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Abstract: An array of 16 enantiomeric pairs of chiral phosphate, phosphonate, and phosphinate esters
was used to establish the breadth of the stereoselective discrimination inherent within the bacterial
phosphotriesterase and 15 mutant enzymes. For each substrate, the leaving group was 4-hydroxyac-
etophenone while the other two groups attached to the phosphorus core consisted of an asymmetric mixture
of methyl, methoxy, ethyl, ethoxy, isopropoxy, phenyl, phenoxy, cyclohexyl, and cyclohexoxy substituents.
For the wild-type enzyme, the relative rates of hydrolysis for the two enantiomers ranged from 3 to 5.4 x
10°. Various combinations of site-specific mutations within the active site were used to create modified
enzymes with alterations in their enantioselective properties. For the single-site mutant enzyme, G60A,
the stereoselectivity is enhanced relative to that of the wild-type enzyme by 1—3 orders of magnitude.
Additional mutants were obtained where the stereoselectivity is inverted relative to the wild-type enzyme
for 13 of the 16 pairs of enantiomers tested for this investigation. The most dramatic example was obtained
for the hydrolysis of 4-acetylphenyl methyl phenyl phosphate. The G60A mutant preferentially hydrolyzes
the Sp-enantiomer by a factor of 3.7 x 10°. The 1106G/F132G/H257Y mutant preferentially hydrolyzes the
Rpe-enantiomer by a factor of 9.7 x 102. This represents an enantioselective discrimination of 3.6 x 108
between these two mutants, with a total of only four amino acid changes. The rate differential between the
two enantiomers for any given mutant enzyme is postulated to be governed by the degree of nonproductive
binding within the enzyme active site and stabilization of the transition state. This hypothesis is supported
by computational docking of the high-energy, pentavalent form of the substrates to modeled structures of
the mutant enzyme; the energies of the docked transition-state analogues qualitatively capture the
enantiomeric preferences of the various mutants for the different substrates. These results demonstrate
that the catalytic properties of the wild-type phosphotriesterase can be exploited for the kinetic resolution
of a wide range of phosphate, phosphonate, and phosphinate esters and that the active site of this enzyme
is remarkably amenable to structural perturbations via amino acid substitution.

Introduction possessed by enzymes are the extraordinary rate enhancements
Enzymes have become powerful tools in the synthesis of and the high degree of selectivity for chiral centers. However,

value-added chemicals from cheaper and more readily availableMany wild-type enzymes exhibit a rather narrow substrate

starting materiald.For example, the catalytic activity of xylose ~ SPecificity that can limit the range of useful and practical

isomerase is currently being exploited for the preparation of 3 applications. Nevertheless, recent advances in the construction
million tons of high-fructose corn syrup per year via the @andassay of mutant protein libraries have demonstrated thatin

isomerization ob-glucose? p-Hydantoinases are employed in  Vitro evolution of existing enzyme templates can result in the
the kinetic resolution of racemic mixtures pfphenylglycine enhancement and expansion of catalytic function for a desired

andp-p-hydroxy-phenylglycine for the semisynthesis of penicil- chemical transformatiofh.

lins with annual production runs of several thousand fons.  The bacterial phosphotriesterase (PTE) catalyzes the hydroly-

Relative to chemical catalysts, the most significant advantagessis of activated organophosphate triesters as shown in Scheme

p &M Univers 1 for the detoxification of the insecticide paraoxon, with kinetic
exas niversity. ~ —1 ~ -1 ¢15

* University of California, San Francisco. constantskeat ~ _1_04 S and kealKy ~ 10° M ] s> The

(1) Liese, A. InEnzyme Catalysis in Organic Synthe&sauz, K., Waldmann, substrate specificity is rather broad, and the wild-type enzyme
H., Eds.; Wiley-VCH: Weinheim, Germany, 2002; Vol. IIl, pp 1419459. i ioti i H i

(2) E<aki, N.; Kunihara, T.: Soda, K. Bnzyme Catalysis in Organic Synthesis is able to distinguish between engntlomerg that gre chiral at the
Drauz, K., Waldmann, H., Eds.; Wiley-VCH: Weinheim, Germany, 2002; phosphorus centér’ The substantial catalytic activity of phos-
Vol. lll, pp 1281-1332.

(3) Syldatk, C.; Muller, R.; Siemann, M.; Wagner, FBiocatalytic Production
of Amino Acids and Devratives Rozzell, D., Wagner, F., Eds.; Hanser (4) Minshull, J.; Stemmer, WCurr. Opin. Biotechnol1999 35, 48—51.
Publishers: Munchen, Germany, 1992; pp-128. (5) Aubert, S. D.; Li, Y.; Raushel, F. MBiochemisty 2004 43, 5707-5715.
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Scheme 1 Chart 1
o
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photriesterase is ideally suited for a variety of chemical ? 9 (/é ?
transformations. For example, PTE is one of the predominant ©”, ”, 7, o
enzymes under current consideration as the primary catalytic O o o o
component for the detection and degradation of chemical threat —p —o—'F" —B-O—Q —o—E—o—@
agents such as sarin, soman, and &Kne detoxification of 5 o o
agricultural and household organophosphate insecticides is a
logical extension of this technology, and commercial insecticides
may be enzymatically resolved by PTE into separate enanti- y y
omers that are differentially toxic to specific insect tardetbe e 8
enantioselective properties of PTE may be applicable to the o o
resolution of chiral phosphorus containing pro-drugs and the b @ \—O-F‘—O \—'F}—O—Q \—O"."O_Q
chemo-enzymatic syntheses of chiral phosphine ligands for 0 0
transition metal catalyst8:1*Unlike chiral carbon centers, there
is no reservoir of naturally occurring chiral phosphorus centers
that can be chemically transformed to the target of choice. o o7

If the catalytic potential of PTE is to be exploited for the K " 12
kinetic resolution of chiral phosphorus centers, then the substrat 9 O_P

specificity and stereoselectivity must be expanded and enhanced
Prior work with lipases and hydantoinases suggests that

manipulation of the amino acid sequence can result in the

production of enzyme variants with altered catalytic proper-

ties1213 For example, Reetz and colleagues have elegantly 75

shown that directed evolution of a lipase frddseudomonas
aeruginosacan be utilized to enhance the stereoselectivity for
the hydrolysis ofp-nitrophenyl 2-methyl decanoate from an
initial value of 1.1 to>51 via a combination of error-prone
mutagenesis, gene shuffling, and saturation mutageHeSidy

six amino acid changes from the wild-type sequence were
required to achieve this result. Even more impressive, the same
strategy was used to identify mutant proteins with the opposite
stereoselectivity. A mutant with 11 amino acid changes was
isolated that favored the other enantiomer by a factor of30.
Many, but not all, of the amino acid substitutions were located
away from the active site, and a molecular explanation for the
changes in catalytic properties is not generally obvi6us. Materials and Methods

