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ABSTRACT. Phosphotriesterase froRseudomonas diminutatalyzes the hydrolysis of paraoxon and related
acetylcholinesterase inhibitors with rate enhancements that approdchrh@ enzyme requires a binuclear
metal center for activity and as isolated contains 2 equiv of zinc per subunit. Here we describe the
three-dimensional structure of the ZiZn?*-substituted enzyme complexed with the substrate analog
diethyl 4-methylbenzylphosphonate. Crystals employed in the investigation belonged to the space group

C2 with unit cell dimensions o = 129.6 A,b = 91.

4 A c=69.4A =919, and two subunits in

the asymmetric unit. The model was refined by least-squares analysis to a nominal resolution of 2.1 A

and a crystallographi®-factor of 15.4% for all me

asured X-ray data. As in the previously reported

structure of the cadmium-containing enzyme, the bridging ligands are a carbamylated lysine residue (Lys
169) and a hydroxide. The zinc ions are separated by 3.3 A. The more buried zinc ion is surrounded by
His 55, His 57, Lys 169, Asp 301, and the bridging hydroxide in a trigonal bipyramidal arrangement as
described for the cadmium-substituted enzyme. Unlike the octahedral coordination observed for the more
solvent-exposed cadmium ion, however, the second zinc is tetrahedrally ligated to Lys 169, His 201, His
230, and the bridging hydroxide. The diethyl 4-methylbenzylphosphonate occupies a site near the binuclear
metal center with the phosphoryl oxygen of the substrate analog situated at 3.5 A from the more solvent-
exposed zinc ion. The aromatic portion of the inhibitor binds in a fairly hydrophobic pocket. A striking

feature of the active site pocket is the lack of dire

ct electrostatic interactions between the inhibitor and

the protein. This most likely explains the broad substrate specificity exhibited by phosphotriesterase.

The position of the inhibitor within the active site su
is the metal-bound hydroxide.

The phosphotriesterase frddseudomonas diminutaata-
lyzes, with very high turnover numbers, the hydrolysis of
organophosphorus pesticides and nerve agents (Defhehs
1989). Typical reactions with the insecticide paraoxon and
the nerve agent sarin are as follows:
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The active site of this remarkable enzyme has been shown
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ggests that the nucleophile for the hydrolysis reaction

to consist of a binuclear metal center that can be assembled
in an active configuration with either 2h Mn?*, Ca?*, Ni?*,

or Cc** (Omburoet al.,1992). The ky values for the Z#/
Zn?*-substituted enzyme are 2100'sand 56 s with
paraoxon and sarin, respectively (Dunesal., 1990).

Recent NMR, EPR, and X-ray crystallographic investiga-
tions have provided a wealth of structural and mechanistic
details concerning the active site of phosphotriesteréiSed
NMR spectroscopic studies have demonstrated that the two
enzyme-bound Cd ions are in slightly different chemical
environments (Omburaet al., 1993). In addition, EPR
spectra of the M#f/Mn?"-substituted enzyme have proven
that the two metal ions are closely bound and are antifer-
romagnetically coupled through a common ligand (Cete
al.,, 1993). Through X-ray crystallographic analysis, the
molecular motifs of both the apo- and the cadmium-
substituted forms of phosphotriesterase are now known to
2.1 and 2.0 A resolution, respectively (Bennitcal., 1994,
1995). By analysis of the crystalline packing of the
apoenzyme, it was shown that the quaternary structure of
phosphotriesterase is dimeric rather than monomeric as
originally assumed. The structure of the apoenzyme also
demonstrated that the overall fold of phosphotriesterase
consists of ano/g-barrel with eight strands of parallel

pB-pleated sheet.

Subsequent studies of the holoenzyme revealed that the
active site is located at the C-terminal portion of fhbarrel

with the cadmium ions separated by 3.7 A (Bennigl.,

1995). The more buried metal is ligated to His 55, His 57,
and Asp 301, while the more solvent-exposed cadmium ion

© 1996 American Chemical Society



Molecular Structure of Phosphotriesterase Biochemistry, Vol. 35, No. 19, 1996021

Table 1: Intensity Statistics

resolution range (A)

