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ABSTRACT: Microsomal epoxide hydrolase (MEH) catalyzes the addition of water to epoxides in a two-
step reaction involving initial attack of an active site carboxylate on the oxirane to give an ester intermediate
followed by hydrolysis of the ester. An efficient bacterial expression system for the enzyme from rat that
facilitates the production of native and mutant enzymes for mechanistic analysis is described. Pre-steady-
state kinetics of the native enzyme toward glycidyl-4-nitrobenzoates,1, indicate the rate-limiting step in
the reaction is hydrolysis of the alkyl-enzyme intermediate. The enzyme is enantioselective, turning over
(2R)-1 about 10-fold more efficiently than (2S)-1, and regiospecific toward both substrates with exclusive
attack at the least hindered oxirane carbon. Facile isomerization of the monoglyceride product is observed
and complicates the regiochemical analysis. The D226E and D226N mutants of the protein are catalytically
inactive, behavior that is consistent with the role of D226 as the active-site nucleophile as suggested by
sequence alignments with otherR/â-hydrolase fold enzymes. The D226N mutant undergoes hydrolytic
autoactivation with a half-life of 9.3 days at 37°C, suggesting that the mutant is still capable of catalyzing
the hydrolytic half-reaction (in this instance an amidase reaction) and confirming that D226 is in the
active site. The indoylyl side chain of W227, which is in or near the active site, is not required for
efficient alkylation of the enzyme or for hydrolysis of the intermediate. However, the W227F mutant
does exhibit altered stereoselectivity toward (2R)-1, (2S)-1, and phenanthrene-9,10-oxide, suggesting that
modifications at this position might be used to manipulate the stereo- and regioselectivity of the enzyme.

Microsomal epoxide hydrolase (MEH)1 (EC 3.3.2.3)
catalyzes the addition of water to epoxides and arene oxides
generated by the cytochrome P450-catalyzed oxidation of
unsaturated hydrocarbons (1). The reaction mechanism
involves two steps, initial attack of an active-site carboxylate
at one of the oxirane carbons of the substrate to give an alkyl-
enzyme (ester) intermediate and the subsequent hydrolysis
of the intermediate by attack of water at the carbonyl carbon
of the ester (2). The minimal kinetic mechanism of the
enzyme is shown in eq 1 where rapid equilibrium binding
(Ks) of the substrate to form a Michaelis complex is followed
by reversible formation (k2/k-2) and essentially irreversible
hydrolysis (k3) of the intermediate (E-I).

For most substrates, the rate-limiting step in the enzyme-
catalyzed reaction is hydrolysis of the intermediate (3).
Microsomal epoxide hydrolase is a member of theR/â-

hydrolase fold family of enzymes. This family is an
evolutionarily divergent group of hydrolases with a catalytic
triad consisting of a nucleophile (Ser, Cys, or Asp) for
formation of either an acyl- or an alkyl-enzyme intermediate,
a general base (His), and a charge relay residue (Asp or Glu)
for hydrolysis of the intermediate (4). The catalytic triads
of all are arranged in the following sequence: nucleophile,
charge relay acid, general base. Although there is very little
experimental evidence as to the identity and function of
active-site residues in MEH, detailed proposals have been
advanced based on regions of high-sequence similarity with
haloalkane dehalogenase, for which there is a high-resolution
crystal structure, soluble epoxide hydrolase, and other
members of theR/â-hydrolase fold family of enzymes (2,
5-8). Sequence alignments clearly identify D226 of MEH
as the nucleophile in formation of the ester. Although
somewhat less clearly, the alignments also indicate that H431
acts as the general base in the hydrolytic half-reaction, an
observation consistent with the earlier finding by Bell and
Kasper (9) that H431 is essential for catalysis.
A proposed active site for MEH based on sequence

alignments and other considerations is illustrated in Figure
1. In principle, a two-step mechanism provides the op-
portunity to dissect the roles of specific residues in catalysis
through the construction of semifunctional mutants that are
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dysfunctional in only one of the two half-reactions. That
the hydrolysis of the alkyl-enzyme is rate-limiting allows
the effects of mutations on individual steps to be examined
by a combination of pre-steady-state and steady-state kinetics.
So, for example, if W227 is involved in activation of the
oxirane as suggested in Figure 1, mutation of this residue
would be expected to slow the alkylation reaction but have
little influence on hydrolysis of the ester. Similarly, it is
anticipated that if the unknown charge relay carboxylate was
mutated, then the alkylation reaction would be unaffected
and the hydrolysis half-reaction slowed.
In this paper, we describe, in detail, a pre-steady-state