In this paper, we have probed the stereoselective properties Materials. The bacterial phosphotriesterase and the site-directed
of the wild-type PTE and selected mutant enzymes. The breadthmytants were prepared and purified to homogeneity as previously
of the substrate SDECIfICIty has been addressed with a series ofescribed:717 Methylphenylphosphinic chloride was obtained from
racemic mixtures of fully esterified phosphate, phosphonate, andAcros Organics. The other chemicals involved in the synthesis of the
phosphinate derivatives. The structural diversity for members substrates for phosphotriesterase were obtained from Aldtitland
of this library of substrates is shown in Chart 1. We 3P NMR spectra in CDGlwere obtained on Varian Unity INOVA
spectrometers. Th&P NMR spectra were obtained with phosphoric
(6) Chen-Goodspeed, M.; Sogorb, M. A.; Wu, F.; Hong, S.-B.; Raushel, F. acid (85%) as the external reference. Exact mass measurements were

@) 'ghgrféggr&%téﬁf%fgbégfé_ l\%32\1Wu F.: Raushel, FBMchermistry obtained on a PE Sciex APJ Qstar Pulsar by the Laboratory for

demonstrate that the inherent enantioselectivity of the wild-type
PTE can be greater than®énd can be further enhanced up to

3 orders of magnitude by a single amino acid change to the
active site. We also establish that a relatively small number of
amino acid changes within the active site can invert the
stereoselectivity of the wild-type enzyme and favor the opposite
enantiomer by up to 3 orders of magnitude. In the most dramatic
example, the differences in stereoselectivity for each enantiomer
can be as high as 100 million for two mutants that differ by
only four amino acids.

2002 40, 1332-1339. Biological Mass Spectrometry at Texas A&M University.
(8) Raushel, F. MCurr. Opin. Microbiol. 2002 5, 288-295. _ Synthesis of Racemic Substrate§he phosphate, phosphonate, and
(9) Miyazaki, A.; Najamura, T.; Kawaradani, M.; Marumo, B.Agric. Food . . .. L . i

Chem.1988 36, 835-837. phosphinate esters synthesized for this investigation are depicted in
(10) Reddy, K. R.; Boyer, S. H.; Erion, M. Oetrahedron Lett2005 46, 4321 Chart 1. Compound$—4, 6—8, and10—16 were prepared according
(11) A|53|§t4r'(15|ewwz K. M. Zablocka, MChem. Re. 1994 94, 13751411, to the general procedure described below. Triethylamine (1 equiv) was
(12) May, 0. Nyuyen, P. T.; Arnold, F. HNat. Biotechnol200Q 18, 317— added dropwise into a stirred mixture of an alkyl phosphonic dichloride

or alkyl dichlorophosphate (320 mmol) and the corresponding

(13) Reetz M. T.; Zonta, A.; Schimossek, L.; Liebeton, K.; Jaeger, IArigew. Ll .

Chem.1997 109, 2961-2963. alcohol or phenol (1 equiv) in ethyl ether or dichloromethané&@0
(14) Reetz, M. T.; Wilensek, S.; Zha, D.; Jaeger, L.AAgew. Chem2001, mL) at O °C. After the reaction mixture was stirred for-8 h,

113 3701-3703.

(15) Zha, D.; Wilensek, S.; Hermes, J.; Jaeger, K.-E.; Reetz, MCAem.
Commun 2001, 2664-2665.

(16) Bocola, M.; Otte, N.; Jaeger, K.-E.; Reetz, M. T.; Thiel, @hem. Biol. (17) Hill, C. M,; Li, W.-S.; Thoden, J. B.; Holden, H. M.; Raushel, F. .
Chem.2004 5, 214-223. Am. Chem. So003 125,8990-8991.

p-hydroxyacetophenone (1 equiv) was added, along with another portion
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of triethylamine (1 equiv). The reaction mixture was stirred at room (phenyl)phosphinate (2.5 mmol) was mixed with oxalyl chloride (3.8
temperature for another 2418 h, and then the triethylammonium  mmol) and stirred at room temperature under dry conditions for 40
chloride was removed by filtration. The reaction mixture was condensed min. After removal of the volatile components under reduced pressure,
to dryness under reduced pressure. The residue was applied to a columthe residue was dissolved in ethyl ether (15 mL), and then 4-hydroxy-
of silica gel and eluted with a mixture of hexanes and ethyl acetate. A acetophenone (2.4 mmol) and triethylamine (2.4 mmol) were added.
general workup gave the desired compounds in yields ranging from After the reaction mixture was stirred at room temperature for 24 h, it
20 to 85%. was filtered and condensed to dryness under reduced pressure. The

4-Acetylphenyl ethyl methylphosphonafé) was prepared from
methyl phosphonic dichloride and ethanl. NMR (ppm): 7.98 (2H,
d,J=9.0 Hz), 7.30 (2H, dJ = 9.0 Hz), 4.08-4.30 (2H, m), 2.60 (3
H, s), 1.66 (3H, dJ = 17.8 Hz), 1.35 (3H, tJ = 7.2 Hz).3'P NMR
(ppm): 33.0. Mass spectrometry (ESI positive ion mode fof-NH):
calculated, 243.08; found, 243.08.

4-Acetylphenyl ethyl methyl phosphat®) (vas prepared from methyl
dichlorophosphate and ethan8i NMR (ppm): 7.98 (2H, dJ = 9.0
Hz), 7.30 (2H, d,J = 9.0 Hz), 4.22 (2H, m), 3.84 (3H, d, = 11.8
Hz), 2.60 (3H, s), 1.98 (3H, ] = 7.2 Hz).3'P NMR (ppm): —5.04.
Mass spectrometry (ESI positive ion mode for-MH): calculated,
259.07; found, 259.08.

4-Acetylphenyl methyl ethylphosphona®® (vas prepared from ethyl
phosphonic dichloride and methan& NMR (ppm): 7.98 (2H, dJ
= 9.0 Hz), 7.30 (2H, dJ = 9.0 Hz), 3.84 (3H, dJ = 11.8 Hz), 2.60
(3H, s), 1.84-2.00 (2H, m), 1.24 (3H, dt) = 19.7 Hz,J = 7.3 Hz).
3P NMR (ppm): 37.0. Mass spectrometry (ESI positive ion mode for
M + H): calculated, 243.08; found, 243.08.

