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ABSTRACT. Microsomal epoxide hydrolase (MEH) is a member ofdtjé-hydrolase fold family of enzymes,

each of which has a catalytic triad consisting of a nucleophile involved in the formation of a covalent
intermediate and a general base and charge relay carboxylate that catalyze the hydrolysis of the intermediate.
The rate-limiting step in the catalytic mechanism of MEH is hydrolysis of the ester intermediate. An
efficient bacterial expression system for a C-terminal hexahistidine tagged version of the native enzyme,
which facilitates the isolation of mutant enzymes in which residues involved in the hydrolytic half-reaction
have been altered, is described. The H431S mutant of this enzyme is efficiently alkylated by substrate
to form the ester intermediate but is unable to hydrolyze the ester to complete the catalytic cycle, a fact
that confirms that H431 acts as the base in the hydrolytic half-reaction. The charge relay carboxylate,
which is not apparent in paired sequence alignments with ath®hydrolase fold enzymes, is thought

to be located between residues 340 and 405. A mutagenic survey of all eight Asp and Glu residues in
this region reveals that only two (E376 and E404) influence the catalytic mechanism. Steady-state and
pre-steady-state kinetic analyses of these residues suggest that both E404 and E376 may serve the charge
relay function in the hydrolysis half-reaction. Finally, the tryptophan residue (W150), which resides in
the oxyanion hole sequence HGWP, is demonstrated to contribute to the large change in intrinsic protein
fluorescence observed when the enzyme is alkylated.

Microsomal epoxide hydrolase (MEH)s a member of a OH
the o/B-hydrolase fold family of enzymesl( 2. More H H
specifically, the enzyme belongs to a subfamily efXCbond YR fo\ N
hydrolases which function by formation of an alkyl-enzyme o O:---HNAN““H\O\ i Y
intermediate ). The reaction mechanism of the enzyme T ﬁ H :,:\"/N Trp227
with most substrates involves the rapid alkylation of D226 N \TRL0 o, v
followed by rate-limiting hydrolysis of the ester intermediate or NN
(3—5). The hydrolytic half-reaction involves three structural Glu? Tp150 2

elements, a general base and charge relay which serve tdGURE 1: Proposed active site for microsomal epoxide hydrolase
activate the water molecule and an oxyanion hole to stabilize bﬁig%egg %e%uggg?h :'t'ﬁrrgg%?Eﬁemfgngrfgﬁﬁgﬁ%%ﬁz |of§:ﬁ'ane
the te_trah_edral mtermedlate. Sequenqe alignments and th ehalogenésé?l. The alkyl-enzyme intermediate is shown poised

organization of the catalytic elements in thé-hydrolase  for the hydrolysis half-reaction.

fold family have been used to propose specific roles for

particular residues in catalysis. For example, sequenceate as illustrated in Figure 12( 3, 6. This notion is
alignments clearly identify the motif HGWP in which the puttressed by the seminal findings of Bell and Kasg@r (
main chain NH of W150 participates in the oxyanion hole. that H431 is the only histidine residue in MEH that is
Local sequence alignments and the location of H431 nearessential for catalysis. In contrast, the identity of the charge
the C-terminus strongly suggest that this residue acts as theelay carboxylate is not apparent from the sequence align-
general base in the hydrolysis of the alkyl-enzyme intermedi- ments and is probably obscured by the sequence excursions
from the basica/S-hydrolase fold that comprises the cap
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residues involved in the hydrolytic half-reaction would be 0.5 M NaCl, 20 mM Tris-HCI (pH 7.9) (buffer A) and
anticipated to impair turnover of the enzyme but perhaps sonicated with four 20 s bursts at 80% power with a Branson
have a minimal effect on the efficiency of the alkylation Sonifier. The lysate was centrifuged at 20§@6r 15 min.
reaction. The pellet was resuspended in the same buffer, sonicated,
In this paper, we describe a pre-steady-state kinetic and centrifuged again. The pellet was extracted twice with
analysis of microsomal epoxide hydrolase directed at deter-6 mL of buffer A containing 0.5% Genapol C-100 followed
mining the specific role H431 in catalysis and the identifica- by centrifugation at 390@pfor 20 min. The extract was
tion of the charge relay carboxylate through the construction loaded on a column containing 1.5 mL of Hssnd resin
of semifunctional site-specific mutants. The analysis is (from Novagen) which had been equilibrated with buffer A.
facilitated by the construction of a new bacterial expression The column was washed with 15 mL of buffer A and then
vector encoding a C-terminal HiEag version of the enzyme 9 mL of 60 mM imidazole, 0.5 M NaCl, 20 mM Tris-HCI
which permits the isolation of mutant enzymes difficult to (PH 7.9). The protein was eluted Wil M imidazole, 0.5
purify by conventional techniques. The results indicate that M NaCl, 20 mM Tris-HCI (pH 7.9). Those fractions
H431 is not essential for the alkylation half-reaction but is containing a high concentration of protein were combined,
absolutely required for the hydrolytic half-reaction. Analysis dialyzed overnight against 10 mM Tris-HCI (pH 7.6), and
of several mutants of residues with carboxylate side chainsstored at—20 °C.
in the region of sequence suspected of harboring the charge Purification of the E376Q Mutant of chtMEH.AIl
relay residue suggests that E376 and/or E404 serves thigurification steps were the same as described above for