kinetic analysis of native and mutant MEH from rat toward
the two enantiomers of glycidyl-4-nitrobenzoate,1 (Scheme
1). The enzyme exhibits a significant enantioselectivity
toward1which is primarily manifest in the hydrolysis half-
reaction. The regiospecificity of the alkylation half-reaction
for both (2R)- and (2S)-1 is established, by isotopic labeling
of the product, as attack of the carboxylate at the primary
oxirane carbon. The specific roles of residues thought to
participate in the alkylation half-reaction of the catalytic
mechanism are revealed through the construction of semi-
functional site-specific mutants. The results indicate that
D226 is the active site nucleophile alkylated in the first half-
reaction and suggest that the indoylyl NH of W227 is not
involved in activating the oxirane of the substrate for
nucleophilic attack. The side chain at position 227 does
influence the stereoselectivity of the enzyme. A preliminary
report of a portion of this work has appeared (3).

EXPERIMENTAL PROCEDURES

General Materials and Methods. The (2R)- and (2S)-
enantiomers of glycidyl-4-nitrobenzoate,1, were from Al-
drich. Phenanthrene 9,10-oxide,3, was synthesized as
previously described (10). Water enriched in18O (67-70%)
was from Isotec. All buffer salts, chemical reagents,
solvents, enzymes, and media were of the highest quality

commercially available. The detergent Genapol C-100 was
obtained from Calbiochem. Oligonucleotides were synthe-
sized in the Center in Molecular Toxicology Core Lab at
Vanderbilt or purchased from GIBCO-BRL. The pET20
plasmid was from Novagen (Madison, WI). Vent DNA
polymerase, T4 DNA ligase, and restriction endonucleases
were purchased from New England Biolabs (Beverly, MA).
Peptone and yeast extract were supplied by GIBCO-BRL
(Bethesda, MD). The concentrations of purified epoxide
hydrolase and the W227F mutant were measured spectro-
photometrically at 280 nm using calculated extinction
coefficients of 80 400 M-1 cm-1 (2) and 75 920 M-1 cm-1,
respectively. Proton and13C NMR spectra were obtained
on a Bruker AC300 spectrometer with a multinuclear probe
housed in the Vanderbilt Department of Chemistry NMR
Facility.
Construction of Expression Vectors.The PCR technique

was employed to amplify the coding region of epoxide
hydrolase out of plasmid pEH52 (11). The following primers
were used: 5′ primer, AAA CTC GAG GTC GAC ACA
TAT GTG GCT GGA ACT TGT CCT GGC; 3′ primer,
AAA GAA TTC GTC GAC CTA CTG CAG CTC AGC
CAG GGA CAC. The primers were designed to place an
NdeI restriction site immediately 5′ to the start codon and
anEcoRI site immediately 3′ to the stop codon. Forty cycles
consisting of 45 s at 94°C, 45 s at 60°C, and 2 min at 72
°C were run using 100 ng of pEH52, 100µM of each primer,
400µM of each nucleoside triphosphate, and 2 units of Vent
DNA polymerase. The PCR product was extracted into 20
µL of TE buffer using the Wizard Miniprep method
(Promega). The PCR product and the plasmid pET20 were
each digested with the restriction endonucleasesNdeI and
EcoRI and subsequently purified in a low melting point
agarose gel. The plasmid and the epoxide hydrolase coding
region were extracted out of gel slices and ligated together.
The resulting construct was designated pET20MEH1.
Expression and Purification of Epoxide Hydrolase. BL21-

(DE3) cells were transformed with pET20MEH1 and plated
out on LB-ampicillin (200 µg/mL) plates. The colonies
were not allowed to grow larger than 1 mm diameter. A
colony was picked and used to inoculate 1 L of LB media
supplemented with 100µg/mL ampicillin. The starter
culture was grown at 37°C until the OD600 reached 0.2. The
starter was used to inoculate 10 L of LB-ampicillin (100
µg/mL) in a fermentor (Bioflow 2000, New Brunswick),
which was grown until the OD600 reached 1.2, at which time
10 g/L lactose was added. The culture was grown for an
additional 5-8 h before harvesting. The cells were harvested
by centrifugation and stored at-20 °C. The cell pellets
were resuspended in 0.01 M Tris/HCl, pH 7.6. The
suspension was sonicated with four 3 min bursts at 80%
power with a Branson Sonifier. The lysate was allowed to
cool for 10 min between each burst. The lysate was
centrifuged 45 min at 16 000 rpm. The pellets were then
extracted twice with 0.01 M Tris/HCl containing 0.5%
Genapol C-100 (pH 7.6). The extract was then passed
through a DEAE-cellulose column (2.5× 100 cm) equili-
brated with 0.01 M Tris/HCl, 0.1 M KCl, 0.2% Genapol
C-100 (pH 7.6). After the extract was loaded, the column
was washed with the same buffer. The detergent-epoxide
hydrolase complex was a component of the first peak that
eluted from the column. The fractions containing epoxide

FIGURE 1: Proposed active site for microsomal epoxide hydrolase
based on sequence alignments with otherR/â-hydrolase fold
enzymes (2, 7, 8) and the three-dimensional structure of haloalkane
dehalogenase (5). The enzyme is shown poised for the alkylation
half-reaction.