4-Acetylphenyl isopropyl ethylphosphonat® (vas prepared from
ethylphosphonic dichloride and isopropyl alcoibl. NMR (ppm): 7.98
(2H, d,J = 9.0 Hz), 7.30 (2H, dJ = 9.0 Hz), 4.80 (1H, m), 2.60 (3H,
s), 1.82-1.98 (2H, m), 1.982.18 (9H, m).3'P NMR (ppm): 34.3.
Mass spectrometry (ESI positive ion mode for-MH): calculated,
271.11; found, 271.11.

4-Acetylphenyl methyl(phenyl)phosphinats) fvas prepared upon
mixing a solution of methyl(phenyl)phosphinic chloride (20 mmol) in
ethyl ether (100 mL) with a saturated solution of 4-hydroxyacetophe-
none (20 mmol) in ethyl ether and stirred at®©. Triethylamine (20

residue was applied to a column of silica gel and eluted with a mixture
of hexanes and ethyl acetate (1:2, vAj.NMR (ppm): 7.82-7.88 (4
H, m), 7.56-7.60 (1H, m), 7.247.26 (2H, d,J = 9.0 Hz), 2.58 (3H,
s), 2.04-2.24 (2H, m), 1.22 (3H, dtJ = 19.7 Hz,J = 7.3 Hz).%%P
NMR (ppm): 53.9. Mass spectrometry (ESI positive ion mode for M
+ H): calculated, 289.10; found, 289.11.

4-Acetylphenyl ethyl phenylphosphonat&0f was prepared from
phenylphosphonic dichloride and ethariél. NMR (ppm): 7.80-7.85
(4H, m), 7.52-7.60 (1H, m), 7.447.48 (2H, m), 7.227.30 (2H, d J
= 9.0 Hz), 4.20-4.30 (2H, m), 2.58 (3H, s), 1.361.40 (3H, t,J =
7.2 Hz).3'P NMR (ppm): 18.5. Mass spectrometry (ESI positive ion
mode for M+ H): calculated, 305.09; found, 305.10.

4-Acetylphenyl phenyl ethylphosphonatél) was prepared from
ethylphosphonic dichloride and phen&#it NMR (ppm): 7.94 (2H, d,
J = 9.0 Hz), 7.3%#7.15 (7H, m), 2.58 (3H, s), 2.32.09 (2H, m),
1.41-1.34 (3H, dtJy_p = 21.8 Hz,Jy_1 = 7.8 Hz).31P NMR (ppm):
28.4. Mass spectrometry (ESI positive ion mode for M H):
calculated, 305.09; found, 305.10.

4-Acetylphenyl cyclohexyl ethyl phosphate?) was prepared from
ethyl dichlorophosphate and cyclohexariel. NMR (ppm): 7.98 (2H,
d,J= 9.0 Hz), 7.30 (2H, dJ = 9.0 Hz), 4.50 (1H, m), 4.20 (2H, m),
2.58 (3H, s), 1.26:2.02 (13H, m).3!P NMR (ppm): —7.10. Mass
spectrometry (ESI positive ion mode for # H): calculated, 327.14;
found, 327.14.

4-Acetylphenyl cyclohexyl ethylphosphonatS[ was prepared from
ethylphosphonic dichloride and cyclohenxariél. NMR (ppm): 7.98
(2H, d,J = 9.0 Hz), 7.30 (2H, dJ = 9.0 Hz), 4.55 (1H, m), 2.60 (3H,
s), 1.20-2.02 (16H, m).3P NMR (ppm): 34.0. Mass spectrometry

mmol) was added dropwise, and the reaction mixture was stirred at (ESI positive ion mode for M- H): calculated, 311.14; found, 311.14.

room temperature for 42 h. After removal of the solvent under reduced

4-Acetylphenyl methyl cyclohexylphosphonat®d) was prepared

pressure, the residue was applied to a column of silica gel and elutedfrom cyclohexylphosphonic dichloride and metharibl NMR (ppm):

with a mixture of hexanes and ethyl acetate (1:1, vAj. NMR
(ppm): 7.78-7.88 (4H, m), 7.42-7.60 (3H, m), 7.20 (2H, dJ = 9.0
Hz), 2.49 (3H, s), 1.90 (3H, dl = 17.8 Hz).3*P NMR (ppm): 50.6.
Mass spectrometry (ESI positive ion mode for-MH): calculated,
275.08; found, 275.08.

4-Acetylphenyl methyl phenylphosphona® (vas prepared from
phenyphosphonic dichloride and methan®l. NMR (ppm): 7.82-
7.87 (4H, m), 7.587.62 (1H, m), 7.447.54 (2H, m), 7.27 (2H, d)
= 8 Hz), 3.90 (3H, dJ = 11 Hz), 2.48 (3H, s)3P NMR (ppm):
20.3. Mass spectrometry (ESI positive ion mode for M H):
calculated, 291.08; found, 291.08.

4-Acetylphenyl phenyl methylphosphonatd (vas prepared from
methylphosphonic dichloride and phentt NMR (ppm): 7.80 (2H,
d,J=9.0 Hz), 7.26-7.40 (7H, m), 2.60 (3H, s), 1.86 (3H, d=17.8
Hz). 3P NMR (ppm): 29.8. Mass spectrometry (ESI positive ion mode
for M + H): calculated, 291.08; found 291.09.

4-Acetylphenyl methyl phenyl phosphat8) (was prepared from
methyl dichlorophosphate and phentl. NMR (ppm): 7.98 (2H, dJ
=9.0 Hz), 7.15-7.5 (7H, m), 3.98 (3H, dJ = 11.8 Hz), 2.58 (3H, s).
31P NMR (ppm): —10.7. Mass spectrometry (ESI positive ion mode
for M + H): calculated, 307.07; found, 307.08.

4-Acetylphenyl ethyl(phenyl)phosphina® (vas prepared by mixing
diethyl phenylphosphonite (28 mmol) and ethyl iodide (3.2 mmol) in
a sealed tube and stirred at 96 for 48 h. Volatiles were removed

7.98 (2H, d,J = 9.0 Hz), 7.30 (2H, dJ = 9.0 Hz), 3.80 (3H, dJ =
11.8 Hz), 2.58 (3H, s), 1.262.10 (11H, m)3%P NMR (ppm): 35.0.
Mass spectrometry (ESI positive ion mode for-MH): calculated,
297.12; found, 297.13.

