Biochemistry2001,40, 1325-1331 1325
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ABSTRACT. Bacterial phosphotriesterase (PTE) catalyzes the hydrolysis of a wide variety of organophosphate
nerve agents and insecticides. Previous kinetic studies with a series of enantiomeric organophosphate
triesters have shown that the wild type PTE generally prefer§ttenantiomer over the corresponding
Re-enantiomers by factors ranging from 1 to 90. The three-dimensional crystal structure of PTE with a
bound substrate analogue has led to the identification of three hydrophobic binding pockets. To delineate
the factors that govern the reactivity and stereoselectivity of PTE, the dimensions of these three subsites
have been systematically altered by site-directed mutagenesis of Cys-59, Gly-60, Ser-61, lle-106, Trp-
131, Phe-132, His-254, His-257, Leu-271, Leu-303, Phe-306, Ser-308, Tyr-309, and Met-317. These studies
have shown that substitution of Gly-60 with an alanine within $h&all subsite dramatically decreased
keatandkea{K, for the Re-enantiomers, but had little influence on the kinetic constants fogtemantiomers

of the chiral substrates. As a result, the chiral preference foS#femantiomers was greatly enhanced.

For example, the value &f./K, with the mutant G60A for th&-enantiomer of methyl phenptnitrophenyl
phosphate was 13000-fold greater than that for the correspoRgiegantiomer. The mutation of 1106,

F132, or S308 to an alanine residue, which enlargesrttedlor leaving groupsubsites, caused a significant
reduction in the enantiomeric preference for 8aeenantiomers, due to selective increases in the reaction
rates for theRe-enantiomers. Enlargement of tlege subsite by the construction of an H254A, H257A,
L271A, or M317A mutant had a relatively small effect kya/K, for either theRe- or S--enantiomers and

thus had little effect on the overall stereoselectivity. These studies demonstrate that by modifying specific
residues located within the active site of PTE, it is possible to dramatically alter the stereoselectivity and
overall reactivity of the native enzyme toward chiral substrates.

The bacterial phosphotriesterase (PTiE)m Pseudomo- ~ Scheme 1
nas diminutahas been found to catalyze the hydrolysis of a 0 H.0
wide range of organophosphate triesters, including manyEto_fé_o_<;>_,\,o2 2,
agricultural insecticides and potent acetylcholinesterase Okt
inhibitors (L1—3). To date, the best substrate for this enzyme o
is paraoxon, which is hydrolyzed at a rate approaching the EtO—P—OH + HO—@—NOZ
diffusion-controlled limit kafKa = 4 x 10° M~ s71) (4). Okt
Shown in Scheme 1 is the enzymatic reaction for the
hydrolysis of paraoxon t@-nitrophenol and diethyl phos- - The three-dimensional structure of Zn/zn-PTE with a
phate'. The' active site of this enzyme 'has been shown toyqnqd substrate analogue, diethyl 4-methylbenzylphospho-
contain a binuclear zinc center that is bridged by a carboxy- nate has led to the identification of the locations of three
lated lysine residue and a hydroxide from the solvédt ( gistinct binding pockets that are likely responsible for the
The utilization of a chiral organophosphate substrate has grientation of substrates within the active site of this enzyme

Qemor_lstrated that the _overall reactipn proceeds with an (7). These binding pockets have now been designated as the
inversion of stereochemical configuration at the phosphorus small large, andleasing groupsubsites. Themall subsite

center ). Therefore, the enzymatic reaction is initiated by ;¢ predominantly defined by the side chains of Gly-60, Ile-
the direct nucleophilic attack of the hydrolytic water molecule 106, Leu-303, and Ser-308. Cys-59 and Ser-61 are néar this
OE thi pr:otspdhorus Ce’?t‘if wnE_cn:t the formation of a binding pocket, but their side chains are oriented away from
phosphorylated enzyme intermediate. this subsite. The pocket for therge subsite is largely formed
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3373. Fax: (979) 845-9452. E-mail: raushel@tamu.edu. inhibitor within the active site of PTE is graphically
1 Abbreviation: PTE, phosphotriesterase. illustrated in Figure 1.
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Ficure 1: Graphic representation of the binding pockets of phosphotriesterase with the bound substrate analogue. The bound substrate
analogue is shown in grayhe smallsubsite consists primarily of Gly-60, lle-106, Leu-303, and Ser-308.drge subsite consists mainly

of His-254, His-257, Leu-271, and Met-317, while tle@wving groupsubsite is surrounded by Trp-131, Phe-132, Phe-306, and Tyr-309.