function. chtMEH, except the final dialysis step. To promote a more
rapid dialysis, a dialysis membrane with a higher molecular
EXPERIMENTAL PROCEDURES weight cutoff (50 000 instead of 6000) was used. The

dialysis buffer [50 mM MOPS (pH 7.0) containing 0.5 M
NacCl] was changed 7 times at 690 min intervals. The
dialyzed mutant was filtered through a Q:&n microfilter
(Amicon) before use in steady-state and pre-steady-state
kinetic experiments.

Pre-Steady-State Kinetics of chtMEH and chtE376Q with
Phenanthrene 9,10-oxidelhe hydrolysis o8 by the E376Q
mutant of chtMEH was followed by stopped-flow fluores-
cence using an Applied Photophysics SX17MV spectrometer
. . - with excitation at 270 nm. Fluorescence emission from the

Expressmn Vector for C-Terminal Hexahistidine Tag ester intermediate and product was observed through a 320
version of MEH. The cDNA sequence of MEH was nm cutoff filter. The reactions were performed at Z5in

amplifigd by the polymerase chain reaction using the 50 mM MOPS (pH 7.0) containing 0.5 M NaCl. Kinetic
?f‘;hgf;%%ggﬂ_mggf:éﬁ _%-_f_: CGCA'I\'GG((SS-IC-:CBaG?JI% '_A‘I_%A_‘ constants under single turnover conditions were obtained by
—— “oanad o fitting the progress curve using the FITSIM and KINSIM

GAA TTC CTC GAG CTG CAG CTC AGC CAG GGA
CAC GAA-3 as N-terminal and C-terminal primers, respec- programs 12, 13.
Fively. 'These primers were designed to createNdH ;ite RESULTS
immediately 5 to the start codon and akhd site im-
mediately 3to the last codon of native MEH for subcloning Heterologous Expression and Purification of Epoxide
into the pET20b{) vector. The amplification was per- Hydrolase. Mutations in the regions of MEH thought to be
formed for 20 cycles as follows: denaturation at°@2for involved in the hydrolysis of the ester intermediate often,
45 s, annealing at 50C for 45 s, and primer extension at though not always, result in proteins that either do not express
72 °C for 80 s. The PCR product was then digested with well or are difficult to purify in sufficient yield using the
Ndd and Xhd, purified, and ligated into pET208() which techniques previously described for the native enzyme. For
had been digested with the same enzymes to generateexample, of five mutants made at position 431 (H431N,
pPET20MEH2. The vector encoded native epoxide hydrolase H431Q, H431S, H431A, and H431G), only H431S was
plus the sequence LEHHHHHH. isolable in reasonable yield but with a purity of only 70%.
Expression and Purification of Epoxide Hydrolase. E. coli For this reason, an alternative expression and purification
BL21(DE3) cells were transformed with pET20MEH2 and Protocol using the Hi§ ag methodology was developed. The
plated out on LB-ampicillin (100xg/mL) plates. A single resulting construct encoded the octapeptide sequence LEH-
isolated colony was picked to inoculate 100 mL of LB media HHHHH appended to the C-terminus of the enzyme which
containing 10Qug/mL ampicillin. A starter culture, incu-  allowed purification of the protein on a nickel chelate
bated at 37°C until the OQyoo reached 0.2, was used to column. The technique works well with the native enzyme
inoculag 2 L of LB—ampicillin (100xg/mL) in a fermentor ~ and allows facile isolation of 45 mg of homogeneous
which was grown until the O, reached 0.61.0, at which enzyme per liter of cell culture. This is about 4-fold more
time 12 g/L lactose was added. After 5 h, the cells were €fficient than the protocol for native MEFb).