Scheme 1
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hydrolase activity were pooled. The enzyme was dialyzed
against 0.01 M Tris/HCl (pH 7.6) and loaded onto an
hydroxylapatite column (1× 6 cm). The column was
washed with 10 bed volumes of 0.01 M potassium phosphate
buffer (pH 7.6). The enzyme was then eluted with 0.5 M
potassium phosphate. The enzyme was dialyzed against 0.01
M Tris/HCl (pH 7.6) and concentrated for storage.
Site-Directed Mutagenesis. The Kunkel method (12) was

employed for creating site-specific mutations in the MEH
coding region. Briefly,E. coliCJ236 cells were transformed
with pET20MEH1. Uracil-containing single-stranded
pET20MEH1 DNA was produced by infecting transformed
cells with M13K07 helper phage. Phagemid particles
containing the DNA were precipitated with PEG, and the
DNA was extracted with phenol/chloroform. After precipi-
tation with 2-propanol, the single-stranded template was
annealed to a mutagenic primer, the second strand synthe-
sized by T7 DNA polymerase and dNTPs, and the nicked
duplex sealed with T4 DNA ligase. The reaction mixture
was used to transform DH5R cells and plated onto LB-
ampicillin plates. Resulting colonies were screened for the
mutation using restriction digests utilizing a silent restriction
site incorporated into each mutagenic primer. Positive clones
were sequenced throughout the coding region and used to
transform BL21(DE3) cells for protein production.
Enzyme Assay and Steady-State Kinetics. The hydration

of phenanthrene 9,10-oxide was followed spectrophotometri-
cally at 290 nm (∆ε ) - 5250 M-1 cm-1) on a Perkin-
Elmer Lambda 4B spectrophotometer essentially as described
by Armstrong et al. (13). All assays were performed at 25
°C. Assay of the enzyme during the various steps of the
purification was accomplished by combining 925µL of
buffer (50 mM MOPS, pH 8.0) with 50µL of a 2 mM
solution of phenanthrene 9,10-oxide in CH3CN, equilibrating
the solution for 5 min at 25°C and initiating the reaction
with 25 µL of an appropriate concentration of enzyme.
Steady-state kinetic analysis of the enzyme toward (2R)-1
and (2S)-1 was performed by the HPLC method previously
described (3). Initial velocity data were analyzed by the
program HYPER (14).
Stopped-Flow Data Acquisition and Analysis. The pre-

steady-state and post-steady-state kinetic experiments were
conducted on an Applied Photophysics model SX17MV
stopped-flow spectrometer operated in the fluorescence
mode. Samples were excited at 290 nm through two
monochromators, and the total protein fluorescence was
observed through a 320 nm cutoff filter. All reactions were
performed in 50 mM MOPS (pH 7.0) containing 5% CH3-
CN at 25°C. Enzyme concentrations were typically 3-8
µM and the substrate concentrations were varied between
0.05 and 1.0 mM, the solubility limit. The reported
concentrations of reagents are those in the reaction cell. Each
kinetic trace was the average of five to eight individual
experiments depending on the signal/noise. The pre-steady-
state data were fit to the equationkobs ) k-2 + k2[S]/(Ks +
[S]) when saturation was observed and tokobs ) k-2 + k2-
[S]/Ks when no saturation was observed. The kinetics of
the post-steady-state recovery of fluorescence were analyzed
using the KINSIM (15) and FITSIM (16) programs to
estimate the turnover number,k3.
RegioselectiVity of MEH toward 1. The regioselectivity

of the reactions was determined from the distribution of18O

in product isolated from multiple-turnover reactions in the
presence of water containing 50 mol %18O. Reactions of
1-2 mL containing 5-50µM enzyme and 50 mM substrate
added in five equal aliquots over a period of several hours
were run to completion at room temperature. The monoglyc-
eride products were extracted with ether and dried over Na2-
SO4. The solvent was evaporated and the product was dried
under vacuum before being dissolved in CD3CN for NMR
analysis. The extent of isotope incorporation at the primary
and secondary carbons was estimated by13C NMR spec-
troscopy from the relative intensities of the13C resonances
located at 63.7, 67.7, and 70.7 ppm and isotope-perturbed
(13C-18O) resonances located 0.01-0.03 ppm upfield.
Kinetics of Isomerization of the Product.The monoglyc-