The coordinates are taken from the structure determined by Vanh@hke (

Chart 1 uration at the phosphorus center. The optimization of PTE
0 HyG 0 for the catalytic degradation of toxic chemical nerve agents
x_o_l'é-.o_Y >_o.,'_5-CH3 can only be achieved by increasing the overall rate of
o] HiC 3 hydrolysis for all of the toxic stereoisomers. Therefore, the
factors that dictate the stereoselectivity of this enzyme must
(Sp)-Sarin be identified and more fully understood. In the crystal
structure of PTE, there are very few electrostatic interactions
NO, between the bound inhibitor and the enzyridg Thus, the

physical size of the binding subsites and hydrophobic inter-
Previous investigations with a variety of organophosphate actions must play the dominant roles in determining the
analogues have demonstrated that the substrate specificitubstrate selectivity and stereoselectivity of the wild type
of PTE is reasonably promiscuow).(Recently, a series of  PTE. In this study, the structural determinants of the chiral
achiral and chiral organophosphates, possegsinigophenol  selectivity of the wild type PTE have been probed by sys-
as the leaving group in combination with either methyl, ethyl, tematically altering the cavity size of the individual binding
isopropyl, or phenyl as the two nonleaving group substituents, pockets through site-directed mutagenesis. The residues that
was characterized with PTB)( Within this modest substrate  define these subsites were sequentially replaced with alanine
library, the turnover numbers ranged from 220t0 18 200 s in an attempt to elucidate the steric constraints within the
for Co/Co-PTE. Moreover, for the six possible pairs of chiral active site of PTE. This library of PTE mutants has been
organophosphate triesters in this series, $xsomer was  characterized with a modest library of 16 organophosphate
invariably preferred over thBe-isomer by up to 2 orders of  triesters. These substituents differ widely in their capacity

magnitude. For example, the value &fx for the S- for steric and hydrophobic interactions with the side chains
enantiomer of isopropyl methgknitrophenyl phosphate was  of the active site residues. These studies have demonstrated
~15-fold greater than that for the correspondiRigenanti-  that the stereoselectivity and overall reactivity of PTE toward

omer Q). If the three-dimensional structures of these chiral and achiral substrates can be dramatically altered and
stereoisomers are modeled into the active site of PTE, usingsystematically manipulated by a single mutation within the
the X-ray structure of the bound inhibitor complex as a guide, active site of PTE.
then the substituent depicted tvia Y in Chart 1 would be
bound to thdarge subsite while the substituent depicted with  MATERIALS AND METHODS
an X would occupy themall subsite. For the preferres- ) . .
stereoisomer in this series of substrates, the substituent Materials. Paraoxon ©,0-diethyl-O-p-nitrophenyl phos-
represented by Y is physically larger than the substituent Phate) was purchased from Sigma Chemical Co. and purified
represented by X. according to a previously described protochl) All of the

The organophosphorus nerve agents, sarin, soman, an@ther paraoxon analogues—X) were synthesized using
VX, all have a chiral phosphorus center. Inhibition studies Variations of published procedures, (.2, 13).2 Restriction
with acetylcholinesterase have shown that the rate of €nzymes and T4 DNA ligase were acquired from New
inactivation by theS--enantiomer (see Chart 1) of sarin is England Biolabs. Wizard Miniprep DNA purification kits
4200 times faster than the rate of inactivation by Re

enantiomer 10). Thus, the biological toxicity of organo-  2The toxicity for some of these compounds has not been assessed,
phosphates is very much dependent on the absolute config-and thus, these compounds should be used with caution.
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and Magic PCR Prep DNA purification kits were purchased
from Promega. GeneClean DNA purification kits were x-o—'F}-o—Y
obtained from Bio 101. DNA sequencing reactions and the o)
synthesis of oligonucleotides were carried out by the Gene
Technology Laboratory of Texas A&M University. All other
chemicals and reagents were purchased from Sigma, United
States Biochemical, or Aldrich. NO,

Bacterial Strains and Plasmid$wo strains ofEscherichia Substrate X Y
coli, BL-21 (14) and XL1-Blue (5), were used in this
investigation. The pBSplasmid (Stratagene) was used in

the construction of pJK0116) and pJWOZE These two | CHs CHs
plasmids contain thepd gene that encodes the mature Ry-ll CH,CH; CH;
phosphotriesterase without the 29-amino acid leader se-

quence. Either pJKO1 or pJWO01 was utilized as the starting Sp-ll CHs CHyCHs
tem'plate. for all mutagenes'ls experiments. Ryl CH(CH), CHs