General Materials and MethodsAll reagents, buffers,
solvents, enzymes, and substrates including tt®-(2nd
(29-enantiomers of glycidyl-4-nitrobenzoate,and phenan-
threne 9,10-oxide3, were obtained as previously described
(5) unless otherwise noted. The general methods for vector
construction, DNA sequencing, mutagenesis, protein expres-
sion, and purification and enzyme kinetic analysis are the
same as those used befo& (nless specifically described
below.

harvested by centrifugation at 6a9for 15 min at 4°C and The catalytic characteristics of the hexahistidine-tag ver-
stored at—20 °C. All steps of the purification were sion of the native enzyme are very similar but not identical
performed at £C or on ice. The cell pellet frm 1 L of to those of the native protein as shown in Table 1. The

cell culture was resuspended in 40 mL of 5 mM imidazole, turnover numbers witl3 are essentially the same, 1.1 and
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Table 1: Rate Constants for the Enzyme-Catalyzed Hydration of Epéxides
enzyme/
substrate ko (s79) ka (s} Ks (mM) ko/Ks (M~ 1s1) ks (s7Y) ki (s7Y) koa(s))
MEHP
(2R)-1 330+ 50 4.0+138 2.0+ 0.5 (1.7£0.3) x 10° 0.8+0.1 - -
(29-1 >300 0.45+0.13 >3 (1.1£0.1)x 10° 0.07+ 0.01 - -
chtMEH
(2R)-1 170+ 13 2.7+03 3.240.3 (5.2+ 0.5) x 10¢ 0.8+0.1 - -
(29-1 >200 8.8+ 2.3 >3 (7.8+0.4) x 10¢ 0.11+0.01 - -
3 24+ 13 0.5+ 0.2 0.26+ 0.1 (9.2+ 3) x 10 0.60+ 0.24 - -
chtH431S
(2R)-1 279+ 0.5 0.93+0.13 0.29+0.02 (9.3+0.4)x 10* - - -
(29-1 >80 0.81+0.35 >3 (2.9+0.1)x 10¢ - - -
E404Q
(2R)-1¢ 230+ 70 0.15+0.18 15+ 05 (1.50+0.01)x 1°  0.16+ 0.03 0.014+ 0.006  0.0062t+ 0.0009
(29-1 >300 ~0 >3 (1.07+£0.01)x 1®  0.0013+ 0.0004 — -
chtE404D
(2R)-1 >350 7.7+£2.4 >3 (1.30+£0.01)x 1® 2.1+0.2 - -
(29-1 81+6 0.3+0.1 0.9+ 0.2 (8.8+0.7) x 10¢ 0.18+ 0.01 - -
chtE376D
(2R-1 310+ 60 0.9+ 0.4 5.1+1.2 6.1+ 1.2)x 10 0.38+ 0.01 - -
(29-1 >100 0.1+ 0.2 >3 (3.7£0.1)x 10* 0.05+ 0.01 - -
chtE3760Q
3 33+ 15 1.2+ 0.4 0.26+0.1 (1.3 0.5)x 1¢° 0.1+ 0.02 - -
chtW150F
(2R)-1 400+ 230 14+0.1 3.5+ 27 1.1+ 0.4)x 1 0.13+ 0.02 - -
(29-1 >250 ~0 >3 (8.5+0.2) x 10 0.07+ 0.01 - -

aValues ofky, k-, Ks, andky/Ks were obtained from the dependencekgf on the concentration of substrate (for example, see Figure 2). Values
of ks were obtained from fitting the pre-steady-state and post-steady-state lag phase by numerical integration of the kinetic mechanism (eq 1).
b Data from @). ¢ Values ofk, andk-, were obtained from a fit of the data to the alternative mechanism (€tR3jte constants were estimated by
simulation of the time course of the reaction using the KINSIM and FITSIM programs.