overall 50.06-4.20 3.33 2.91 2.65 2.46 2.31 2.20 2.10
no. of measurements 41365 5863 5867 5659 5361 5164 4841 4480 4130
completeness of data (%) 88 97 99 96 91 88 83 76 70
average intensity 4000 10000 7742 3623 2139 1496 1192 946 734
averager 607 701 793 667 544 508 506 488 463
R-factor (%} 6.1 35 4.7 7.3 10.2 13.8 16.9 20.5 24.7
aR-factor= (3|l — I|/31) x 100.
is coordinated to His 201, His 230, and two water molecules. Table 2: Least Squares Refinement Statistics
Additionally, the two metals are bridged together by a (esolution limits (A) 3062.1
hydroxide and a carbamate functional group formed by the ~R-factor (%} 15.4
reaction of CQ and thee-amino group of Lys 169. Quite no. of reflections used 41252
o ; ; no. of protein atoms 5030
surprisingly, the overall tertiary fold and the architecture of no. of Solvent atoms 563
the binuclear cadmium center of phosphotriesterase resemble weighted root-mean-square deviations from ideality
those of urease with a binuclear nickel center (Jabal., bond length (&) 0.016
1995). With the exception of the direct ligands to the metals, bond angle (deg) 2.3
; : ; ; planarity (trigonal) (A) 0.007
urease and phosphotriesterase possess very little amino acid .
- . planarity (other planes) (A) 0.011
sequence identity. Nevertheless, the close structural resem- torsional angle (ded) 165

blance of these two proteins suggests that they may share a—; Rfactor = SIF, — FoJ/S|Fol, whereF, is the observed structure

common an(?estor. . . . factor amplitude and Hs the calculated structure factor amplitude.
Phosphotriesterase contains up to 2 equiv of zinc perb The torsional angles were not restrained during the refinement.
subunit. As indicated above, however, the original three-
dimensional model of the holoenzyme determined by X-ray X-ray Data Collection and ProcessingFor X-ray dif-
crystallographic analysis was of the cadmium-substituted graction experiments, the crystals were mounted in quartz
protein. Phosphotriesterase with zinc bound at the active capillary tubes and cooled to°€. A native X-ray data set
site has now been crystallized and the structure determined,yas collected to 2.1-A resolution from a single crystal with
to high resolution. This study highlights the specific 5 Siemens X1000D area detector system. The X-ray source
differences and similarities at the active site imposed by the 55 nickel-filtered Cu K radiation from a Rigaku RU200
binding of aItemate metal ions with varying ligation pri,\fer- X-ray generator operated at 50 kV and 90 mA and equipped
ences. In addition, the structure reported of thé'Ced? with double-focusing mirrors. A crystal-to-detector distance
protein was determined in the presence of an inert substrateys 16 ¢m was utilized together with a step size of 0.pr
analog, and the inhibitor was found to bind unexpectedly f5me.
within a hydrophobllc region between the two monomers. X-ray data were processed with the X-ray data reduction
The structure described here has a substrate analog boundyftware package XDS (Kabsch, 1988a,b) and internally
adjacent to the binuclear zinc center. The observed interac-gcgjed with the program XSCALIBRE (Wesenberg and
tions between this substrate analog and the protein prOV'deRayment, unpublished results). Relevant data collection

valuable new information regarding the broad range of giagistics may be found in Table 1. The X-ray data set was
substrate specificity exhibited by phosphotriesterase andggoy, complete to 2.1 A resolution.

p_ermit pc_)stulation of a chemical mechanism for the hydroly- Computational Methods The crystals utilized in this
Sis reaction. investigation were isomorphous to those previously employed
for the structural determination of the &dsubstituted
MATERIALS AND METHODS enzyme (Benninget al., 1995). As such, the coordinates
Purification and Crystallization ProceduresThe enzyme  for the Cd*/Cd?*-enzyme served as the starting model for
employed for crystallization was purified and reconstituted the least-squares refinement of the structure reported here.
with Zn?" according to published procedures, dialyzed All solvent molecules were deleted from the initial coordinate
against 10 mM HEPES, pH 8.5, and concentrated to 11 mg/file. Following several cycles of refinement with the
ml for storage at—135 °C (Omburoet al., 1992). For program package TNT (Tronruet al, 1987) and manual

crystallization trials, the protein was diluted to 5.5 mg/mL
in 20 mM HEPES, pH 7.5. Single crystals were grown by
the hanging drop method of vapor diffusion af@. The
precipitant solution contained 13% poly(ethylene glycol)
8000, 100 mM CHES (pH 9.0), and 5 mM NaN In
addition, 1% diethyl 4-methylbenzylphosphonate was in-
cluded in the crystallization experiments.

The crystals belonged to the space grdify with unit
cell dimensions of = 129.6 Ab=91.4 A c=69.4 A s
= 91.2 and two subunits in the asymmetric unit. Crystal
growth was generally complete within 1 week with some
crystals achieving maximum dimensions of 0.5 nxr0.5
mm x 0.2 mm.

model building with the software FRODO (Jones, 1985), the
inhibitor, diethyl 4-methylbenzylphosphonate, was positioned
into the electron density map. Four molecules of this
inhibitor were observed to bind in the asymmetric unit; two
were located at crystalline interfaces and the other two were
found near the binuclear metal centers. In addition, 263
water molecules were included in the model. The average
temperature factor for the solvent was 33.8 A

Overall, the electron density was very well-defined with
only the following side chains slightly disordered: Asp 35,
Arg 36, Arg 67, Arg 89, Arg 96, Arg 118, Glu 263, Lys
294, Arg 319, Arg 331, Arg 356, and Arg 363 in subunit |
and Asp 35, Arg 36, Arg 67, Arg 89, Glu 263, Arg 319,
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Ficure 1: a-Carbon trace of one subunit of phosphotriesterase. This figure was prepared with the software package MOLSCRIPT (Kraulis,
1991). The ligands to the binuclear metal center are displayed in a ball-and-stick representation.