4-Acetylphenyl ethyl cyclohexylphosphonaté) was prepared from
cyclohexylphosphonic dichloride and ethandi. NMR (ppm): 7.98
(2H, d,J = 9.0 Hz), 7.30 (2H, dJ = 9.0 Hz), 4.04-4.24 (2H, m),
2.58 (3H, s), 1.262.10 (14 H, m).3P NMR (ppm): 33.7. Mass
spectrometry: (ESI positive mode for M H): calculated, 311.14;
found, 311.14.

4-Acetylphenyl cyclohexyl methyl phosphatesf was prepared from
methyl dichlorophosphate and cyclohexadd NMR (ppm): 7.98 (2H,
d,J = 9.0 Hz), 7.29 (2H, dJ = 9.0 Hz), 4.3 (1H, m), 3.85 (3H, d}
=11.8 Hz), 2.60 (3H, s), 1:22.0 (10H, m).2P NMR (ppm): —5.88.
Mass spectrometry (ESI positive ion mode for-MH): calculated,
313.12; found, 313.12.

Assay of Catalytic Properties.The time courses for the hydrolysis
of the racemic mixtures of substrates were monitored at 294 nm using
a SpectraMax360 U¥vis spectrophotometer. The extinction coefficient
used for 4-hydroxyacetophenone was 7:710° M~* cm™L. Enzyme
was added to the substrate in a final volume of 3.0 mL, containing 50
mM CHES buffer, pH 9.0. The initial concentration of the racemic
substrates varied from 50 to 1@M1. The change in absorbance was
recorded, and the data were fit to either eq 1 or eq 2,

under reduced pressure. The reaction mixture was dissolved in ethyl
ether (200 mL) and washed with sodium sulfate (10% aqueous solution)
until the reaction solution was colorless. Removal of the ether gave
ethyl ethyl(phenyl)phosphinate (4.2 g) with a yield of 78%. Ethyl ethyl-

A=At AL-e™)

A=A+AL—e ) +A(L—e )

@
)
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whereA, is the absorbance at any tirheA, is the initial absorbance,  structures of the compounds used in this investigation are
A: andA; are net absorbance changes for the individual phases of the presented in Chart 1.

reaction, andy andk; are the first-order rate constants for each phase.  \1aasurement of Stereoselectivity for Wild-Type PTE The

The Michaelis constants for a representative selection of substrates Were ative rate of hydrolysis for each of the two enantiomers within

measur?d and four.‘d to be greaFer than 380 . ) the 16 racemic mixtures was obtained by monitoring the full

. Docking Calculgtlons.Full de.ta'ls of the docking methods are given time course (based on the end-point analysis for hydrolysis with
in the accompanying pap&tBriefly, structures for a number of the é(OH) for each of the two isomers immediately after the addition

PTE mutant enzymes were generated. These mutant enzymes differe . e .
from the wild type by only a few specific residues, and these residues ©f @1 appropriate amount of enzyme. The initial concentration

were positioned such that their side chains projected into ligand open Of the ester substrate was established by hydrolysis with an
regions of the active site. The substitutions either reduce or extend the@ppropriate amount of hydroxide. For example, in Figure 1A is
mutated side chain, but no major backbone movements are expectedshown the time course for the chemical hydrolysis of compound
Consistent with this view, the actual X-ray structure of the H254G/ 6 with 67 mM NaOH. The hydrolysis reaction follows first-
H257W/L303T mutant differs from that of the wild-type PTE by an  order kinetics, and a fit of the data to eq 1 yields a rate constant
RMSD of only 0.27 Al7-1° Therefore, we were conservative in our of 0.25 mirr®. The time courses for the enzymatic hydrolysis
model building, holding the structure of the overall enzyme constant, 4 g \with 2.0 (gray line) and 200 nM (red line) wild-type PTE

and only modified the position of the substituting side chains .o hresented in Figure 1B. The time course for the lower
themselves. Beginning with the wild-type structure (PDB code 1HyZY -

i i - : . amount of enzyme clearly indicates that one of the two
substituted residues were fit into the structure by keeping the coordinates . is hvdrolvzed sianifi v f h h h
of as many common atoms as possible. A dockable molecular databas@nantiomers is hydrolyzed significantly faster than the other,

was calculated that contained the pentavalent, bipyramidal high-energySince only one-half of the total substrate is hydrolyzed in 10
intermediate forms of 11 of the 16 experimentally tested enantiomeric Min. At substrate concentrations lower than the Michaelis
pairs. This flexibase was generated in analogy to the ZINC database; constant, the time courses follow pseudo-first-order kinetics,
the primary innovation was the creation of pentavalent structures which and the associated rate constants are directly proportional to
were obtained by modifications on the SMILES level followed by multi-  the amount of enzyme addétiThe rate constant from a fit of
conformer structure calculations using Corina and Oniégarhese the data to eq 1 is 0.47 mih Dividing the first-order rate
structures res_emble tht_e compounds in the state after nucleophilic attack-gnstant by the concentration of enzyme provikigém ~ 3.9

of the ca_talytlc hydroxide on the phosphorus and_should re_pres_ent a, 16 M-1sL At the higher level of enzyme, the fast phase is
state which the enzyme will preferentially recognize, enabling finer essentially complete during the mixing time prior to data

distinctions?® This database was docked into the active sites of PTE L . .
acquisition. A fit of the data to eq 1 gives a rate constant of

and its mutants using DOCK3.5.54 and scored on the basis of van der S .
Waals and electrostatic complementarity, corrected for ligand desol- 0-24 Mim* and a value okealK for the slow enantiomer of

vation energies. For each pair of enantiomers, the difference of their ~2.0 x 10° Mf% s™! after correction for the amount of enzyme
docking energy scores was calculated and used as a proxy for theddded. The ratio of rates for the hydrolysis of the fast and slow

binding affinity. enantiomers o6 is 200. Similar experiments were conducted
. . for the other 15 pairs of enantiomers, and the results are
Results and Discussion presented in Table 1. In certain cases (such as with compounds

1-4), the times courses for both enantiomers could be obtained
with a single concentration of enzyme. In these instances, the
data were fit to eq 2 to provide the rate constants for both phases.
For compoundsl—16, the degree of discrimination between