1.0 st for MEH and chtMEH, respectively. The pre-steady- 20
state kinetic constants for both enantiomers loShow
detectable though not radical differences as illustrated in 154

Table 1 when the time courses are analyzed assuming the
mechanism given in eq 1.

Ks I(2 k3
E+S=ES—=E-I—E+P

1) 5
Hydrolysis Reaction: Role of H431 in CatalysiSeveral 0
mutations (H431N, H431Q, H431S, H431A, and H431G) 0 200 400 600
at position 431 in the native enzyme were made to probe [S] uM

the_ role of the_ re_sidue in_qatalysifs._ Virtually aI_I proved Ve Fioure 2: Dependence diy,s for the pre-steady-state decrease in
difficult to purify in quantities sufficient for detailed analysis  forescence of the chtH431S mutant on the concentratiorR)12
of the pre-steady-state kinetics. One, H431S, was incorpo-(0) and (X)-1 (@). The lines for (R)-1 and (X)-1 are fits of the
rated into the hexahistidine-tag version of the enzyme and experimental data to the equations for a hyperfjélas = k> +
proved to be easily purified in reasonable quantities. For K[SI/(Ks + [S])} and a line Kops = k-2 + k[S]/Ky), respectively,
this reason, it was chosen for further study. The reason forWIth the values of the rate constants given in Table 1.
the sensitivity of the protein to mutations at position 431 is significantly tighter binding of the substrate is observed with
unclear at this juncture. the mutant (Table 1). The mutant does not show saturation
The chtH431S mutant is not capable of catalyzing the (Figure 2) with (Z)-1 in the accessible concentration range
formation of the diol products? and 4, from 1 and 3, as was also observed with the native enzyme. The kinetic
respectively. Nevertheless, mixing of the chtH431S mutant behavior of chtH431S is exactly that expected from an
with either enantiomer ol results in a rapid, first-order enzyme lacking the general base necessary to efficiently
decrease in the intrinsic fluorescence of the enzyme that isinitiate the hydrolytic half-reaction.
similar to that observed in the native enzyre®). Unlike In Search of the Charge Relay ResiduMlicrosomal
the native enzyme, the fluorescence does not recover onepoxide hydrolase exhibits no statistically significant se-
extended incubation, indicating that the mutant is alkylated quence similarity with othee/-hydrolase fold enzymes in
but is incapable of turning over the substrate at an appreciablethe region suspected of harboring the charge relay residue
rate. Although the rate constank) for the alkylation (residues 346405). For this reason, we mutated each Asp
reaction in the Michaelis complex is somewhat smaller (6- or Glu residue in this region to the corresponding amide in
fold) than that of the chtMEH, the efficiency of the reaction anticipation that mutation of the charge relay residue would
(ko/Kg) is virtually the same (Table 1). The alkylation have a minimal effect on the alkylation half-reaction but
reaction with (R)-1 exhibits saturation kinetics (Figure 2) result in a large reduction k. While others would show
as it does with native MEH and chtMEH. However, little or no effect. The results of the mutagenic scan of this
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Enzyme Signal A
chtE404D [ 0.46
E404Q [
E388Q 0.40 }
chtE376D r
E376D ] [
chtE376Q 3 034
D353N
D352N 0.28 1
E346Q y
D342N 2 4 6 8
E341Q
chtMEH
MEH 0.90 +
Keat (s-1) 0.80
Ficure 3: Histogram of the turnover numbers of MEH, chtMEH, 0.70 }
and carboxylate mutants in the region from residues 340 to 405. -
All enzymes had a purity 0#90% as judged by SDSPAGE 0.60

except D352N (*). The observed turnover number for D352N,
which was approximately 30% pure, was 0.24,deading to an
estimated turnover number of 0.8's

region are shown in Figure 3. The enzyme is sensitive to
the amide substitution at two of the positions. The chtE376Q
and E404Q mutants have turnover numbers of 0:13ed I
0.018 s* toward 3, respectively, which are significantly 0.40 |
smaller than the native enzyme. All other mutants exhibit -
turnover numbers-0.8 s. Interestingly, replacement of