Arg 331, Arg 337, Glu 344, and Arg 363 in subunit Il. The a
averageB-vaIue;for all main chain backbone atoms were
21.7 and 20.8 A for subunits | and I, respectively. A °
Ramachandran plot of the non-glycinyl main chain dihedral
angles revealed only one significant outlier in each subunit:

Glu 159 (subunit I) ¢ = 53.5°, v = —133.7) and Glu 159
(subunit II) @ = 51.8, v = —133.3). These dihedral
angles for Glu 159 were similar to those observed for the
Cd?*-containing enzyme and the apoenzyme (Benegigj.,

1994, 1995). The reason that Glu 159 adopted such strained
¢,y angles is not clear. Glu 159 is approximately 15 A from
the active site and most likely does not play a role in the
catalytic mechanism of the enzyme. The filkafactor for

all measured X-ray data from 30 to 2.1 A was 15.4%.
Relevant refinement statistics may be found in Table 2. Since b

the two molecules in the'as.ymmetrlc unit superimpose with " .
a root-mean-square deviation of 0.16 f&r all main chain 7N 4 \

backbone atoms, the following discussion will refer only to ° N%’ \

subunit II. Note, however, that the active sites for the two <
subunits in the asymmetric unit are identical within experi- .. Y 1%,@;4 ol

1Pk <
p 1, 2, ;
mental error. '54 ‘ .
P ~ 52
7 A Q:f'/ s \A‘N/\NH

Jow N :
RESULTS AND DISCUSSION HN/§~' ¥ ‘1’0 T .
N,

An a-carbon trace of one subunit of the zinc-containing = ‘|’I
phosphotriesterase is shown in Figure 1. The polypeptide N
chain backbone atoms for the model described here super-
impose upon the previously determined ?Gdontaining

enzyme structure with a root-mean-square deviation of 0.20 . .
y q FIGURE 2: Schematic representations of the?Z&Zn?" and the

A. The high degree of three-dimensional similarity between CP+/CP+ centers. (a) The bond lengths quoted are those of the

the two forms of the enzyme is not surprising in light of the - average distances observed for the two zinc-containing subunits in
fact that phosphotriesterase is catalytically active with a the asymmetric unit. The active site residues, the metals, and the

variety of divalent metal ions (Omburet al., 1992). A inhibitors in the two unigque subunits superimpose with a root-mean-
cartoon of the coordination geometry about the two zinc ions Sduare deviation of 0.42 A. For comparison purposes, the coordina-
. . - . tion geometry observed in the cadmium-containing phosphotri-
IS shgwn. in Figure 2a. For comparison purposes, the esterase is shown in (b).

coordination geometry of the previously solved ?Gd

containing enzyme is indicated in Figure 2b. In the structure bridging solvent in a trigonal bipyramidal arrangement. The
described here, the zinc ions are separated by 3.3 A. As inbond lengths between these ligands and the zinc ion are,
the Cd'-containing enzyme, the bridging ligands for the within experimental error, the same as those observed in the
binuclear metal center are a hydroxide ion and Lys 169, C?*/C?t protein. One significant difference between the
which is carbamylated. Likewise, the more buried zinc ion Cc?*- and Zr#*-substituted enzymes occurs in the coordina-
is coordinated to His 55, His 57, Lys 169, Asp 301, and the tion sphere of the more solvent-exposed cation. In the-Cd
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Ficure 3: Electron density corresponding to diethyl 4-methylbenzylphosphonate in subunit Il. The electron density shown was calculated
to 2.1 A resolution with coefficients of the fornfF{ — F¢), whereF, and F. were the native and calculated structure factor amplitudes,
respectively. The coordinates for the substrate analog were omitted in the calculation. The map was contoufidtea\@ragd-values

for the inhibitors in subunits | and Il were 57 and 52, Aespectively.
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Ficure 4: Close-up view of the active site for phosphotriesterase. Those amino acid residues that are located within approximately 3.5 A
of diethyl 4-methylbenzylphosphonate and the zinc ions are displayed.