Site-Directed Mutagenesi$he genes for the M317A and

W131A mutants were generated by site-directed mutagenesis Sp-lll CHs CH(CHa)2
with the plasmid pJKO1l using the method of overlap Ry IV CeHs CHs

extension polymerase chain reaction (PCR) as described
previously (L7). The purified mutagenic PCR fragments were Sp-IV CHs CeHs
digested wittBanHI and ligated withBanHI-digested pBS

using T4 DNA ligase. Each of the mutated genes was v CHzCH, CH2CHs
completely sequenced to ensure that only the desired base Rp-VI CH(CHa), CH,CH3
changes introduced at residue positions 131 and 317 were
present. The plasmid pJWO01 was used as the template for Sp-VI CH,CH, CH(CHs)
the construction of C59A, G60A, S61A, I106A, F132A, Ro-Vil CeHs CH,CHs
H254A, H257A, L271A, L303A, F306A, S308A, and :
Y309A. Unique restriction sites were selected on each side Sp-Vii CH,CH3 CeHs
of the codon of the specific amino acid to be mutated. The

. o VIl CH(CH CH(CH
digested pJWO01 fragment was purified by agarose gel (CHa). (CHa)e
electrophoresis and concentrated using the GeneClean sys- Re-1X CeHs CH(CHj3)2

tem. Each pair of overlapping mutagenic oligonucleotides
was annealed for 5 min at 7Z in the presence of 2L of SerlX CH(CHs). CeHs
T4 DNA ligase buffer, and then incubated fb h at 25°C. X CeHs CeHs
The annealed oligonucleotides were ligated into the pJWO01 )
plasmid using T4 DNA ligase and then transformed into Il_:kI)GUREfZZ Sht_ruc_:tures_of the organophosphates used in the substrate
either XL1-Blue or BL-21. The ligated portion of the Ibrary for this Investigation.

phosphotriesterase gene was completely sequenced to ensure Data AnalysisThe kinetic parameters/f, andK,) were

that only the fragment containing the desired base changesdetermined by fitting the experimental data to eq 1, using a

was utilized. computer program provided by Savanna Shell Software.
Purification of Wild Type and Mutant Enzymé&$e wild
type and mutant proteins were purified from BL-21 cells v=V A (K, + A 1)

according to the previously reported protoctl), SDS- ) o ) ] ) )
polyacrylamide gel electrophoresis indicated that all of the Whereu is the initial velocity,Vy, is the maximum velocity,
mutants were of the same size as the wild type protein andKa is the Michaelis constant, arAlis the substrate concen-
the purity of the proteins was greater than 95%. The tration.
apoenzyme was prepared and reconstituted with" Go- RESULTS
cording to established procedurdsB).
Kinetic CharacterizationThe catalytic activity for the Co/ Preparation of Protein and Substrate Librarigsourteen
Co-reconstituted mutants of PTE with the library of orga- amino acids within the active site of PTE were sequentially
nophosphate triesters was measured by monitoring thesubstituted with alanine in an attempt to identify the roles
appearance op-nitrophenol at 400 nme(= 17 000 M! of individual side chains in defining the substrate reactivity
cml) at pH 9.0 and 25°C using a Gilford model 260  and stereoselectivity of this enzyme. The particular residues
spectrophotometefl(). Because of the limited solubility of  were selected for mutation on the basis of the X-ray crystal
some compounds, a 20% methanol/water mixture was usedstructure of PTE containing a bound substrate analogue (
in the kinetic analysis of diphenyl-nitrophenyl phosphate  All of the mutant enzymes were expressed and purified to
(X), and a 5% mixture was used for methyl phepyhi- homogeneity as judged by SBPolyacrylamide gel elec-
trophenyl phosphatd\(), ethyl phenylp-nitrophenyl phos-  trophoresis. The properties of the wild type and mutant forms
phate ¥II'), and isopropyl phenyb-nitrophenyl phosphate  of PTE were characterized with a series of organophosphate
(IX). triesters containing-nitrophenol as the leaving group. The
structures of the organophosphates within the substrate library
3 Unpublished work of J. Wohlschlegel, Texas A&M University. are presented in Figure 2. The kinetic constants for the
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Table 1: Maximum Velocity (s) for the Hydrolysis of Achiral and Chiral Phosphotriesters by Co/CoPTE

substrate  WT C59A G60A S61A [1106A WI131A F132A H254A H257A L271A L303A F306A S308A Y309A M317A