eride products2 and4 were separated by chromatography
on a 21.4× 250 mm Microsorb C18 (Rainin) column eluted
at 12 mL/min with 30% (v/v) dioxane/water. The two
products,2 (eluting at 15.8 min) and4 (eluting at 13 min),
were collected in flasks immersed in a dry ice/ethanol bath.
After lyophilization of the solvent, product4 was dissolved
in 0.05 M MOPS/KOH buffer, (pH 7.0), and the isomeriza-
tion was monitored by HPLC on a 4.6× 250 mm Microsorb
C18 column (Rainin) using a 45% methanol/55% water
solvent system. The observed rate constant for the approach
to equilibrium was obtained from the exponential [mol %
4(t) - mol % 4 (∞)] vs t. The identities of2 and4 were
established from their13C and1H NMR spectra.2: (CDCl3)
13C δ 63.7 (OCH2CHOHCH2OH), 67.7 (OCH2CHOHCH2-
OH), 70.7 (OCH2CHOHCH2OH), 123.6 (aromatic C with
connected H), 130.9 (aromatic C with connected H), 135,
150.7, 165;1H δ 3.6 (m, 2H) (OCH2CHOHCH2OH), 3.92
(m, 1H) (OCH2CHOHCH2OH), 4.3 (m, 1H) and 4.4 (m, 1H)
(OCH2CHOHCH2OH), 8.20 (m, 2H), 8.28 (m, 2H).4:
(CDCl3) 13C δ 61.5 (OCH(CH2OH)2), 78.3 (CH(CH2OH)2),
123.6 (aromatic C with connected H), 130.9 (aromatic C with
connected H), 135, 150.7, 165;1H δ 3.75 (d, 4H,J ) 5.6
Hz) (CH(CH2OH)2), 5.1 (m, 1H) (CH(CH2OH)2), 8.1 (m,
2H), 8.3 (m, 2H).
Enantiomeric Composition of the Diol Product from

Phenanthrene 9,10-Oxide, 3. Enzyme-catalyzed reactions of
3 (100µM) were run to completion in 5 mM MOPS/KOH
buffer (pH 7.0) containing 5% acetonitrile. The dihydrodiol
product was extracted using a 3-mL BAKERBOND spe*
Octadecyl column (J. T. Baker), eluted, and further purified
by reversed-phase HPLC on a Beckman C18 Ultrasphere
column (4.6 mm× 25 cm) using a 55%methanol/45% water
solvent system. The enantiomeric composition of the 9,10-
dihydroxy-9,10-dihydrophenanthrene was determined directly
from the CD spectrum of the purified product on a JASCO
J-720 spectropolarimeter.

RESULTS

Heterologous Expression and Purification of Epoxide
Hydrolase.Expression of the native enzyme inE. coliBL21-
(DE3) cells harboring the pET20MEH1 plasmid was ac-
complished with sufficient yield for extensive mechanistic
study. To the best of our knowledge this is the first report
of a prokaryotic expression system fornatiVe MEH and
compliments the original bacterial expression system of an
active OmpA leader sequence-MEH fusion protein (9). The
simple three-step purification scheme allows production of
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detergent-free MEH and mutants more quickly and at a lower
cost than the previously reported baculoviral expression
system (17). Typically, 1.5 mg of purified MEH was
recovered from each liter of cell culture after a simple three-
step purification. The enzyme from typical preparations was
greater than 90% pure as estimated from SDS-PAGE and
hadkcat values between 0.9 and 1.1 s-1 toward phenanthrene
9,10-oxide that compare favorably with epoxide hydrolase
isolated from rat liver microsomes and other expression
systems (2, 13, 17, 18).
Pre-Steady-State Kinetics of the NatiVe Enzyme.Rapid

mixing of MEH with a large excess of either (2R)-1 or (2S)-1
results in quenching of the intrinsic protein fluorescence as
shown in Figure 2. The rapid decrease in fluorescence
follows a single exponential until a steady-state level is
reached and, in the post-steady-state phase, recovers to the
original level upon consumption of substrate. The observed
first-order rate constant (kobs) for the fluorescence decrease
as well as the duration of the subsequent steady-state phase
is dependent on the concentration of the substrate. Higher
concentrations of substrate increasekobsand the time required
for recovery of the original fluorescence.
The concentration dependence of the pre-steady-state