Chiral Substrate Library. The breadth of the substrate
specificity exhibited by the bacterial phosphotriesterase was
established by measuring the relative kinetic constants for a
_?_Load series of phosphate, phos.phonat.e, and phosphinate estert%.e two enantiomers ranges fron8 for compoundd and2 to

e leaving group for the entire series of compounds was 5.4 % 10° for compoundi2
4-hydroxyacetophenone because the enzymatic formation of this™ )

compound in solution at pH 9 can be easily monitored at 294 _ Stereoselectivity for the Mutant G60A. The enantioselec-
nm without interference from the protein or the initial substrate tVities for the G60A mutant of PTE were determined for the

ester. The remaining two groups, attached directly to the library of phosphate, phosphonate, and phosphinate esters in

phosphorus center, included methyl, methoxy, ethyl, ethoxy, the same .marlmer as describeq for the wild-type enzymg.
isopropoxy, cyclohexyl, cyclohexoxy, phenyl, and phenoxy Presented in Figure 1C are the time courses for the hydrolysis

substituents. These side chains provided a reasonable array of’ COmPounds with 0.50 nM (gray line) and 2@M (red line)
steric bulk and the inclusion of hydrophobic and hydrophilic G60A. The mutant enzyme clearly hydrolyzes one enantiomer

atoms for direct molecular interactions within the active site of &t @ Significantly faster rate than the other enantiomer. A fit of

PTE. The nine substituents were mixed to generate a small butthe, time course for the lower level of enzyme to.eq 1 provides
a first-order rate constant of 0.91 min Correcting for the

diverse chemical library of racemic mixtures that included two .
pamount of enzyme gives a vallgyKn ~ 3.0 x 10/ M1 s!

phosphinates, four phosphates, and ten phosphonates. T 8 : T
for the faster of the two enantiomers. Similarly, the rate constant

from a fit of the time course for the more concentrated enzyme

(18) Benning, M. M.; Shim, H.; Raushel, F. M.; Holden, H. Biochemistry

2001, 40, 2712-2722. _ gives a first-order rate constant of 0.43 mirand a value of
(19) ZBSSS'SQ'EMS;O"Q%Q%’(‘J%%%'_‘B" Raushel, F. M. Holden, H.JBiol. Chem. /K =~ 360 M~! s~ The mutant G60A prefers one isomer
(20) Irwin, J.J.; Shoichet, B. KJ. Chem. Inf. Model2005 45, 177—182. by a factor of 8.3x 10%. Similar experiments were conducted

(21) Sadowski, J.; Schwab, C. H.; Gasteiger, J. 3D Structure Generation and . : .
Conformational Searching. I€omputational Medicinal Chemistry and for the rest of the racemic m|Xtur_eS' and in ev_ery Cas? (except
Drug Discavery, Bultinck, P., De Winter, H., Langenaeker, W., Tollenaere,  for compound3) the G60A mutant is more enantioselective than
J. P., Eds.; Dekker Inc.: New York, 2003; pp 15412.

(22) Bostrom, J.; Greenwood, J. R.; Gottfries]).IMol. Graphics Modell2003
21,449-462. (24) Cleland, W. W. InThe Enzymed®oyer, P. D., Ed.; Academic Press: New

(23) Pauling, L.Chem. Eng. New$946 24, 1375-1377. York, 1970; Vol. Il, pp +-65.
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1.0 Relaxation of Enantioselectivity. A selected set of mutant
enzymes that were obtained by alteration of those residues that
interact directly with the substrate within the active site of PTE
were tested with the small library of phosphorus containing
esters to ascertain the degree of change in the enantioselective
properties. Shown in Figure 2A are the time courses for the
hydrolysis of compound at two different levels of enzyme.

At a concentration of wild-type PTE of 1.9 nM, one-half of the
racemic mixture is hydrolyzed with a first-order rate constant
of 0.61 mirr? (gray line). This corresponds to a valuelQfy
Km~ 5.4 x 10° M~1s71, At a concentration of wild-type PTE

of 190 nM, the fast enantiomer is hydrolyzed during the mixing
of enzyme with substrate and the slow enantiomer is hydrolyzed
with a first-order rate constant of 0.50 mif) obtained from a

30 40 fit of the data to eq 1 (red line in Figure 2A). This corresponds
to a value ofkeafKm & 4.4 x 10 M~1 s71. The stereoselective
preference of the wild-type enzyme for compouid thus 120.
Similar experiments with the G60A mutant established a
B stereoselective preference of 3910°. When compound is
hydrolyzed by the mutant H257Y (180 nM), both enantiomers
are hydrolyzed at nearly identical rates, as shown for the time
course presented in Figure 2B. A fit to eq 2 for the double
06| exponential gives rate constants of 0.27 and 0.16 fnifihe
corresponding values d§a/Kn are ~2.5 x 10* and ~1.5 x

10* M~1 s71, respectively, with a rather low enantioselective
04 preference of-2.

Reversal of StereoselectivityFor the mutant 1106G/F132G/
H257Y, the addition of high and low concentrations of enzyme
demonstrated that the enzyme has a stereoselective preference
of 970 for one enantiomer over the other (data not shown). In
0.0 . ) ) | order to determine whether the stereoselectivity of this mutant

10 15 20 25 is the same as or opposite to that possessed by the wild-type
Time (min) and G60A enzymes, a low level of the triple mutant (34 nM)
was added to compourdito selectively hydrolyze the more
rapidly hydrolyzed enantiomer. The time course for this
C - experiment is presented in Figure 2C (gray line). After the
08} hydrolysis of the more rapidly hydrolyzed enantiomer was
complete, a low level of the G60A mutant was added to the
reaction mixture to determine if the enantiomer preferred by
0.6 the triple mutant was the same as that preferred by the G60A
mutant. The time course for the addition of the G60A mutant
(2.6 nM) is presented in Figure 2C (red line). Clearly, the G60A
04 - and 1106G/F132G/H257Y mutants preferentially hydrolyze
different enantiomers of compoudSimilar experiments were
utilized to establish the stereoselective preferences for 15
mutants in addition to the wild-type PTE, and the results are
presented in Table 1. Not every mutant was tested with every
0.0 ! L L enantiomeric pair of substrates.

10 15 20 Absolute Stereochemistry.For the wild-type and G60A
Time (min) mutant enzymes, it has been demonstrated that the enantiomer
Figure 1. (A) Time course for the hydrolysis of compousdvith 67 mM hydrolyzed preferentially can be determined on the basis of the
KOH. (B) Time course for the enzymatic hydrolysis of compoéndgith relative size and orientation of the substituents attached to the
2.0 nM PTE (gray line) and 200 nM wild-type PTE (red line) at pH 9.0 in  central phosphorus cof&.2° For the target substrates con-

50 mM CHES buffer, 30C. (C) Time course for the enzymatic hydrolysis o At ; ;
of compounds with 0.5 nM (gray line) and 2@M (red line) concentrations structed for this investigation, the pairs of enantiomers are

of the G60A mutant of PTE. Additional details are provided in the text. (

0.8

06

Abs,,

0.4

Time (min)

1.0

0.8 |-

Abs g,

0.2

[=]
(4]

1.0

Abs,,

0.2

[=]
w

25) Hong, S.-B.; Raushel, F. MBiochemistry1999 38, 1159-1165.