E376 or E404 with aspartate either has no effect or, in the
case of chtE404D, results in a higher turnover number toward

0.80

0.00

3. The sensitivity ok, to amide substitution suggested that L

either E376 or E404 or both might serve the charge relay time (s)

function. For this reason, the pre-steady-state kinetics of Ficure 4: Fluorescence changés{ = 270 nm,Aem = 320 nm) on
both mutants were examined in detail. rapid mixing of3 at 25°C (pH 7) with (A) chtMEH (84M enzyme,

; ; PR 8 uM 3, 6-trace average), (B) chtE376Q«& enzyme, 1QuM 3,
Role of E376 in Structure and Catalysi#\s indicated trace average), and chtE376Qu8! enzyme, 8uM substrate,

under Experimental Procedures, special steps were required g_yrace average). Note the differences in time scales. The lag in
to isolate the E376Q mutant. The native enzyme harboring (B) indicated by the arrow is more evident at short reaction times
this mutation could not be isolated in significant quantities. as shown in (C).
The chtE376Q mutant could be isolated in good yield by
Ni-chelate chromatography but tended (unlike chtMEH) to mutant enzymes witB were investigated. The dihydrodiol
precipitate upon removal of ¢hl M imidazole required to  of 3 (4) is highly fluorescent so that conversion dto the
elute the enzyme from the column. The enzyme appearedproduct is accompanied by a large increase in fluorescence
to be stabilized by rapid dialysis of the protein against 0.5 at 320 nm fex= 270 nm) (4). Mixing of the native enzyme
M NaCl. For this reason, the pre-steady-state kinetics werewith 3 would be expected to exhibit a rapid change in
performed in buffer containing 0.5 M NaCl. The high salt fluorescence due to alkylation of the enzyme followed by a
concentration had no effect on the kinetic behavior of slower increase due to hydrolysis of the ester to dgivéhe
chtMEH. rapid phase could involve either a net increase or a decrease
When the chtE376Q mutant is mixed with either enanti- in fluorescence depending on whether the decrease in the
omer of1, no Change in the protein fluorescence can be intrinsic protein fluorescence or the expected increase due
observed either at short(00 ms) or at long reaction times ~ to opening of the oxirane ring dominates the fluorescence
(10 min). Yet the mutant retains detectable catalytic activity of the ester intermediate.
with keat = 0.02 st for (2R)-1 as determined by the HPLC Rapid mixing of chtMEH with3 in both single- and
assay 4). There are three possible reasons for this curious multiple-turnover experiments results in a rapid, but small,
result. First, the mutant enzyme may be rapidly alkylated decrease in fluorescence at 320 nm followed by a slower
but with no concomitant change in the intrinsic protein increase to a final value that exceeds the initial intrinsic
fluorescence. Second, perhaps only a small fraction of the protein fluorescence. The time course for a single-turnover
isolated enzyme is active so that the fluorescence change igeaction is illustrated in Figure 4A. The time courses of both
too small to observe. Or, third, a change in the rate-limiting single- and multiple-turnover reactions catalyzed by chtMEH
step has occurred such that the alkylation reaction is muchcan be fit to the simple mechanism of eq 1 with the rate
slower than the hydrolytic half-reaction so that the ester constants shown in Table 1. In contrast, rapid mixing of
intermediate does not accumulate to an appreciable extenthtE376Q with3 results in a slow, increase in fluorescence
in the steady state. at 320 nm consistent with a turnover number of about 0.1
In an attempt to discriminate among these possibilities, s* (Figure 4B). Although no fast phase is observed, there
the pre-steady-state kinetics of the reaction of the native andis a distinct lag before the increase in fluorescence com-
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Ficure 5: Post-steady-state recovery of the intrinsic fluorescence
intensity () for 5.6 uM E404Q reacted with 100M (2R)-1. The
solid line is the fit of the experimental points to the mechanism in
eq 2 using the program FITSIM and the rate constants in Table 1.
The broken line is the best fit of the data to the mechanism of eq
1 using FITSIM.