fluorescence decay allows an evaluation of the rate constants
leading to the formation of the ester intermediate. The rate
of fluorescence quenching exhibits saturation behavior with
(2R)-1 allowing the determination of the rate constantsk2,
k-2, andKs (Table 1) for this substrate as defined in eq 1.
The saturation behavior observed with the R-enantiomer
suggests that the fluorescence quenching is not caused by
formation of the Michaelis complex but by a subsequent step

that precedes the rate-limiting step. Although the magnitude
of the pre-steady-state fluorescence change with the enan-
tiomer (2S)-1 is the same as with (2R)-1, kobsdoes not show
saturation behavior. As a consequence, only lower limits
for k2 andKs can be obtained for (2S)-1 (Table 1). The
relative efficiency of alkylation by both substrates can be
evaluated by comparison of the apparent second-order rate
constants (k2/Ks) for formation of the intermediate from free
enzyme and substrate and is found to be similar (Table 1).
Perhaps the most interesting observation in the pre-steady
state for either substrate is that the formation of the ester is
reversible (k-2 > 0).
The turnover number of the enzyme (k3) estimated from

the lag and the post-steady-state recovery of fluorescence
(Figure 2) is much lower than the rate constant for alkylation
and in good agreement with that determined by classical
steady-state measurements (Table 1) such thatk3 ) kcat. Thus,
in the steady state, virtually all of the enzyme is alkylated.
It is also interesting to note that turnover to product is slower
than decomposition of the ester to enzyme-bound substrate
(k-2 > k3). Finally, the enantioselectivity of the enzyme is
manifest in the hydrolysis half-reaction wherek3 values for
the two enantiomers differ by a factor of 10. In fact, the
rate constants for both decomposition pathways of the alkyl-
enzyme intermediate (k-2 and k3) are both an order of
magnitude smaller for (2S)-1, suggesting that this ester is,
for whatever reason, more stable.
RegioselectiVity of the NatiVe Enzyme.The hydration of

1 can occur by initial attack of the enzyme at either the 1°-
or 2°-position of the oxirane to give one, the other or a
mixture of isomeric esters. In principle, the regiochemistry
of the reaction can be ascertained either from the stereo-
chemical composition of the diol product,2, or by tracking
the incorporation of isotopically enriched water in the
product. In fact, the facile rearrangement of the monoglyc-
erides scrambles the stereochemical outcome (19), leaving
isotopic labeling the option of choice (Scheme 2). The
regiochemistry was determined from the18O distribution in
2 isolated from multiple turnover reactions of both (2R)- and
(2S)-1 in 50% H218O. Of the13C signals for C1, C2, and
C3 (Figure 3) at 67.7, 70.7, and 63.7 ppm, respectively, only
the signals for the terminal carbons at 63.7 and 67.7 ppm
exhibited an isotopically perturbed peak upfield of the parent
(Figure 3). The isotope is distributed equally between both
terminal carbons resulting in an intensity of the18O-perturbed
signal one-third that of the parent. This result is consistent
with exclusive (>95%) nucleophilic attack at the least
hindered carbon with the appearance of18O at the C1 carbon
due to acyl migration of the nitrobenzoyl group during the
reaction and workup.
Evidence for the acyl migration includes the detection of

the intermediate product4 by NMR spectroscopy and its
isolation by HPLC. For example, the13C signals for normal
and isotopically perturbed primary carbons of4 are clearly
visible at 61.5 ppm in Figure 3. When4was incubated under
the conditions of the enzyme-catalyzed reactions, it isomer-
ized to an equilibrium mixture of 92.7%2 and 7.3%4 with
a half-life of 6.4 min, a time much shorter than that required
for reaction and workup. The ratio of the two products is
typical of that observed for other monoglycerides (19). The
observed rate constant for the approach to equilibrium was
1.8× 10-3 s-1 at 25°C and pH 7.

FIGURE2: (A) Pre-steady-state decrease in the intrinsic fluorescence
of MEH (5.0µM) when mixed with 250µM (2R)-1 at 25°C (pH
7.0). Each trace is an average of five reactions. The decrease follows
a single exponential withkobs ) 15 s-1. (B) Post-steady-state
recovery of fluorescence upon consumption of the substrate. The
upper trace in both panels is for the D226E mutant under identical
conditions.
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Catalytic and Chemical Properties of D226 Mutants. The
proposal that D226 is the active-site nucleophile was tested
by making the D226E and D226N mutants. Both mutants
were expressed in good yield using the appropriately
modified pET20MEH1 vector. Purification was accom-
plished by the procedure used for the native enzyme without
modification. Neither mutant exhibited detectable catalytic
activity toward1 or 3. Moreover, the D226E mutant showed
no change in fluorescence on incubation with (2R)-1 either
in the stopped flow or for more extended periods of time as
shown in Figure 2, indicating that it fails to undergo
alkylation as does the native enzyme. This observation also
supports the suggestion that the rapid initial decrease in
fluorescence of the native enzyme when mixed with1 is
not due to formation of a Michaelis complex.
Incubation of D226N for extended periods of time at pH

