has an rms deviation of 3.5 A, helo®, which has an rms  substantially in the two structures, is also the location of the
deviation of 2.1 A, and the loop connectin§ anda9, which conserved aspartate (Asp243 in ePHP) involved in zinc
has an rms deviation of 2.3 A. ligation.

Notably, significant differences between the two structures  PTE lacks the long groove observed along the surface of
are found in the regions corresponding to the presumptive ePHP, in part because of insertions in the loops and
active site of ePHP. Aside from the residues involved in differences in the positions of the loops surrounding the
metal ligation, few of the residues in the active site are active site. In particular, the loop betweg® and a7
conserved. The positively charged residues in ePHP, Lys23,occludes the active site in PTE. Even if the insertion in this
Lys213, and Arg246, are substituted in PTE with Trp, His, loop is deleted from the PTE structure, however, the enzyme
and lle, respectively. In PTE, residues at the active site foundlacks a long groove because of structural differences between
to form contacts with the substrate analogue diethyl 4-meth- ePHP and PTE in the region connectifig andal. In
ylbenzylphosphonate, namely, Phe306, Tyr309, Met317, ePHP, a loop between antiparallelstrands,32 and 33,
Leu271, Trpl3l, and His257, are also not conserved. contributes to a side wall of the groove. In PTE, the long
Met317 is the only relatively conservative substitution and loop replacing these strands is not in the proper position for
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Ficure 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.

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
betweensl andal, the loop betweef37 anda5, the loop
betweens9 anda7, and the loop betweehilO anda8 (6,

1.7’ 18). Onc_e the coordinates for the complex of PTE with Ficure 10: Representation of the electrostatic surface potentials
dlval'ent catlons. become qvallable, we .Iook forward to ¢ (A) ePHP and (B) urease. The accessible surfaces were
providing a detailed analysis and comparison of the struc- determined for the structures with the metal ions and solvent

tures. molecules omitted. Calculations of electrostatic potential included

. . the charge on the divalent metal ions. Histidines were assigned a
If ePHP indeed belongs to the family of enzymes from neutral charge. Regions of positive potential are colored blue, and

which PTE evolved, the substantial sequence and structurakegions of negative potential are colored red. The orientation of
differences indicate it is a distant ancestor. &l barrel the molecule is the same as that in Figure 5.
proteins discovered so far have been found to be enzymes ;. is found in a wide range of hydrolytic enzymes

with active sites at similar positions at the carboxyl end of including carbonic anhydrase, various carboxypeptidases,
their o/f barrels. On the basis of the common location of nucleases, and alkaline and acid phosphatadés 4Q2).
active sites in these enzymes, it has been suggested/fhat  Ajthough assays so far have not detected enzymatic activity,
barrel proteins are related to one another by divergent e protein may require a specific substrate not yet identified.
evolution from a common ancesto8y). ePHP is most  \ye propose that ePHP is most likely a hydrolytic enzyme,
similar in structure to a subclass eff barrel proteins that  tjlizing an anionic substrate. The long groove along the
includes PTE, as well as urease and adenosine deaminasgyrface of ePHP suggests its substrate may be polymeric.
These proteins all have long ellipticals barrels and bind | jke in PTE, urease, adenosine deaminase, and carbonic
metal ions with nearly identical ligand$§ 37, 40). INnPTE  anhydrase, at least one of the zinc ions may coordinate a
and urease, Glul25 is replaced with a carbamylated |ySine.Water molecule, thus lowering itskp to enhance nucleo-

In adenosine deaminase, Glul25 is replaced with an asparphilicity. Alternatively, zinc may play a role analogous to
tate. Curiously, adenosine deaminase binds only one zincthat in carboxypepetidase and serve as an electrophilic
ion despite having four histidine residues and an aspartatecatalyst, polarizing a carbonyl or phosphoryl oxygen bond
at positions analogous to those observed for the residuesto activate a substrate for nucleophilic attack. In addition,
which bind zinc in ePHP. The three proteins in this subclass the metal ions may lower thekg of a substrate leaving group

of a/p barrel proteins with known catalytic activities are to facilitate bond cleavage. The numerous examples of metal
hydrolytic enzymes, and this observation might lead one to ion catalysis in enzymes suggest many possibilities that will
speculate that ePHP may also catalyze some hydrolyticonly be delineated once the true physiological function of
reaction. ePHP is known.




5106 Biochemistry, Vol. 37, No. 15, 1998

Ficure 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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