| 1.8e4 8.4e3 1.5e4 3.2e4 6.6e3 1.1e3 55e3 4.6e3 49e3 1.6e3 33e3 6.5e0 1.7e4 4.9e2
(Re)-11 l.4e4 4.9e3 4.3e3 89e3 12e4 1.7e3 18e4 1.6e3 2.1e3 4.0e3 7.6e3 1lle2 1.7e4 3.6e3
(-l 15e4 6.3e3 2.1le4 2.1e4 1.2e4 3.1e3 184 12e3 27e3 3.9e3 4.6e3 1l.le2 9.8e3 8.4e3
(Re)-1ll 5.0e2 4.3e2 6.7el 8.2e2 15e3 3.7el 1.7e3 1.7e2 3.1e2 19e3 1.1e3 49e0 14e3 3.9e2
(S)-11 7.1e3 3.3e3 9.8e3 7.5e3 5.8e3 1.6e3 89e3 10e3 1.5e3 2.1e3 7.2e3 2.6e2 15e4 4.3e3

(Re)-IV  3.7€2 1.0e2 1.9el 6.0e2 5.0e3 7.4e2 14e4 22e2 29el 22e2 47e2 26el 21e3 4.le2
(S$)-IV  4.1ed4 85e3 4.2e4 14ed4 23e4 43e3 194 53e3 23e3 57e3 6.3e3 48e3 24ed 4.4e3
\% 7.1e3 4.9e3 8.7e3 7.4e3 12e4 53e3 84e3 18e3 14e3 4.1e3 6.3e3 7.4e2 6.9e3 8.1e3
(Re)-VI  7.1e2 1.8e2 1.3e3 3.1e2 2.3e3 2.6e2 7.0e2 1.5e2 2.2e2 26el 3.3e2 8.4e0 4.5e2 2.2e2
(S)-VI  3.0e3 2.0e3 4.7e3 2.0e3 4.2e3 12e3 26e3 21e3 1.8e3 3.1e3 38e3 85e2 3.7e3 5.0e3
(Re)-VII  1.0e3 5.6e2 4.9e0 8.1e2 3.9e3 9.1e2 4.6e3 2.0e2 1.1e2 8.6e2 8.2e2 9.7e2 4.1e3 7.4e2
(S)-VIIL 9.5e3 3.3e3 4.6e3 4.1e3 1l.le4 51e3 10e4 19e3 93e2 23e4 18ed4 19e3 1l4e4 2.8e3
VIl 2.2e2 1.0e2 1.0e2 2.2e2 5.4e2 2.0el 22e2 57el 45el 33el 18el 4.0e0 22e2 3.7e2
(Re)-IX  53e2 24e2 0.3e0 1.1e3 3.1e3 26e2 43e3 20e2 1l4el 23el 28el 09e0 14e3 7.2el
(S$)-IX 2.6e3 8.9e2 3.9e3 9.6e2 39e3 10e3 17e3 56e2 6.2e2 7.4e2 1.2e3 6.2e2 6.9e3 2.3e3
X 3.4e3 9.7e2 1.0el 2.8e3 22e3 45e2 7.4e2 56e2 10e3 46e2 25e2 4.1lel 22e3 1l.7e2

1.8e3
6.2e3
5.3e3
1.8e3
5.9e3
3.6el
4.6e3
4.7e3
1.2e2
2.0e3
5.8el
3.4e3
1.2e2
9.5e0
8.3e2
4.1e2

a2 The values were obtained by a fit of the data at pH 9.0 anfi% eq 1. The standard error in every case was less than 20% of the stated

values.

Table 2: Values ok:./Ka (M~* s71) for the Hydrolysis of Achiral and Chiral Phosphotriesters by Co/CoPTE

substrate  WT C59A G60A S61A [106A W131A F132A H254A H257A L271A L303A F306A S308A Y309A M317A

| 1.2e7 4.5e6 1.0e7 6.0e6 3.6e6 19e5 6.7e6 6.9e6 1.7e6 4.6e5 9.0e5 9.2e3 1.6e7 2.5e5
(Re)-ll 3.2e7 1.3e7 8.7e6 2.1e7 1.7e7 9.7e5 3.3e7 2.8e7 49e6 3.1le6 4.0e6 5.6e4 2.4e7 1l.2e6
(S9)-1 3.4e7 1.4e7 9.9e7 2.0e7 24e7 2.0e6 4.4e7 2.2e7 3.6e6 3.0e6 3.8e6 57e4 19e7 2.2e6
(Re)-1ll 85e5 1.1e6 1.2e5 8.9e5 1.5e6 3.0e4 1l4e6 6.3e5 1.8e5 4.6e5 3.0e5 3.1e3 6.4e5 1.4e5
(S9)-1l1 2.7e7 1.7e7 48e7 9.8e6 13e7 1.2e6 1.6e7 16e7 4.1e6 3.0e6 7.6e6 1.3e5 3.8e7 1.8e6