250 1000

mences (Figure 4B,C). The time course for hydratior3 of
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data as shown in Figure 5. Other possible mechanisms which
included additional intermediates along the reaction path or
classical product inhibition, for example, did not result in
improved fits of the expected kinetic behavior to the
experimental data. The possible identity of the dead-end
complex E-F is discussed below.

Probing the Oxyanion Hole with W150FSequence
alignments with otheo/S-hydrolase fold enzymes suggest
that the main chain NH of W150 is part of the oxyanion
hole involved in hydrolysis of the este,(3, 6, 9 as
illustrated in Figure 1. The location of the tryptophan
suggests that it might well contribute to the change in
intrinsic fluorescence of the protein upon alkylation. In
addition, alterations in the side chain might be expected to
affect the efficiency of hydrolysis of the intermediate. The
steady-state and pre-steady-state kinetic behavior of the
chtW150F mutant is consistent with both of these expecta-
tions. The magnitude of the pre-steady-state decrease in
fluorescence is about 40% of that exhibited by the native

by chtE376Q can be simulated with the rate constants shownenzyme when alkylated with either enantiomer.ofMore-

in Table 1 assuming that the rapid formation of the ester

over, the kinetics show that hydrolytic half-reaction occurs

occurs with no observable change in fluorescence. The only6-fold more slowly with (R)-1, though with (Z)-1 it remains
marked difference between the native enzyme and theunchanged (Table 1). The turnover number of chtW150F

chtE376Q mutant is seen kg, as would be expected if E376
was involved in the hydrolytic half-reaction.
Steady-state kinetic measurements @ittt pH 8 are also

toward3 is 0.1 s* as compared to the native enzyme of 1
s 1. The modest influence of the side chain on turnover is
probably a manifestation of the fact that the effect is not

consistent with the above pre-steady-state analysis. Thenecessarily dependent on the identity of the side chain but

chtE376Q mutantkfy = 0.13 s%, Ky, = 7.2 uM) behaves
very much like the native enzymé&f= 1.1 s, K, =5.5
uM) (15) except for the slower turnover. As with the native
enzyme, the low value o, is a consequence of the fact

on the appropriate positioning of the main chain NH. All
of these results are completely consistent with W150
participating as part of the oxyanion hole.

that in the steady state the ester intermediate is the DISCUSSION

predominant species. If the E376Q mutation altered the
mechanism such that the rate-limiting step was formation
of the alkyl-enzyme intermediate, then the appakentalue
for the substrate would be expected to be much higher,
approaching the value d&fs = 260 uM.

Hydrolysis Reaction: Role of E404 in CatalysiEhe pre-

Overview of the Mechanistic Features of the Hydrolytic
Half-Reaction. The hydrolytic half-reactions of MEH and
most othero/S-hydrolase fold enzymes share three mecha-
nistic features that facilitate the hydrolysis of the covalent
intermediate, a general base and a charge relay residue which
assist in the deprotonation of the attacking water molecule

steady-state kinetic data for the E404Q mutant are clearly and an oxyanion hole to stabilize the tetrahedral intermediate.
consistent with the hypothesis that it is a charge relay residueQnly one of these features, the oxyanion hole, appears in

in the hydrolytic half-reaction9). The mutation has little
effect on the alkylation half-reaction with either enantiomer
of 1 as indicated in Table 1. On the other hand, there is a
significant impairment of the hydrolytic half-reaction with
decreases ikg by factors of between 5 and 80, depending
on the substrate.