8.0 and 37 °C results in the slow (t1/2 ) 9.3 days)
autoactivation of the mutant to give essentially fully active
enzyme as illustrated in Figure 4. The native enzyme is
remarkably stable under the same conditions, losing less than
15% of its original activity over a period of 30 days. Do
the residues normally involved in the hydrolytic half-reaction
accelerate the hydrolysis of the amide? For comparison, the
pentapeptide GGNWG has an estimated half-life ofg60 days
at pH 7.5 and 37°C (20). Thus, the autoactivation of D226N
appears to be accelerated about 6-fold in the environment
of the active site compared to the hydrolysis of the side chain
amide of an asparagine in a sequence context identical to
that in D226N.
Properties of the W227F Mutant. To determine whether

the indoylyl-NH of W227 participates in the alkylation half-
reaction (Figure 1), the W227F mutant was prepared. The
mutant was expressed and isolated in good yield using the
pET20MEH1 vector and the standard purification protocol.
The mutant enzyme exhibited a slightly enhanced turnover

number of 2.2 s-1 with 3. In addition, the pre-steady-state
kinetic constants for the alkylation half-reaction with both
(2R)- and (2S)-1were close to those determined for the native
enzyme (Table 1), suggesting that indoylyl-NH of W227 does
not participate in the alkylation as suggested in Figure 1.
The only difference is that saturation behavior cannot be
detected with either substrate in the accessible concentration
range. In addition, the replacement of W227 with phenyl-
alanine does not significantly affect the fluorescence change
observed upon alkylation, suggesting that other tryptophan
residues (e.g., W150, Figure 1) are involved in the spectral
change.
The mutation is not without effect on the reaction. In

contrast to the native enzyme, the turnover numbers for the
W227F mutant toward (2R)-1 and (2S)-1 differ by a factor
of less than 2: 0.9 s-1 and 0.56 s-1, respectively. Thus, the
enantioselectivity observed in the hydrolysis half-reaction
is considerably less than that of the native enzyme. The
regioselectivity toward the enantiomers of1 as determined
by 18O labeling remains the same, exclusive (>95%) attack
at the primary carbon.
The hydration of themeso-epoxide,3, can yield two

enantiomers depending on whether the attack occurs at the
oxirane carbon ofR or S absolute configuration (Scheme
3). The stereoselectivity is a consequence solely of the
alkylation half-reaction. The native enzyme is barely able
to distinguish between the two enantiotopic carbons and gives
a 60/40 mixture of the dihydrodiols (9S,10S)-5 and (9R,-
10R)-5 (21). The stereoselectivity of the W227F mutant is
slightly higher, producing a 75/25 mixture of (9S,10S)-5 and
(9R,10R)-5. Although W227 does have a detectable effect
on the alkylation half-reaction, it is clear the specific
interaction suggested in Figure 1 does not have a major effect
on either the kinetics or the stereoselectivity of ester
formation.

DISCUSSION

Kinetic Characteristics for Formation of the Alkyl-Enzyme
Intermediate. The evidence presented here suggests that the
rapid, pre-steady-state decrease in protein fluorescence on
addition of substrate is directly associated with alkylation
of the enzyme. The most interesting aspect of the alkylation
reaction is the facile reversibility detected in the pre-steady-
state kinetics. This particular aspect of the kinetic behavior
of the intermediate led us to consider other mechanisms that
might explain a reversible step associated with the decrease
in fluorescence. One attractive possibility is that rapid,
essentially irreversible alkylation is followed by a slower

Table 1: Pre-Steady-State and Steady-State Kinetic Constants for the Enzyme-Catalyzed Hydration of the Enantiomers of1

pre/post steady statea steady statebenzyme/
substrate k2 (s-1) k-2 (s-1) Ks (mM) k2/Ks (M-1 s-1) k3 (s-1) kcat/Km (M-1 s-1) kcat (s-1)

nativec

(2R)-1 330( 50 4.0( 1.8 2.0( 0.5 (1.7( 0.3)× 105 0.8( 0.1 (3.0( 0.8)× 104 0.57( 0.07
(2S)-1 >250 0.45( 0.13 >3 (1.1( 0.1)× 105 0.07( 0.01 (1.5( 0.2)× 104 0.057( 0.006

W227F
(2R)-1 >250 3.4( 0.4 >3 (4.1( 0.1)× 104 0.9( 0.1 (0.8( 0.2)× 104 d ND
(2S)-1 >250 1.4( 0.3 >3 (5.0( 0.1)× 104 0.56( 0.01 (1.4( 0.1)× 104 d ND

a Values ofk2, k-2, Ks, andk2/Ks were obtained from the dependence ofkobson the concentration of substrate (for example, see Figure 5). Values
of k3 were obtained from fitting the pre-steady-state and post-steady-state lag phase (Figure 2B) by numerical integration of the kinetic mechanism
(eq 1).bObtained from the substrate dependence of initial velocities. ND) not determined.cData from (3). dCalculated from the relationship
kcat/Km ) (k2/Ks)[k3(/k3 + k-2)].