(Re)-IV  1.0e6 3.3e5 1.7e4 1.4e6 2.5e7 2.9e6 1.3e7 11e6 14e5 6.4e5 9.1e5 3.2e4 3.6e6 8.7e5
(S$)-IV 9.3e7 3.6e7 2.2e8 59e7 7.2e7 1l4e7 6.1e7 53e7 12e7 29e7 23e7 51e6 51le7 8.7e6
\% 6.4e7 2.7e7 4.2e7 4.7e7 3.8e7 8.3e6 3.4e7 3.1le7 3.4e6 1.2e7 9.0e6 2.3e5 4.0e7 6.1e6
(Re)-VI  4.1e6 19e6 2.7e6 4.2e6 9.1e6 3.6e5 23e6 3.3e5 22e5 39e5 18e5 22e4 6.5e5 4.7e5
(S)-VI  4.2e7 25e7 6.5e7 2.6e7 2.7e7 75e6 15e7 95e6 3.3e6 6.8e6 3.0e6 3.0e5 7.0e6 6.1e6
(Re)-VII  3.7e6 4.1e6 1.6e4 88e6 2.8e7 13e6 18e7 55e6 1.0e6 6.6e6 24e6 7.2e5 34e7 1.2e6
(S)-VlIl  7.6e7 8.6e7 1.8e8 9.4e7 4.7e7 18e7 50e7 24e7 1.7e7 T7.4e7 43e7 13e7 16e8 9.8e6
VIl 48e6 1.0e6 19e5 29e6 6.9e6 8.6e4 1.9e6 1l.1le6 48e5 15e5 1.3e5 1.7e4 3.7e6 2.4e5
(Re)-IX  5.2e6 3.0e5 6.2e3 3.3e6 2.1e7 1.0e6 23e7 55e6 2.1e5 25e5 14e5 15e4 1.7e6 2.3e5
(S)-IX 1.8e8 28e7 9.2e7 4.4e7 52e7 10e7 12e8 3.6e7 7.7e6 6.7e6 3.8e6 15e6 2.3e7 8.leb6
X 1.6e7 6.0e6 9.6e4 1.2e7 1.3e7 8.4e6 2.1e7 4.7e6 9.2e6 4.7e6 7.7e6 4.8e5 7.9e7 7.6e6

1.5e6
4.3e6
7.5e6
3.1e5
2.9e6
2.0e5
2.4e7
1.9e7
5.3e5
6.6e6
3.0e6
1.7e7
4.8e5
4.3e5
1.0e7
5.3e6

aThe values were obtained by a fit of the data at pH 9.0 anfl@% eq 1. The standard error in every case was less than 20% of the stated

values.

hydrolysis of the 16 achiral and chiral organophosphate Table 3: k.a/Ka Ratios for the Hydrolysis of Chiral Substrates by
triesters are summarized in Tables 1 and 2. The stereoseCo/Co-PTE

lectivity of each mutant toward the six pairs of chiral  mutant I Il v VI VI IX
enantiomers is reported as the ratio kf/K, for the WT 1 32 20 10 21 35
S-enantiomer relative to that for th-enantiomer, and the C59A 1 15 110 13 21 93
results are presented in Table 3. G60A 12 410 13000 24 11000 15000
Modifications to the Small Subsit€he substitution of the IslgtAA 11 191 433 :f 121 133
s_mallsubsne re_S|due, C_%Iy-_60,_W|th an alanine decre_a_sed the \w131a 5 40 5 21 14 10
size of the cavity for this binding pocket. G60A exhibited a  F132A 1 12 5 6 3 5
340-fold decrease ik for diphenylp-nitrophenyl phosphate H254A 1 25 48 29 4 7
(X) but an only 2-fold reduction irkes for diisopropyl H257A 1 23 86 15 17 37
. . d L271A 1 7 45 17 11 27
p-nitrophenyl phosphate/(ll ) relative to that of the wild L303A 1 o5 o5 17 18 57
type enzyme. Thé./K, values of G60A forVIll and X E306A 1 42 160 14 18 100
were reduced by factors of 25 and 167, respectively. The \Séggﬁ 2l 153? 1181 115 g ;gl
kinetic constants of G60A with dimethyp-nitrophenyl M317A 5 5 10 13 6 o

phosphatel() and diethylp-nitrophenyl phosphaté/) were
essentially identical to those of the native enzyme. With the *This ratio was determined according to the equat®iRe =
wild type enzyme, all of the&s--enantiomers of the chiral (keat K)o (keal Kl

organophosphate triesters are better substrates than the

correspondingR--enantiomers. This stereoselective prefer- losses in the catalytic activity of GG0A were observed for
ence for thes-enantiomers increases significantly when Gly- the hydrolysis of theRe-enantiomers containing a single