. . . (26) Wu, F.; Li, W.-S.; Chen-Goodspeed, M.; Sogorb, M.; Raushel, FI.M.
is the wild-type enzyme. The most extreme case is for compound Am. Chem. So00Q 122, 10206-10207.

16, where the stereoselectivity is greater than 6 million to one. (27) '2-(')OV2\’1'2-11 éigkgll'sgégﬂ'; Lum, K. T.; Raushel, F. MJ. Am. Chem. Soc.
The enantioselective ratios for the hydrolysis of racemic (28) Li, Y.: Aubert, S. D.; Raushel, F. M. Am. Chem. So®003 125, 7526—

; ; 7527.
mixtures of chiral phosphorus esters by the mutant G60A are (29) Li.Y.: Aubert, S. D.: Maes, E. G.: Raushel, F. BL.Am. Chem. S02004

provided in Table 1. 126, 8888-8889.
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0.8 preferred enantiomer for the wild-type and G60A mutant is listed
A in Table 1. The notation changes for the phosphate, phosphonate,
and phosphinate esters because of the nomenclature rules. A
0.6 Bragnsted analysis of the effect of th&of the leaving group
on kear and kealKm has shown that th@y for the wild-type
enzyme is—1.8, and thus the substituted phendk{p= 8.0) is
04 L always hydrolyzed rather than phenoK{p= 10) or any of the
— alcohols°
02k y‘,.d'" Substrate Specificity. In this study, we have utilized nine
’ different substituents attached to a central phosphorus core to
create a small library of phosphate, phosphonate, and phosphi-
0.0 ! ) ! | nate esters. The wild-type and G60A variants are able to
0 2 4 6 8 10 efficiently hydrolyze these compounds, and thus PTE has the
ability to recognize and hydrolyze a rather diverse set of
substrates while simultaneously exhibiting a rather pronounced
stereoselectivity. For the wild-type enzyme, a clear stereochem-
B - ical preference can be demonstrated for 14 of the 16 compounds
~ tested. A significant distinction could not be demonstrated for
",uf"o methyl versus ethoxy or methoxy versus ethoxy as they exist
06 L ‘,ﬂ in compoundsl and 2, where the stereochemical preference
: f between the two enantiomers is less than 5. However, the
I’ stereoselectivity for the G60A mutant is significantly more
04 i‘ pronounced than for the wild-type enzyme, and a clear distinc-
‘f tion can be identified for all pairs of substituents, except for
[ methoxy versus ethyl (compouid)l For the wild-type enzyme,
' when the difference in size between the two substituents is one
or two carbon/oxygen atoms, the inherent stereoselectivity is
0.0 L L L less than an order of magnitude (see compourie). When
0 10 20 30 a phenolic group is paired with a small alkyl or alkoxy
Time (min) substituent (see compoundg 8, and 11), the preferred
1.0 enantiomer is hydrolyzed about 2 orders of magnitude faster
Cc than the slower enantiomer. When the larger substituent is either
phenyl or cyclohexyl, the degree of discrimination between the
two enantiomers is greater than a factor of.1@ every case,
except for compoung, the stereoselectivity is further enhanced
06| by the mutant G60A. This increase in the stereoselectivity varies
I,.nmnm-um---------""""""' from 1 to 3 orders of magnitude by a single amino acid
" substitution within the active site of PTE. With compourids
and 16, the rate differential between the two enantiomers is
greater than a million-fold!
0.2 Inversion and Relaxation of StereoselectivitySingle amino
acid changes within the active site of PTE can relax the inherent
0.0 ! 1 ! ! ! ! stereoselectivity of the wild-type enzyme. For example, the
0 5 10 15 20 25 30 single H257Y mutation relaxes the stereoselectivity for com-
) ) poundsg, 8, and11 from approximately 100:1 to less than 11:
Time (min) 1. This single amino acid change can significantly diminish the
FigureI_Z- (A)dTlirgﬂ(;e C&Ufsz 1|‘_0f the,lf:jytdroly;iTS Eof fomgogﬁd;i(t)h lli/?SEAPEs enhanced stereoselectivity exhibited by G60A by up to 5 orders
f)gurfjafgr,mzes)‘?g. (B) Tri]me(rsoulrrs]z)f\é\)"r thgpl?ydrolyzispof éorlr?pou?d/vith a of magn.ltUde (see, for example, compOLB)d.Comblnatlons
180 nM concentration of the H257Y mutant of PTE. (C) Time course for Of Mutational changes can also be used to invert the stereose-
the hydrolysis of the preferred enantiomer of compo8ndith a 34 nM lectivity exhibited by the wild-type and G60A enzymes. The
ﬁo8f;nggtigf”tﬁ;th?e'é?r"’eed/giiﬁ?g;ﬁ?gg%aggdiﬁigfagg”ﬁe)ﬁ ’G\ﬂef specific set of residues depends, in part, on the specific
cgnceztration of 51e mutant G60A was addedpto hydrolyzé the.remaining substituents attached to the central phOSphqrus core of the target
material (red line). Additional details are provided in the text. substrate. Thus, the mutant H257Y/L303T is the best example
] ) for the inversion of compounds 6, 14, and15. With this set
presented as shown in Chart 1. The more rapidly hydrolyzed ot compounds, the large substituent is either a phenyl or
gnantl_omer is th_e one vyhere the substituent oriented to th_e ”ghtcyclohexyl group attached directly to the phosphorus core. A
in a Fischer projection is physically larger than the substituent stereoselectivity as large as 1800 is observed for compbénd

orientated to the left. This enables the preferred enantiomer t01he mutant 1106G/F132G/H257Y is the best enzyme for the
be identified for the wild-type and G60A mutant forms of PTE, ,version of stereoselectivity of compound@s8, 11, 12, 13,

except for compound, where the relative size of the two
substituents is essentially the same. The stereochemically(30) Hong, S.-B.; Raushel, F. MBiochemistry1996 35, 10904-10912.
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Figure 3. Enantioselectivity for the hydrolysis of compou8dby the wild- o CQ 3 F132
type PTE and seven mutant enzymes at pH 9.0. The designated enzymes :
are as follows: A, G60A; B, S308G; C, wild-type PTE; D, I1106G; E, 1106G/ S308
F132G; F, 1106 T/F132A/H254G/H257W; G, 1106G/H257Y; and H, 1106G/

F132G/H257Y.

