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ABSTRACT. The carboxylate of GR? in the active site of potato epoxide hydrolase StEH1 interacts with
the catalytic water molecule and is the first link in a chain of hydrogen bonds connecting the active site
with bulk solvent. To probe its importance to catalysis, the carboxylate was replaced with an amide through
an E35Q mutation. Comparing enzyme activities using thettas-stilbene oxide (TSO) enantiomers

as substrates revealed the reaction WiRTSO to be the one more severely affected by the E35Q mutation,
as judged by determined kinetic parameters describing the pre-steady states or the steady states of the
catalyzed reactions. The hydrolysisQ5TSO afforded by the E35Q mutant was comparable with that

of the wild-type enzyme, with only a minor decrease in activity, or a change in pH dependenkigs of

and the rate of alkylenzyme hydrolysis. The pH dependence of E35Q-catalyzed hydrolysi® &

TSO, however, exhibited an inverted titration curve as compared to that of the wild-type enzyme, with a
minimal catalytic rate at pH values where the wild-type enzyme exhibited maximum rates. To simulate
the pH dependence of the E35Q mutant, a shift in the acidity of the alkylenzyme had to be invoked. The
proposed decrease in thEof His>%0in the E35Q mutant was supported by computer simulations of the
active site electrostatics. Hence, &lparticipates in activation of the Asp nucleophile, presumably by
facilitating channeling of protons out of the active site, and during the hydrolysis half-reaction by orienting
the catalytic water for optimal hydrogen bonding, to fine-tune the-aloatse characteristics of the general
base Hig%.

Epoxide hydrolases (EC 3.3.2.3) catalyze the hydrolysis Epoxide hydrolase catalysis has traditionally been shown
of epoxides to yield the corresponding vicinal diols. Members to consist of four discrete catalytic steps (Scheme 1): the
of this widespread group of enzymes are found in all life’s formation of the Michaelis complex followed by nucleophilic
kingdoms from bacteria and fungi to plants and animals. attack by an active site Asp carboxylate to generate an
Established physiological roles are as follows: detoxification alkylenzyme intermediate. The catalytic turnover is subse-
enzymes converting endogenous as well as exogenous toxiguently finalized by general base-assisted hydrolysis of the
epoxides to less harmful products and regulators of cellular alkylenzyme and product releasg.(Previous studies of the
signaling mediated by epoxide-containing bioactive lipids catalytic machinery of StEH1a soluble epoxide hydrolase
(see refsl and 2 for recent reviews). In plants, epoxide from potato, have identified key residues involved in
hydrolases are thought to participate in pathogen defense;catalysis: Asff®acting as a nucleophile and the TTyr?3
the diols resulting from hydrolysis of epoxy-containing pair stabilizing the oxyanion formed during enzyme alkyl-
hydroxy fatty acids are precursors in the synthesis of cutin ation through electrophilic catalysis by contributing hy-
(3) and exhibit antifungal activity4). Epoxide hydrolases drogen bonds via the phenolic hydroxyls. The hydrolytic
are enzymes that are independent of cofactors and exhibitstep is dependent on the general base properties 8f°His
high activity and enantioselectivity, so in addition to the (8, 9).
biological roles of these enzymes, their potential as biocata- The recently determined X-ray crystal structure of StEH1
lysts in production of fine chemicals has attracted interest (10) has provided further detailed information regarding the
in recent years and shown promising resufisg). To be active site architecture. This new information has led to the
able to further improve on beneficial epoxide hydrolase identification of additional residues presumably involved in
activities, as well as enantioselectivity, more profound catalysis. One such candidate is &lwhich in the crystal
knowledge of the catalytic mechanism is required. structure is hydrogen bonded to a putative hydrolytic water
molecule (Figure 1). To assess the importance ofGhu
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Scheme 1: Kinetic Mechanism of StEH1-Catalyzed previously described protocdB), Homogeneities of purified
Hydrolysis of TSO protein samples were determined by SEFAGE with
TSO meso-hydrobenzoin Coomassie Brilliant Blue R-250, and protein concentrations

of collected fractions were determined from the absorbance
at 280 nm. The used molar absorbance coefficient, calculated
from the amino acid composition, was 59 030 Mem™2,

and the calculated molecular mass was 37.1 kDa.
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The wild-type and mutant epoxide hydrolase activities with
both enantiomers dfans-stilbene oxide (TSO) were mea-
sured spectrophotometrically in 0.1 M sodium phosphate (pH
6.8) at 30°C. Substrates were dissolved in acetonitrile and
added to the reaction mixture at a final concentration of 1%
(v/v) acetonitrile. The extent of hydrolysis of both enanti-
omers of TSO was measured as a decrease in absorbance at