60 is replaced with an alanine. The G60A mutant showed phenyl substituentl{, VII, and IX), whereas smaller
reductions ink., of up to 1800-fold for theR--enantiomers reduction factors were observed for the hydrolysis ofRke
relative to that of the wild type enzyme. The most severe enantiomers containing only alkyl substituerits (Il , and
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VI). However, the G60A mutant displayed kinetic constants exhibited 5-38-fold increases ik, for the Re-enantiomers
for all of the S;-enantiomers that were essentially the same of IV, VII, andIX, but displayed approximately the same
as that of the wild type enzyme. Therefore, the catalytic values ofk.,for the Ss-enantiomers as the wild type enzyme.
preferences exhibited for th&-enantiomers within the  The k./K, values for theRes-enantiomers ofV, VIl , and
substrate library by the mutant G60A are significantly greater IX were increased-413-fold, whereas thk../K, values for
than that possessed by the wild type enzyme. the correspondings-enantiomers were slightly reduced
Thesmallsubsite was slightly enlarged by the substitution relative to that of the wild type enzyme. Thus, substitution
of lle-106 with an alanine residue. This modification to the of Phe-132 with an alanine virtually eliminated the stereo-
active site gives rise to significant enhancements in the selectivity for the enantiomers ¢V, VIl , andIX observed
catalytic constants for th@--enantiomers relative to that of ~ with the native enzyme. The tryptophan at position 131 is
the wild type enzyme. Most notably, theg:andk../Ka values located between themall and leaving group subsites. For
for the R-enantiomers containing a single phenyl substituent chiral substrate$V, VIl , andIX, the ke, andkea/K, values
(IV, VIl , andIX) were increased more than those for the of W131A for theS-enantiomers were reduced whereas the
other substrates without a phenyl substitught [JI , and kinetic constants for th&®--enantiomers were virtually the
VI). However, introduction of an alanine at position 106 also same as those of the wild type enzyme. Hence, the stereo-
caused small reductions iR.a: and k.a/Ka for the S-- selectivity for theS-enantiomers ofV, VIl , andIX was
enantiomers. Consequently, there was a significant drop inreduced upon replacing Trp-131 with an alanine. For the
the catalytic preferences for th&-enantiomers over the remaining substrates, W131A displayed reductions in cata-
correspondingdR--enantiomers with this mutant for substrates lytic activity of up to 18-fold when compared with the wild
IV, VI, VIl , andIX. This relaxation in the stereoselectivity type enzyme. This mutant had little effect on the overall
of PTE was accomplished while maintaining most of the enantiomeric selectivity for chiral substratéslll , andVI .
catalytic power for the initially fasteB-isomers. Tyr-309 is also located within thkeaving group subsite.
Mutation of Ser-308 to an alanine also enlarged the size Y309A displayed reductions in the catalytic constants by
of the small subsite. The catalytic constants displayed by factors up to 36-fold relative to those of the wild type
S308A for theRe-enantiomers ofV, VI, and IX were enzyme. For all of the substratels—(X), the kea/Ka values
increased up to 9-fold, whereas the catalytic constants forof Y309A were lower than that of the native enzyme by up
the Ss-enantiomers were relatively unaffected by this muta- to 27-fold. Phe-306 is positioned at the interface of the three
tion. Therefore, the stereoselectivity for tBeenantiomers  binding subsites. The maximal rates of hydrolysis for all
of IV, VI, andIX was reduced with this mutation. For chiral substrates were suppressed with F306A when compared with

substratesl , Il , andVI, this mutant had a minimal effect  that of the wild type enzyme. The F306A mutation resulted
on either the magnitude of the kinetic constants or the in reductions in the kinetic constants by-3 orders of
stereoselectivity. Leu-303 is also located in $ineall subsite; magnitude for most of the substrates tested, and thus, a