and 16-_ This collection of compounds invariably Coma_ins 8 Figure 4. Structure of the active site of the wild-type PTE. The two divalent
phenolic or O-cyclohexyl group as the largest substituent cations (M. and M) are shown in salmon, and the bridging hydroxide is

attached to phosphorus. With these compounds, the stereoseshown in red. The side chains anetarbon atoms for the residues mutated
eciiy ranged ffom 12 f0 570. The mutant ILOGAIF120A 131 Iestieon (060, 106 Fig2 2, 257 03, and 309 are
H257W was the best enzyme for the inversion of stereoselec-is positioned adjacent to the binuclear metal center. The coordinates were
tivity for compoundsl, 2, and4. With these compounds, the taken from the PDB file 1ez2 and rendered with the program WeblLab
two substituents are relatively small, and the substituted amino Viewer Pro.
acids have larger side chains in comparison to the mutant 1106G/cp 4 2
F132G/H257Y. Therefore, to a first approximation, the specific

amino acids that are mutated in the active site of PTE can be P
selected and changed to a variety of residues that can be z
customized for a specified task.

The control of the enantioselectivity in this system is with the divalent cation). In this complex, there are subsites
significant. For the wild-type enzyme, the stereoselectivity for each of the three substituents attached to the central
ranges from 1 to- 105. For the single amino substitution, G60A, ~Phosphorus cor®.In a productive enzymesubstrate complex,
the stereoselectivity ranges from 6 td.(P. As few as two to ~ We assume that the leaving group must be positioned in a
three amino acid changes within the active site of PTE can invert manner that will allow for a nucleophilic attack by the bridging
the inherent stereoselectivity such that the opposite enantiomerhydroxide onto the substrate, with the leaving group orientated
is the preferred substrate by a factor greater than 1000. Perhapgt an angle of approximately 180
the most impressive range of stereoselectivity is exhibited for  Since the individual enantiomers have the same inherent
compound. The mutant G60A prefers the-8nantiomer by a chemical reactivity, the rate differential may be explained on
factor of 3.7x 1P, whereas the 1106G/F132G/H257Y mutant the basis of differences in binding to the chiral active site. Either
prefers the Renantiomer by a factor of 970. Therefore, the the binding is thermodynamically weak or the orientation of
difference in stereoselectivity has been altered by a factor of binding exhibited by the more poorly hydrolyzed enantiomer
3.6 x 10® with only four amino acid changes! The range of is unproductive. For the substrates examined in this analysis,
enantioselectivity for compour@with the wild-type PTE and there are three different substituents attached to the central

selected mutants is presented in Figure 3. phosphorus core. Each of the three substituents must be oriented
Structural Constraints on Stereoselectivity.What controls in some manner within the active site. If one assumes that there

the inherent enantioselectivity of the wild-type enzyme and are separate binding subsites for each of these substituents (X,

enables this catalytic property to brelaxed enhanced or Y, and Z), then there would be three possible orientations (or

invertedwith relatively few amino acid changes within the active binding modes) for any given substrate. Since the leaving group
site? Some of the residues within the active site of PTE that must be aligned properly with the attacking nucleophile, only
coalesce to form the binding pockets for substrate recognition one of these three orientations will lead to productive turnover.
are presented in Figure'8.Shown in this image is a non-  These orientations are presented graphically in Chart 2. In this
hydrolyzed substrate analogue, diisopropyl methylphosphonate,scenario, the slower enantiomer would have a preponderance
which interacts through the phosphoryl oxygen to fametal of the bound substrate in one of the two possible nonproductive
ion in the active site. The overall binding pocket is largely orientations. A more subtle distinction between the two enan-
hydrophobic, and there appears to be no strong electrostatictiomers would position the slower enantiomer at a less optimal
interactions between the protein and the substrate (other tharmattack angle relative to the hydroxide nucleophile or bound to
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1106A/F132G/H25TW

Figure 5. Changes in enantiomeric preference resulting from steric changes to key active-site residues for two docked structures of cerbpddnd R

WT PTE and (B) mutant I106A/F132G/H257W structures. In the WT structure, a catalytically competent geometry is found. This is less true in the mutant
structure, presumably owing to the steric changes in site. Oxygen atoms are colored red, enzyme carbons in gray, ligand carbons in yellownhydrogens i
white, and nitrogens in blue. The molecular surface of the enzyme is shown, as are two of the residues whose sterics change the most on substitution. The
gray spheres represent the two catalytic zinc ions. This figure was rendered using P§MOL.

the active site such that the phosphoryl oxygen is unable to be The failure of DOCK3! the program used for docking, to find
polarized via a direct interaction with one of the two divalent a catalytically optimal pose for a particular enantiomer suggests
cations. The acquisition of X-ray structures of PTE bound with that a highly productive pose is unlikely to occur, making
chiral inhibitors will help to establish the root cause for the hydrolysis unlikely even when the energy score might be
enantioselectivity of PTE and the site-directed mutants. favorable.

If simple sterics play a large role in selecting between  Qualitatively, the enantiomeric selectivities predicted by
productive and unproductive substrate geometries, as suggestedocking correspond closely to the experimental results. Of the
by the preceding discussion, then it should be possible to capture29 experimentally observed inversions, 28 were predicted by
by relatively simple calculations of molecular fit between docking either through a significant change of the energy
substrate and enzyme. We turned to molecular docking calcula-difference between the two enantiomers or by the failure to find
tions of high-energy intermediate forms of the substrates into a catalytically correct pose for one of the two enantiomers (see
model structures of 7 of the 15 mutant enzymes. The databaselable 2 and Supporting Information for detailed docking scores).
of high-energy bipyramidal species of the substrates was dockedFor five enantiomermutant pairs, an inversion was predicted
into the active sites of the mutants, and for each pair of that was not observed experimentally; four of these were for
enantiomers the difference between their energy scores wascompounds. Similarly, the docking energies also qualitatively
calculated (see Supporting Information). This score is a proxy tracked those pairs in which the relative selectivities between
for the binding affinity, i.e., the stabilization of a compound by the isomers changed from the WT, though the overall isomeric
a PTE variant. The increase or decrease of the differencepreference remained the same. For 13 of 20 mutanantiomer
between docking energy scores for a pair of enantiomers in apairs, the docking scores can predict this acceleration and
mutant compared to the wild type (WT) should predict rate deceleration correctly. Here, too, 4 of the 7 wrong predictions
acceleration, deceleration, or even if the enantiomeric preferenceowe to compound alone. In all cases where DOCK failed to
has been inverted between the WT and a given mutant enzymepredict the change in the experimental ratio, this change was