The SwissProt/TrEMBL database was queried with the 229 nm Ae = —15 mM cm™?) (26). For the wild-type
StEH1 primary structure in BLAST searches. Hits with enzyme, initial rates were recorded during the steady state
scores ranging from 407 to 148 & 10 *?to E = 10°%), in the presence of varying concentrationsRiR-TSO (5-
applying the BLOSUM62 matrix, were aligned using the 40 ,M) andSSTSO (0.25-20 uM). For the E35Q mutant,
online facility at www.expasy.org to establish the nature of jnitial rates were recorded during the steady state in the
re_sidues corresponding to StEH1 &lun related pro- presence of 0.3950 uM RR-TSO orSSTSO. The kinetic
teins. _ parameter&.s, Ky, andk.a/Ku were determined after fitting

Protein primary structures of plant and mammalian soluble o Michaelis-Menten equation by nonlinear regression to

epoxide hydrolase§ with the following entry names were the experimental data using MMFIT or RFFIT in the SIMFIT
extracted from SwissProt: Q41415 SOLTU, StEHT)( package (http:/www.simfit.man.ac.uk).

Q76E11_9ROSICitrus jambhiri (12); Q39856_SOYBN,
Glycine max13); Q8H289 ANACO Ananas comosud4);
Q84zzZ3 EUPLA, Euphorbia lagascae(15); Q42566
ARATH, Arabidopsis thaliana(16); Q8L5G6_BRANA,
Brassica napugl?); Q9S7P1_ORYSAQryza satia (18);
Q9zP87_TOBACNiIcotiana tabacun{19); HYES_PIG,Sus
scrofa (20); HYES_HUMAN, Homo sapieng21); HYES-
_RAT, Rattus noregicus(22); and HYES_MOUSEMus
musculus(23). The sequences were aligned with ClustalX

catalytic residue, H8° were performed and complemented
by molecular dynamics studies.

MATERIALS AND METHODS

Structure Alignments

Pre-Steady State Kinetics

The pre-steady state kinetic parameters were determined
by studying the transient changes in the intrinsic tryptophan
fluorescence of the wild type as well as mutant StEH1-5H
in an SX.18MV sequential stopped-flow spectrophotometer
during the reactions with the enantiomers of TSO. An
1.83 4). Comparisons of conserved structure motifs were excitation wavelength of 290 nm was used, and the emi;sion
performed by superposition of the three-dimensional struc- Was recorded after passage through a 320 nm cutoff filter.
tures of StEH1-5H [PDB entry 2CJR@)] and the epoxide Since the two relaxation times for fluorescence decrease and

hydrolase domain of human soluble epoxide hydrolase [PDB "€covery were on well-separated time scales, they were

entry 1VJ5 @5)] using Insightll (Accelrys). treated independently. The apparent rate constants were
determined by fitting a single exponential with a floating
Site-Directed Mutagenesis end point (eq 1) to the progression curve

The E35Q mutant was constructed by inclusion of mu-
tagenic primers (Thermo Electron Corp.) in the PCRs, using F=Aexp(kyd) +C 1)
the pGTacStEH1-5H plasmi@)encoding wild-type StEH1
as a template, thereby introducingGAA to CAA codon whereA is the amplitude of the fluorescence chanigs
substitution in the ampllfled cDNA at pOSitiOﬂ 35. The E35Q the observed rate constant, aBdhe f|0ating end point of
cDNA fragment was subcloned between Menl and Xhad the progression curve. Averages of-B2 traces were
sites of pGTacStEH1-5H, and the plasmid construct was cajculated and used. The pre-steady state parameters
subsequently sequenced in full to confirm the mutation and Ks, ko, andk_,, were determined at an enzyme concentra-
ensure that no further alterations in the sequence hadijon of 2—4 uM and with varying substrate concentra-

occurred. tions in 0.1 M sodium phosphate (pH 6.8) at 3D. From

the observed substrate-dependent rates of the fluores-

cence decrease, the parameters were extracted after fitting
Expression plasmids encoding wild-type or mutant StEH1- eq 2 to the experimental data using QNFIT in the SIMFIT