however, mutation of this residue to an alanine did not result significant fraction of the inherent catalytic activity of PTE
in any systematic alterations in the catalytic constants for has been lost with this alteration to the active site.
the substrate library, and thus, the overall stereoselectivity
is nearly the same as that found with the wild type enzyme. DISCUSSION
Mutants C59A and S61A had kinetic properties for most of  The bacterial phosphotriesterase has been shown to
the substrates that were essentially identical with those of hydrolyze theS-enantiomers of organophosphate triesters
the wild type enzyme. at significantly faster rates than the correspondiRg
Modifications to the Large Subsit€he mutations that are  enantiomersq). The determination of the three-dimensional
localized predominantly within th&arge subsite, H254A, structure of PTE with a bound substrate analogue has
H257A, L271A, and M317A, displayed catalytic activities provided the essential structural information for the identi-
that were very similar to one another. In general, the valuesfication of the potential ligand interactions within the
for kear and keo/Ks obtained for these mutants with the enzyme-inhibitor complex. Modeling of the preferred enan-
organophosphate substrate library were reduced relative tatiomer of organophosphate triesters into the active site of
those of the wild type enzyme. Reductions in the rate PTE has outlined three distinct regiorsm@ll large, and
constants were limited to about 1 order of magnitude, with leaving group that are potentially involved in the binding
H254A showing the greatest overall losses. However, thereof the substituents attached to the tetrahedral phosphorus
were no significant changes to the chiral selectivity exhibited center of good substrates. The observed substrate selectivity
by these mutants relative to that of the wild type enzyme. In exhibited by the wild type PTE must reflect the stereochem-
every case, these mutants preferred3senantiomers over ical constraints within each of these subsites. The crystal
the Re-enantiomers by about the same factor as the wild type structure of PTE shows that the subsites for the binding of
enzyme. The diminution of the catalytic rate constants is thus substrates to the active site of PTE consist primarily of
most likely to be due to global, rather than local, effects on hydrophobic residues. Thus, site-directed mutagenesis was
the enzyme active site. These results also indicate that theemployed to systematically alter the three binding regions
large subsite within the wild type enzyme can adequately by replacing the residues that define these subsites with the
accommodate the substituents utilized for the substrate librarysterically conservative amino acid, alanine. By taking
created for this investigation. With these substituents, nothing advantage of the broad substrate specificity of PTE, we tested
is gained from an expansion of the large subsite. a series of organophosphate triesters with different substit-
Modifications to the Leaing Group Subsite The four uents attached to the phosphate center with these mutant
aromatic residues mutated for this investigation are all enzymes. These mutations, directed at the steric and hydro-
positioned near thieaving groupsubsite. The F132A mutant  phobic interactions between the inhibitor and the side chains
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of the active site residues, serve as reporters of the stereosmall subsite could be enlarged or reshaped and the steric
chemical determinants that govern the substrate reactivityrestrictions for the phenyl substituent of tReenantiomers
and stereoselectivity of wild type PTE. reduced. Alternatively, mutation of Phe-132 to an alanine
The crystal structure of PTE indicates that Gly-60 is may cause other alternations within theall subsite in a
positioned in thesmall subsite {). Mutation of Gly-60 to way that the steric restrictions for the large substituents of
an alanine resulted in a mutant enzyme with wild type theRe-enantiomers are reduced. The crystal structure of the
activity when tested with dimethyl and diethgAnitrophenyl F132A mutant will be required to address this issue in more
phosphate. However, the catalytic activity with diphenyl detail.
p-nitrophenyl phosphate was reduced by 2 orders of mag- The side chains of His-254, His-257, Leu-271, and Met-
nitude. It thus appears that reducing the cavity size of the 317 4re involved in the formation of tHarge subsite 7).
smallsubsite by adding a single methyl group significantly gnjargement of this subsite through the construction of

increases the steric constraints for substrates that require §yo54a H257A L271A. or M317A did not result in any
large substituent to be bound to this region of the active Site'signific’ant increases in the catalytic rates for the

G60A displayed wild type levels of activity for the hydrolysis o4 niiomers of the chiral substrates. Therefore, the large
of the S-enantiomers of the organophosphate triester library. g site must be capable of accommodating the large sub-
Moreover, the catalytic activities of GBOA for the hydrolysis gy ents without significant steric restrictions. For most of
of the Re-enantiomers containing a single phenyl substituent the substrates that were tested. khgandke/K, values of

were substantl_ally Feduc‘?dv Wh'c.h IS consistent _W"Fh the these mutants were decreased relative to those of the wild
proposed spatial orientation of this enantiomer within the type enzyme. Moreover, these four mutants did not cause
a?tgaeoi:t]? OIhP-l;E' tThereforet_, the overaII. stereoszlictlvny an appreciable perturbation on the stereoselectivity for chiral
? 3 ord or fe as gtsa-enar tlpm?rsﬂ\:va}[sflnc;rheas:e \ﬁbi"/ UP substrates. These results suggest that some alterations may
0 5 orders of magnitude refative to that for the s'o have occurred within the active site of PTE upon mutation
enantiomers (Table 3). The <_:ata|yt|c rates of GGQA toward of these four residues. It should be noted that His-254 is
the Re-enantiomers of the chiral substrates containing only also a second-sphere ligand to the binuclear metal center

alkyl substituents were also reduced relative to that of the . L : .
wild type enzyme, but the reductions were smaller when Efig))ugh an ion pair with the primary metal ligand, Asp-301

compared to the reductions for tRe-enantiomers containing ) ] _
a single phenyl substituent. The alteration of the three aromatic residues, Trp-131, Phe-