Scheme 2
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reversible conformational change that results in fluorescence
quenching and leads a complex (E*-I) from which hydroly-
sis of the ester occurs (eq 2).

Inasmuch as the transition states for the two half reactions
are clearly different, involving stabilization of structurally
different oxyanions, a significant conformational change to
set up the ester for hydrolysis is certainly a reasonable
possibility. However, attempts to fit the pre-steady-state and

post-steady-state kinetic data to such a mechanism were not
successful. The pre-steady-state kinetics therefore appear
to reflect the rate of the chemical step of alkylation/
dealkylation and not a rate-limiting conformational change
involving k3/k-3 as in eq 2.

For the mechanism described in eq 1 wherek2 . k3 and
k-2 * 0 the steady-state kinetic parameters are given bykcat
) k3 andkcat/Km ) (k2/Ks)[k3/(k3 + k-2)]. The values ofkcat/
Km calculated from the pre-steady-state rate constants for
(2R)-1 (2.8× 104 M-1 s-1) and (2S)-1 (1.5× 104 M-1 s-1)
are in excellent agreement with the experimentally deter-
mined values (Table 1). It is also important to point out
that the steady-state values ofKm for (2R)-1 (19 µM) and
(2S)-1 (3.7 µM) are very much smaller than the actual
dissociation constants of the substrates (Ks g 2 mM). The
extensive accumulation of the intermediate in the steady-
state precludes the use ofKm values as estimates of substrate
dissociation constants.

EnantioselectiVity and RegioselectiVity of MEH. The
enantioselectivity of the native enzyme toward1 is quite
instructive with respect to mechanism. First of all, the
enantioselectivity is not associated with a change in the
regiochemistry of the reaction. Attack of the carboxylate at
the least hindered oxirane carbon is preferred in both
instances as has been observed with numerous other sub-
strates (22, 23). The rates (k2) and efficiencies (k2/Ks) of
the alkylation step for both enantiomers are comparable, and
the enantioselectivity is manifest almost entirely in the rate
of decomposition of the alkyl-enzyme intermediate. The
change in rates of partitioning of the intermediate in both
the forward and reverse direction indicates that the primary
difference in the chemistry of the two enantiomers is the
stability of the alkyl-enzyme intermediate as illustrated in
Figure 6. The (2S)-enantiomer is turned over more slowly
because the alkyl-enzyme intermediate is more stable than

FIGURE 3: Portion of the13C NMR spectrum of the product isolated from the enzyme-catalyzed hydration of (2R)-1 in the presence of 50%
H2

18O. The immediate product of the enzymatic hydration, (2R)-2, is in equilibrium with its enantiomer, (2S)-2, via the intermediate4.
Isotopically shifted signals are observed only for the primary carbons of the glycerol backbone. The signals for the primary carbons of the
rearrangement product4 can be seen at 61.5 ppm.

FIGURE 4: Autoactivation of the D226N mutant on incubation at
pH 8.0 and 37°C. The line is a fit of the experimental data to a
single exponential withkobs) 8.6× 10-7 s-1 (t1/2 ) 9.3 days) and
a maximalkcat) 0.94 s-1. The return of activity was monitored by
assay with3 where the turnover number for the fully active native
enzyme is 1.1 s-1.

Scheme 3
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the diastereomeric intermediate formed from the (2R)-
enantiomer.
This behavior may appear to be a bit unusual when

considered in the generally accepted context of the evolution
of catalytic efficiency advanced by Albery and Knowles 2
decades ago (24). In this formalism, the most facile way to
increase catalytic efficiency is through uniform binding of
an intermediate and the flanking transition states. Conse-
quently, enhanced stability of an intermediate tends to be
equated with enhanced stability of the adjoined transition
states. The obvious difference here is that MEH is not
necessarily a highly evolved catalyst for any particular
xenobiotic substrate. This is not surprising since an effective
detoxication enzyme is expected to have a relatively high
tolerance for substrate topology, a fact that essentially
precludes the effective use of uniform binding involving
distal functional groups to improve catalysis. The enhanced
stability of the alkyl-enzyme intermediate formed with (2S)-1
is simply due to differential binding of the intermediate, a
fortuitous consequence of the stereochemistry at carbon-2.
Comments on the Acyl Migration in the Product. The