form of phosphotriesterase, this ion is ligated in an octahedral The inhibitor employed in this investigation, diethyl
arrangement by Lys 169, His 201, His 230, two water 4-methylbenzylphosphonate, is as follows:

molecules, and the bridging hydroxide. In the model o
reported here, the zinc ion is surrounded by Lys 169, His T
201, His 230 and the bridging hydroxide ion in a distorted EtO— P—CHZ—Q—CH;,

tetrahedral environment with bond angles ranging frorh 91
to 112. This difference in geometry about the second zinc
ion may be a function of ligation preference or may result Electron density corresponding to this substrate analog is
from the presence of the substrate analog bound in the activedisplayed in Figure 3, and as can be seen, the positioning of
site. The atomic radii for Zf and Cd* are 0.74 and 0.97  the molecule is unambiguous. A close-up view of the active
A, respectively. It appears that the polypeptide chain site pocket is given in Figure 4. The binding pocket is
backbone of phosphotriesterase provides a scaffold that easilycharacterized by a lack of hydrogen bonding between the
accommodates such differences. This is further emphasizedorotein and the inhibitor. The only specific electrostatic
by the fact that all the protein atoms for these two forms of interactions that occur involve the phosphoryl oxygen of the
phosphotriesterase, including side chains, superimpose withanalog, which is located at 3.3 A fromrNof Trp 131, 3.2 A

a root-mean-square deviation of 0.40 A. from N°! of His 201, and 3.5 A from the more solvent-

Eto
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Ficure 5: Putative mode of binding of th§,-enantiomer of EPN to phosphotriesterase. The EPN analog was superimposed onto the
coordinates of the diethyl 4-methylbenzylphosphonate with pimétrophenol group of EPN occupying th@o-S position of diethyl
4-methylbenzylphosphonate. For viewing purposes, the bridging hydroxide ion was enlarged to emphasize its position with respect to the
phosphorus atom of the substrate. X-ray coordinates for EPN were determined by Gifkins and Jacobson (1980).
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Ficure 6: Schematic representation of the postulated catalytic mechanism of phosphotriesterase.

exposed zinc ion. The methylbenzyl group of the inhibitor et al., 1988):
sits in a fairly hydrophobic pocket defined by His 257, Leu

271, Phe 306, and Met 317. The phosphonate inhibitor |S|
employed in this investigation is prochiral. Each of the two Q_ P —0O ONoz
enantiotopic ethoxy groups, however, occupies unique loca- |
tions within the binding pocket of phosphotriesterase. The EtO

pro-Sarm is pointed away from the binuclear metal center
toward the solvent. Those amino acid residues closest to
this ethoxy group are Trp 131, Phe 132, Leu 271, Phe 306
and Tyr 309. Thepro-R ethoxy group is pointed toward

TheRy-isomer is not a substrate for the enzyme. We propose
that the methylbenzyl group of the inert inhibitor is posi-
"tioned within the active site at the location normally occupied
. X . by the phenyl substituent of EPN during productive catalysis.
anénge?c;gsresmues Trp 131, lle 160, Leu 303, Phe 306, If the Sr-isomer of EPN is modeled into the active site of
’ phosphotriesterase by first fixing the relative location of the

The stereochemistry of the phosphotriesterase reaction isphenyl group and the thiophosphoryl group as described
known to proceed with net inversion of configuration about apove, then the-nitrophenol leaving group would occupy
the phosphorus center of the substrate (Lestial., 1988). the same general position as {®-Sethoxy group of the
The reaction mechanism was therefore postulated to occurphosphonate inhibitor. As shown in Figure 5, tipe
via an S2-type mechanism, whereby an activated water nitrophenol leaving group is directed towards the solvent and
molecule attacks the electrophilic phosphorus of the substratejs in the expected position relative to a nucleophilic attack
Examination of the relative orientation of the metal-bound by the bound metal hydroxide. It can thus be postulated
hydroxide reveals that the methylbenzyl group of the bound that the activation of the nucleophilic water molecule occurs
inhibitor is not located in the proper position to serve as a not via a traditional enzymatic base but rather through
surrogate for the leaving group of a true substrate. Moreover,interactions with the binuclear metal center as shown
the aromatic group of this inhibitor is directed at the interior schematically in Figure 6. According to a previously
of the protein rather than toward the bulk solvent. It is suggested model by Bennirg al. (1995), the phosphoryl
known, however, that phosphotriesterase can hydrolyze aoxygen of the substrate binds to the less buried zinc ion,
broad range of substrates including fyeenantiomer of EPN  displacing the hydroxide ion from the first metal. The
[O-ethyl O-(4-nitrophenyl)benzenephosphonothioate] (Lewis electrophilic phosphorus of the substrate is subsequently
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attacked by the hydroxide, resulting in inversion of the we thank a reviewer for indicating the proper resonance
stereochemistry about the phosphorus and expulsion of thestructures for Figure 2.

aromatic leaving group from the open end of thbarrel of

the protein. The studies described here with diethyl 4-meth-
ylbenzylphosphonate lend further support to this mechanism.
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