5H, pGTacStEH1-5H, and pGTacStEH1-5HE35Q, respec- package.

tively, were transformed intdescherichia coliXL1-Blue

bacteria by electroporation using a Bio-Rad Gene Pulser. K,[S]

Protein expression and purification of the His-tagged wild- Kops= K_, + 2

type and mutant enzymes were performed according to a Ks+ [S]

Protein Expression and Purification

(2)
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Ficure 1. Stereoview of the location of Gltin the active site of StEH1-5H. The carboxylate of &lgyellow) is within hydrogen

bonding distance of the putative hydrolytic water (red sphere), the hydroxyl group 8f &ed the side chain amide nitrogen of &Hh

(both latter residues colored pink). Green dashed lines indicate the hydrogen bond netwérkA{GeR® — Tyr?1® — Arg* — Glu?S)
connecting the active site (center of image, ®lwith bulk solvent (bottom right, GR19). In the crystal structure, the catalytic water
appears to be well-aligned for nucleophilic attack on the carbonyl of a putative alkylenzyme intermediate as judged by the distance and
angle to the carboxylate carbon of A&p(brown dashed line). The catalytic T§#Tyr23% pair and general base H? (green) as well as

the backbone carbonyl oxygen hydrogen bonding to the putative hydrolytic water are indicated relative to'theakbpxylate. The

location of the proposed oxyanion hole stabilizing the formed oxyanion in the hydrolytic half-reaction of catalysis (backbone amides of
Phe? and Trp%) is denoted (red dashed lines) relative to the ‘Asparboxylate. This image was created in PyM@i6)(by applying the

atomic coordinates of 2CJR.Q).

The parametek,/Ks was extracted using the same curve In eq 4,Ly is the pH-dependent kinetic parameterga,
fitting program but using eq 3 instead. Lua—, andLa,— are the respective amounts of the different
protonation states of the enzymsubstrate complexes, and

ﬁ [s] Ka1 andKj,, are the respective apparent acid constants.
K . .
Kyps= K_, + S S| (3) Simulation of the pH Dependence @f:k
1+ K. The rate equation for invoked reaction steps contributing
S

to observedk., values (Figure 6A) was deduced by the
approach described by Waleg27) to yield an expression

The hydrolysis ratesks, were determined in single- for 1/ The obtained equation was inverted to result in eq

turnover experiments by rapidly mixing equimolar amounts
of enzyme (1QuM wild type or 10-20 uM E35Q mutant)
and substrate (BM for the wild type and 816 uM for the obs _ e 1t ' +

E35Q mutant) and measuring the rate of fluorescence koar = (koks'k )/[kfk3 1+ KegH T+ .

recovery after the initial burst decrease. The alkylenzyme Koky"(1+ [H /K, + k3'ks" (1 + [HT)/K,) +
hydrolysis was treated as a unimolecular process allowing Kk (14 THTVKL) + Kk ok (14 THTUK.) +

for extraction of values oks by substitution ofkyps With ks kg (1 H] ]+ 2 T KoKg (1 [1 ] a])+

in eq 1. The reactions were carried out atgDin 0.1 M K_oks" (1 + [HT/K )] + k[Ky UK, 0+ [HT]] (5)

sodium phosphate (pH 6.8).
prosp (p ) The parameterk, and k—, are the rates of the forward

pH Dependence of Kinetics and reverse reactions for alkylenzyme formation, respec-
tively, and k3’ and k3" are the rates of formation and
breakdown of the tetrahedral intermediate, respectively. The
acid constant¥ai, Kaz, andKas describe the acidity of the
enzyme-substrate complex and the alkylenzyme and tetra-
hedral intermediates, respectively. Parameters describing
rates of breakdown of the transient tetrahedral intermediate,
k_3' andks", were estimated to be large, due to the inherent
instability of that species. Values kf andk_, were estimated
from extrapolations of the values determined at pH 6.8 by
applying an apparentify of 7.5 9). The added parameter
ko is the rate of “uncatalyzed” cleavage of the alkylenzyme