The steric constraints within themall subsite were 306, and Tyr-308, was designed to probe the effects of
successfully relaxed by the substitution of other residues Mutations that originate primarily within the leaving group
found in this subsite with the dimensionally smaller amino Pocket of PTE. The mutation of W131 to an alanine resulted
acid, alanine. Mutation of lle-106 or Ser-308 to alanine inreductions in the stereoselectivity for tBeenantiomers,
resulted in significant enhancements in the maximal rate of Which was a consequence of the redukg¢Ka for the faster
hydrolysis for the R-enantiomers containing a phenyl Se-enantiomers combined with sma_ller changes in the values
substituent. These results suggest that lle-106 and Ser-30®f kealKa for the slower Re-enantiomers. These results
play significant roles in dictating the substrate turnover of indicate that the substitution of Trp-131 with an alanine may
the wild type PTE for theRe-enantiomers by sterically have caused a more global perturbation to the active site of
hindering the binding of a pheny!l group to this region of PTE. Since the side chain of Trp-131 lies betweersthell
the active site. The overall enhancements to the rates ofandleaving groupsubsites, mutation of Trp-131 to an alanine
hydrolysis of theRe-enantiomers are greater for I106A than mMay have decreased the steric restrictions for phenyl sub-
for S308A. Hence, the 2090-fold stereoselectivity for the  Stituents for thde-enantiomers within themallsubsite. The
S-enantiomers with some of the chiral substrates was Position of Phe-306 is unique within the crystal structure of
virtually eliminated upon mutation of lle-106 to an alanine PTE. This residue is actually positioned at the interface of
or substantially reduced by replacing Ser-308 with an alanine the three binding pockets. Mutation of Phe-306 to an alanine
(Table 3). These results suggest thatdhellsubsite of PTE resulted in significant reductions in the catalytic constant for
largely dictates the chiral preference for tBeenantiomers most of the substrates that were tested. This result suggests
by sterically hindering the approach or orientation of e that significant changes have occurred within the active site
enantiomers to the active site. of PTE upon removal of the aromatic side chain of Phe-

The crystal structure of PTE shows that Phe-132 primarily 306. It can be inferred that replacement of the phenyl
resides in thdeaving group subsite. Mutation of Phe-132  substituent with an alanine may have increased the size of
to an alanine gave results that were somewhat unexpectedthe three binding pockets simultaneously, which may have
F132A displayed kinetic properties for the hydrolysis of resulted in a more global perturbation to the entire active
organophosphate triesters that were very similar to those ofsite of PTE. Tyr-309 is located at the exit of theawing
I106A. With F132A, the rates of hydrolysis for thes- group subsite with the side chain of this residue oriented
enantiomers of those substrates containing a single phenylaway from the subsite. Mutation of this residue to an alanine
substituent were enhanced but no changes were observetiad essentially no effect on the stereoselectivity for§he
for the correspondings-enantiomers. The aromatic side enantiomers of the chiral substrates, but caused reductions
chain of Phe-132 stacks with the indole group of Trp-131. in the catalytic constants for all of the substrates that were
Perhaps the replacement of the side chain of Phe-132 withtested. This result indicates that mutation of Tyr-309 to an
a methyl group enables the indole ring of Trp-131, which alanine may have disrupted the interactions of the aromatic
resides between themall and leaving group subsites, to  side chain of Tyr-309 with other residues and perturbed the
reorient more toward th&eaving group subsite. Thus, the  overall structure of the PTE.
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The characterization of the 14 mutant enzymes with an one another! This relaxation of the stereoselectivity through
organophosphate substrate library has identified the residueshe enhancement of the initially slower isomer will be of
that are most important for the expression of the substratesignificant benefit in the environmental detoxification of
specificity and stereoselectivity for PTE. The most significant organophosphate nerve agents since many of these com-
residues are Gly-60, lle-106, Phe-132, and Ser-308. With pounds are chiral at the phosphorus center. In the following
the native enzyme, it has been determined for organophos-paper, we elaborate on how the stereoselectivity can be
phates of the structural type presented in Figure 2 that thereversed through a rational reconstruction of the active site
S-enantiomers are better substrates thariRfhisomers. The  structure.

X-ray structure of a bound inhibitor complex of PTE has
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