Unlike the other enzymes examined in this study, the

statistically significant local sequence alignments with closely
relateda/-hydrolase fold enzymes. The general base, H431,
is only apparent in the sequence alignments when additional
information such as the mutagenesis studies by Bell and
Kasper B) or the knowledge of its expected location in the
sequence (about 30 residues from the C-terminus) is taken
into account {). Similar topological arguments have been

kinetics of the post-steady-state recovery of fluorescence withysed to suggest that E404 is the charge relay residue in the
the E404Q mutant are not accurately described by the kineticmicrosomal enzyme9j even though the sequences show no

mechanism in eq 1 as is illustrated in Figure 5. Kinetic
simulations of a wide variety of more complex mechanisms
lead to the conclusion that the aberration in the recovery of

statistically significant similarities in this region in paired
comparisons with othew/s-hydrolase-fold enzymes. The
results of the pre-steady-state kinetic analysis of mutants

fluorescence is best explained by a reversible dead-end sidgargeted at each of the three structural elements involved in

reaction of the alkyl-enzyme intermediate as illustrated in
eq 2.

Ks k2 k3
E+S—=ES—E-Il—E+P

ko2
k—4“ Kq

E-F

@

the hydrolytic half-reaction are placed into the context of
what is already known about the structure and mechanism
of C—X bond hydrolases in the following sections. A unique
aspect of this analysis is that, unlike previous studies of
soluble epoxide hydrolasel@, 11, we demonstrate that
mutational replacement of residues involved in the hydrolytic
half-reaction impairs, to varying degrees, the decomposition

Analysis of the fluorescence recovery using this mechanism of the intermediate while having only marginal effects on

results in a substantially improved fit of the experimental

the kinetic competence of the alkylation step.
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K328 16) and haloalkane dehalogena3g (In this regard, MEH
NHg+ is related to otheo/3-hydrolases which do use a glutamate
Q o as the charge relay residue, namely, acetylcholinesterase and
o}‘@wﬂﬁ H ~ H\N triacylglycerol lipase I). The second difference is that as
AQ_H /2 2. Q many as two carboxylate groups may be involved in the
NS . charge relay function in MEH. Mutational scanning of the
SN Hisd3 1 ? -’:\II/N Trp227 region of the cap-domain of MEH suspected of harboring
i 0 E O Asp226 the charge relay residue reveals two residues, E376 and E404,
& ~ that have the kinetic hallmarks of this function.
Glud04 Trp150 3 The details of the kinetic behavior of the charge relay