Values ofk., and ks for wild-type and mutant enzymes
with both enantiomers of TSO were determined over a pH
range of 4.5-10, using the following buffers: 0.1 M sodium
acetate for pH 4.56.0, 0.1 M sodium phosphate for pH 6.0
8.0, and 0.1 M Tris-HCI for pH 810. All measurements
were taken at 30C with a maximal concentration of 2%
(v/v) acetonitrile and detected as described above.

Equation 4 was fitted to the determinkg; andks values
to extract apparentkq, values.

+12 +
H] L, .+ _[H ] L.. +L intermediate at the active site, treated as if it is independent
H,A HA- A2- . ) ;
_ KaKaz Kaz 4 of acid—base catalysis by the enzyme. The value of this rate
H™ [H +] [H+]2 (4) was estimated from the asymptotes of the fitted curves to
1+ K + K K the experimentally determined pH dependencé.gf The
az ala2 constantk,9 is the acid constant of the conjugate acid of
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the leaving group alkoxide at the active site and was set to
values ranging from 8 to 12 in the simulations.

Solkent Isotope Effects of Alkylenzyme Hydrolysis

Deuterium solvent isotope effects were investigated in
single-turnover condition experiments as described above,
by measuring the rates of fluorescence recovery after the
initial burst decrease with wild-type and E35Q mutant
epoxide hydrolase hydrolyzirfgR-TSO. The reactions were
conducted in 84.1% deuterium oxide in 0.1 M sodium
phosphate with the pH varying between pH 6.2 and 10.0.
The reaction buffers were produced by mixing one part of 1
M sodium phosphate buffer, in water, with nine parts of
deuterium oxide (99.9%). Applying eq 6 to the displayed
values compensated for the lower reading of the glass
electrode in RO.

pH = pD + 0.313% + 0.08541° (6)
where pD is the value from the glass electrode reading and
a is the fraction of RO of total D,O and HO.

The reactions were carried out as described above with
the exception that deuterium oxide-containing buffers were
used. The hydrolysis rate constamts were determined from

averages of six traces using eq 1. The kinetic solvent isotope

effects kH°/kP:°) were obtained from the ratios of the
maximal rates for the wild-type enzyme, or the minimal rates
for the E35Q mutant, at the respective inflection points of
the fitted curves.

Computer Simulations

Docking Docking of RR-, SSTSO and the correspond-
ing alkylenzyme intermediates was carried out with GOLD
version 3.0 28, 29). For each ligand, 20 independent docking

Biochemistry, Vol. 46, No. 9, 20072469

inspection (uncharged for His His'% His'3!, and Hig%®
and charged for H®%9. For Hig%, both the charged and
uncharged forms were simulated. Since thiedtbm of Hi$®
most likely forms a strong hydrogen bond to the negatively
charged carboxylate group of A8h only the uncharged
form of His®®® with the Ne position unprotonated was
considered. All other ionizable residues in the system were
set to their uncharged state. Simulations for wild-type and
E35Q proteins were carried out for both the substrate-free
and alkylenzyme intermediate states. Initial structures were
obtained from the crystallographic structurg0f and the
docking calculations described above. The E35Q mutants
were created by simply replacing one of the carboxylate
oxygens of GI& with an NH, group. Each system was
equilibrated by slowly heating it to 300 K while high
restraints on the solute atoms to their initial coordinates were
gradually released. Finally, starting from the equilibrated
structure, a 250 ps fully unrestrained simulation was per-
formed for each system.