relatively facile migration of the 4-nitrobenzoyl group in the
monoglyceride products in the absence of enzyme is well
established but has interesting implications for what could
occur in the enzyme active site under the appropriate
conditions. In principle, similar intramolecular rearrange-
ments can occur in the alkyl-enzyme intermediate as il-
lustrated in structures6 and7 (Scheme 4). In the specialized
case of a diglyceride intermediate formed with substrates
such as1, an acyl walk from the primary to the secondary

hydroxyl group is possible as illustrated in6. In the more
general case, it is also conceivable that the enzymic acyl
group may migrate as in7. The rate constants for acyl
migration in2 and4 in aqueous solution are on the order of
10-3 s-1, only slightly smaller than that for hydrolysis of
the alkyl-enzyme intermediate. Given the right circum-
stances such rearrangements may thus compete with and
complicate the hydrolytic half-reaction. Although there is
no evidence for either type of migration in ester intermediates
involving the native enzyme, such rearrangements are
possible and may be competitive with hydrolysis particularly
where hydrolysis is very slow.
Alkylation Reaction: Role of D226 in Catalysis. Sequence

alignments with haloalkane dehalogenase and soluble ep-
oxide hydrolase clearly implicate D226 as the catalytic
nucleophile in MEH. The characteristics of the D226E and
D226N mutants provide the first experimental support for
that proposition analogous to previous studies of haloalkane
dehalogenase (25) and the eukaryotic and microbial soluble
epoxide hydrolase (26-28). The inactive D226E mutant is
consistent with the essential role of D226 and further suggests
that a precise environment exists for activating the carboxy-
late of D226 for nucleophilic attack. Even more compelling
is the autoactivation of the D226N mutant to give active
native enzyme. The fact that hydrolysis of the amide is
accelerated compared to the pentapeptide GGNWG with the
same sequence as the D226N mutant provides concrete
evidence that the side chain of residue 226 is in an
environment set up for addition of water to the carbonyl
group of the side chain. That is to say, D226N is a semi
functional mutant in that the elements required for the
hydrolytic half-reaction remain intact and functional.
Alkylation Reaction: Role of W227 in Catalysis. The

tryptophan residue, W125, adjoined to nucleophile D124 in
haloalkane dehalogenase has been shown to be involved in
formation of the alkyl-enzyme intermediate by donating a
hydrogen bond from the indole NH to the Cl- leaving group,
thus providing part of the chloride ion binding site (29, 30).
An analogous role for W227, providing a hydrogen bond to
the oxirane oxygen in the alkylation half-reaction of MEH,
is ruled out by the very similar pre-steady-state kinetic
behavior of the W227F mutant and native MEH. That the
mutation has a modest effect on the enantioselectivity of the
enzyme toward1 and3 suggests that this or other nearby
residues may help control the substrate selectivity of MEH.
Although residues that may be involved in electrophilic

activation of the oxirane oxygen remain to be elucidated, it
has been proposed by others that a lysyl side chain might
be involved in this aspect of catalysis (9, 28, 31). Multiple
sequence alignments with other epoxide hydrolases have led
Rink et al. (28) to propose that K173 of theAgrobacterium

FIGURE 5: Dependence ofkobs for the pre-steady-state decrease in
fluorescence of the W227F mutant on the concentration of (2R)-1
(O) and (2S)-1 (b). The lines are least-squares fits of the data to
the equationkobs) k-2 + k2[S]/Ks with the values ofk2/Ks andk-2
given in Table 1. It was not possible to collect data at higher
substrate concentrations due to the limited solubility of1 (ca. 1
mM).

FIGURE6: Reaction coordinate diagram for partitioning of the alkyl-
enzyme intermediate formed from reaction of MEH with (2R)-1
(solid line) and (2S)-1 (broken line) using the rate constants in Table
1. The free energies of the E‚S complexes are assumed to be
equivalent. The diagram is not to scale.

Scheme 4
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radiobacterenzyme may serve this function. Mutation of
the corresponding residue (K328) in MEH results in an
enzyme with little or no catalytic activity, an observation
consistent with an essential role in catalysis.2
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2 Preliminary results (C. S. Cassidy, H.-F. Tzeng, and R. N.
Armstrong, unpublished results) indicate that the K328Q mutant of
MEH has an apparentkcat toward3 of e1× 10-5 s-1. The pre-steady-
state kinetics of this and related mutants need to be more extensively
evaluated before the role of this lysine in the catalytic mechanism can
be clearly established.
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