FiGURE 6: Revised proposal for the active site of MEH based on mutants are what might be expected if two residues shared
”;]e mUtaQ_e”SSfiS rﬁlSUESJeF?OtFteﬂ r|1fere a?@“#]‘e e”ZymediS . this function. Note first that mutation of either E376 or E404
e e Lelveacton. The BroBosec 11 to the corresponding carboxamide resuls i elatively modest
(5). decreases (a factor of less than 100) in the rates of hydrolysis
of the ester intermediate. In contrast, mutation of the charge
The Oxyanion Hole.One of the most statistically pro- relay carboxylate in other epoxide hydrolases typically results
nounced features of the sequence alignments andfig in a much more pronounced R00-fold) decrease in activity
hydrolase fold enzymes that use a carboxylate as the(11, 1. In fact, Rink et al. {6) have suggested that the
nucleophile is the oxyanion hole. The sequence alignmentsloss in activity on mutation of the charge relay carboxylate
and the three-dimensional structure of haloalkane dehalo-in the Agrobacterium radiobacteAD1 epoxide hydrolase
genase are quite informative. The core motif in this region is moderated by the presence of another carboxylate (D131)
is an HGXP sequence which formscis-proline reverse-  near the active-site histidine. This proposal is mechanisti-
turn projecting the main chain NH of the X residue into the cally, though not structurally, analogous to the behavior of
active site where it can hydrogen bond to the carbonyl the charge relay in MEH proposed here.
oxygen and stabilize the tetrahedral intermediate in the Another analogue of the dual charge relay carboxylate can
hydrolysis of the ester (Figure 6). In the case of MEH, the be found in the three-dimensional structure of the triacylg-
residue at the X-position is a tryptophan (W150). The lycerol lipase fromPseudomonas glumagl?). In this
properties of the W150F mutant including the reduced changeinstance, one of the two carboxylates, D263, is found to be
in fluorescence that occurs on alkylation and the somewhatwithin hydrogen bonding distance of the general base H285
slower hydrolysis of the ester intermediate are clearly while the other, E288, is hydrogen bonded to the first
consistent with the postulate that W150 is part of the carboxylate. Note that the two carboxylate residues flank
oxyanion hole of MEH. Moreover, the original mutagenic the general base in the lipase, whereas they both precede
survey of the histidine residues of MEH by Bell and Kasper the histidine in the sequence of MEH. Whether both
(8) demonstrating that the catalytic efficiency of the enzyme glutamate residues of MEH form inner sphere interactions
is sensitive to changes in H148 provides additional evidence with H431, as is suggested in Figure 6, or if one is involved
that the HGXP sequence is part of the oxyanion hole. in an outer sphere interaction as in the example of triacyl-
The General BaseAlthough there is little doubt that H431  glycerol lipase is not known. In fact, it is important to point
of MEH acts as the general base in the hydrolysis of the out that although the kinetic results are consistent with both
alkyl-enzyme intermediate, the pre-steady state kinetic residues performing a charge relay function, they more
properties of the chtH431S mutant provide the first quantita- generally suggest that the two residues are involved in ionic
tive experimental indication that the alkylation and hydrolysis interactions that are important in catalysis. These interactions
reactions of the epoxide hydrolases can be cleanly dissectedieed not necessarily involve H431.
by mutagenesis. That is to say, mutations of residues directly It seems evident from the results with MEH that a very
involved in one half-reaction have a minimal effect on the specific hydrogen bonding geometry between H431 and
other half-reaction. Similar behavior has been recently noted either E376 or E404 is not required to support catalysis since
in a bacterial epoxide hydrolase. Rink et dl6Yfound that the E376D and E404D mutants are at least as good if not
mutation of the putative general base (H275) in the epoxide better than the native enzyme in hydrolysis of the ester
hydrolase fromAgrobacterium radiobacteAD1 results in (Figure 3, Table 1). Maintaining the charge on either side
an enzyme that appears to form the covalent intermediatechain is sufficient to support catalysis. In fact, the E404D
but is unable to complete the hydrolysis at an appreciable mutant is 2-3-fold more efficient at hydrolysis of the ester
rate. with the three substrates tested. This is a curious result,
The Charge Relaylt is clear that our original guesg)( suggesting that the native enzyme may not be completely
that the charge relay residue of MEH was D352 is incorrect optimized for performing the hydrolytic half-reaction. Could
since the D352N mutant is fully active. The experimental it be that the native enzyme (E404) is in an evolutionary
results suggest that the charge relay function in microsomalcul-de-sac? Or, is E404 the optimal evolutionary solution
epoxide hydrolase is unique in several respects whenfor some other reason yet to be determined? In either case,
compared to the other well-characterizedXCbond hydro- the experimental results suggest that MEH has a unique
lases including soluble epoxide hydrolase, bacterial epoxidecharge relay system.
hydrolase, and haloalkane dehalogenase. The first difference The E404Q mutant exhibits a more complex kinetic
is that the charge relay function appears to be carried out bybehavior with (R)-1 as the substrate. The hydrolysis of the
a glutamate residue(s) in contrast to the aspartate residuegster seems to involve the reversible formation of a dead-
implicated in vertebrate and bacterial epoxide hydrolasgés (  end isomer of the alkyl-enzyme as indicated in eq 2.
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Although the isomerization is detected kinetically, the identity
of the isomer remains a matter of speculation. The most
likely circumstance is that the ester intermediate undergoes
an acyl migration of the type previously described for the
In this regard,

it is interesting to note that the magnitudes of the rate
constantsK, andk_,, eq 2) for the apparent isomerization
are not much different than those observed for the acyl

diol product,2 (5), as illustrated in Scheme 1.

migration in2, ca. 10°%s™1. Although such acyl migrations

might be accelerated, slowed, or prevented by steric con-
straints in the active site, they would be more likely to occur
in mutant enzymes where the hydrolysis of the ester is
impaired to the extent that the isomerization becomes a 10.

kinetically competitive process.

CONCLUSIONS

The hydrolytic half-reaction of microsomal epoxide hy-
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