In addition to the docking energy scores, we also considered by @ factor of about 10 or less compared to the WT. In those
the docked poses. We assumed that a catalytically competenaSes where the acceleration or deceleration was larger than 10-
pose (see Figure 5A) of an intermediate would place the former fold, this change of the ratios was captured correctly by the
hydroxide between the two zinc ions, with the leaving group docking predictions.
apical to that oxygen and oriented toward the exit of the active ~An example of a dramatic change of the binding quality and
site in the leaving pocket. The two nonreactive side chains of €nergy due to a substitution is illustrated in Figure 5. The high-
the phosphorus core should be accommodated in the two subsite§Nergy intermediate of compoung-&3 can be stabilized and
of the active site. A catalytically less competent pose (see Figure Pound well by the wild-type enzyme (Figure 5A), where the
$B) _typicaIIy leaves one of the subsites empty (the small pocket (31) Meng, E. C.: Shoichet, B. K.. Kuntz, I. 0. Comput. Cherm992 13,
in Figure 5B). As a secondary event to the less complementary” ~ 505-524.
steric fit, the resulting poses usually have impaired electrostatic (32) http://pymol.sourceforge.net/

N : X oo (33) Hermann, J. C.; Ghanem, E.; Li, Y.; Raushel, F. M.; Irwin, J. J.; Soichet,
interactions between the oxygens of the ligand and the zinc ions. B. K. J. Am. Chem. So®006 128 http:/dx.doi.org/10.1021/ja065860f.
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Table 2. Stereoselectivities Predicted by Molecular Docking?

Compound WT G60A 1106G H257Y 1106G 1106G [106A 1106T
L303T H257Y F132G F132A F132A
H257Y | H257TW | H254G
H257W
1 Rp 1 J &) ®) O
2 Se 1 J ®) O
4 Rp 1 J J ®) O
5 Se 1 T O T S O
6 Se 1 1 &) T T 1
7 Rp 1 1 J o O
8 Se 1 ! O J O
11 Rp 1 ! O O
12 Sp 1 O
13 Rp 1 &) O O
16 Sp 0 O O

aResults are given relative to the ratio of rates of the wild type (see Table 1 and Supporting Information for more details). The wild-type preferences f
an enantiomer are given in the “WT” column. In each case, the same enantiomer is favored by docking, as was experimentally verified. The areows indicat
the experimentally observed qualitative changes in enantioselectivity. The colors indicate whether docking was able to predict that cleivgdyqifalit
an arrow is red, the docking prediction is incorrect; if it is black, docking predicted the experimental enantioselectivity correctly. Up aicatesand
increase of the ratio of rates, down arrows indicate a decrease of the ratio of rates, and curving arrows indicate an inversion of the endptioselectivi
oxygen is placed equidistant between the two zinc ions and all when docking predicts the correct direction of a ratio change
pockets are complemented by the side chains of the phosphorusery reliably, the magnitude of that change cannot be correlated
core. Conversely, in the ILO6A/F132G/H257W mutant enzyme, with the difference in the docking scores for the two enanti-
no highly productive pose can be found for this compound omers.

(Figure 5B). The former small pocketlose to A106-is empty,
and the oxygen is mainly interacting with one zinc ion only.
For the enantiomergl3, which has the two nonreactive side
chains switched, the opposite can be observedi3its well
in the 1106A/F132G/H257W mutant but not in the WT (not

Overall, these docking results support the hypothesis that the
stereospecificity and efficiency of the PTE mutants can be
directly related to the modification of the shape of the three
hydrophobic binding pockets (the leaving group pocket and two

shown). Poses and energies suggest, for enantiomerLBair §ubsites for the other side chains).. I?rimarily, the mutations
that the R-enantiomer is preferred by the WT, whereas the S improve or disrupt the hydrophobic interactions between a
enantiomer is preferred by the 1106A/F132G/H257W mutant, comMPpound and the enzyme. A secondary but nevertheless
which is consistent with the experimental results (see Table 1), important distinguishing element is the polar interaction between
These results suggest that the changes in the ratio of rateghe substrate oxygens and the catalytic zincs, which can change
and enantioselectivities of mutant PTEs are captured by dramatically as a result of an unfavorable pose and orientation
relatively simple stereochemical and electrostatic effects. TheseOf @ compound within the active site during catalysis.
effects can be represented by the geometry of the high-energy Of course, to be compelling, it would be important to use
intermediates docked in these calculations. An important in- these docking calculations prospective]y, to predict enantiose-
novation in these calculations is docking not of ground-state |ectjvities on previously untested substrates. We return to just
substrate structure but rather of a high-energy intermediate thatg,ch a study in the accompanying pafavhere the selectivities
resembles a transition-state-like state (see accompanying papegs several enantiomers on the part of the mutant enzymes were
for more discussion of this point§.As a caution, we note that predicted before the results were known.

docking, as used here, represents a relatively simple level of i i
theory, and consequently this analysis cannot be pushed too far. Summary. Wild-type and mutant forms of the bacterial

Indeed, inspection of the docking energies shows that, whereagPhosphotriesterase have been shown to catalyze the stereose-
they qualitatively agree with the experimental changes in lective hydrolysis of racemic mixtures of chiral phosphate,
preferences, their quantitative agreement is poor (see Supporting?hosphonate, and phosphinate esters. For the wild-type enzyme,
Information). For instance, the ratio of rates for enantiomer pair One enantiomer can be preferred by up to 5 orders of magnitude.
6 increases about 400-fold in the G60A mutant compared to A single active-site mutant, G60A, enhances the inherent
the WT, which corresponds to a difference in docking scores stereoselectivity of the wild-type enzyme by an additionaP1

of 0.5 kcal mot. The ratio of rates for enantiom#&6 increases orders of magnitude. Mutations within the active site that expand
by a factor of 80 in the same mutant, which corresponds to an and contract the size of the binding subsites can relax and invert
increase of 11.3 kcal mol in the docking scores. So, even the enantioselectivity of the wild-type PTE for the initially
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slower enantiomer by up to 3 orders of magnitude. Molecular by the NSF REU program CHE-0243829. J.C.H. thanks the
docking calculations suggest that the reason for these kinetic*‘Deutschen Akademie der Naturforscher Leopoldina” for a

effects might be the impaired or improved stabilization of high- fellowship under contract no. BMBF-LPD 9901/8-115.
energy structures, owing to steric complementarity. This enan-

tioselective enzyme library can be used to kinetically resolve  Supporting Information Available: Detailed docking scores.
chiral mixtures of racemic phosphorus-based esters. This material is available free of charge via the Internet at
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