pKa. Calculations All calculations of K, values were
carried out using the multiconformation continuum electro-
static (MCCE) method35, 36) in combination with Delphi
(87). The MCCE method allows for a residue to have
multiple conformational states and includes optimization of
hydrogen bonds, which have been shown to increase the
accuracy of calculatedqa values significantly $5). Default
settings, where the protein and solvent dielectric constant
are set to 8 and 80, respectively, were used in all calculations.
All amino acids within 4 A of Phé3, Glu/GIrf5, Hisl%,
Aspt®, or His*® were defined as “hotspots”, and thereby,
conformational flexibility was provided for these residues.
All other atoms were fixed to their initial coordinates. The
calculations were carried out for wild-type and E35Q proteins
in both substrate-free and alkylenzyme intermediate forms,
and all necessary input structures were extracted from the

runs with default genetic algorithm search parameters wereMD simulations. For each case, 10 snapshots from the MD
performed. The crystallographic structure of StEH1 (PDB simulations of charged and uncharged ¥fisvere used as

entry 2CJP) was used as initial coordinates in all calculations. starting structures in the MCCE calculations. The presented
The covalent docking approach available in GOLD was used pK, values are averages of 20 calculated values, and the

to model the alkylenzyme intermediates formed upon binding
of RR- andSSTSO. Since As{f® can attack either of the
epoxide ring carbon atoms in this step, the alkylenzyme
intermediate can be formed in two different ways. For each
case, the carbon atom closest to A8®J1 in the resulting
RR- and SSTSO—enzyme complexes was assumed to be
attacked in formation of the alkylenzyme intermediate.
Molecular Dynamics Simulationéll molecular dynamics
(MD) simulations were performed with @BQ) using the
OPLS all-atom force field31). The simulations were carried
out in a 20 A sphere centered on B and each system
was solvated with TIP3P3@) water molecules. The waters

errors were estimated from the standard deviations.
RESULTS

Glu®® Is Part of a Consered Structural Epoxide
Hydrolase Motif

The crystal structure of the substrate-free StEH1-5H
enzyme, at pH 7.5, points to Gfias a candidate participant
in the catalyzed hydrolysis of epoxide). They-carboxyl-
ate is within hydrogen bonding distance of a water molecule,
perfectly located to act as a nucleophile in the hydrolytic
half-reaction (Figure 1). The same water is also hydrogen

on the sphere surface were subjected to radial and polarizatbonded to the K atom of Hi$% and the backbone carbonyl

tion restraints 80, 33). A nonbonded cutoff of 10 A was

oxygen of Ph&. The most likely hydrogen bond pattern

used, and long-range electrostatic interactions were treated Phé® O---HOH:--:Oe1 GIu*®) implies that Hi$%® Ne is

with the local reaction field multipole expansion meth8d)(
All atoms outside the simulation sphere were highly re-
strained to their initial coordinates and excluded from all

protonated in the substrate-free enzyme and hydrogen
bonding to one of the lone pair electrons on the catalytic
water. Furthermore, the water-mediated interaction between

nonbonded interactions. The time step was set to 1 fs, andHis3% and GI&® forms a first link in a chain of hydrogen

nonbonded pair lists were updated every 25 steps’tgad
all Asp, Glu, Lys, and Arg residues within 14 A of the sphere

bonds connecting the active site with bulk solvent (Figure
1). The hydrogen bond network runs from &lu> Sef® —

center were set to their charged states. The protonation state$yr?'® — Arg* — GIu?'®, where GI3®*® situated at the

for the His residues, except H% were set by manual

protein—solvent interface participates in polar water contacts
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041415 SOLTU 3 HGFPELWYSWRHOQMV 45 m SWLSEEELDYYANKE 22 B 35

076E11 9ROSI NHGFPELWYSWRNQLL 45 204 SWLSEEDVNYYASKF 218 H523 E269 Y219
039856 SOYBN 56 HGFPELWYSWRHQIL 78 229 SWLTEEDLAYYVSKF 243 i

Q8H289 ANACO 34 HGFPELWYSWRHQTV 48 206 SWLSEEDLDYYASKF 220

084773 EUPLA IBHGFPDLWYSWRHQLL 59 209 SWLSQDDINYYVSKY 223

Q42566 ARATH 30 HGFPELWYSWRHQIP 4 209 SWLTEEDVAYFVSKF 223 bl
08L5G6 BRANA OHGFPTLWYSWRHQIP * 206 SWLTEEDVAYYVSKF 220 -

Q9S7P1_O0ORYSA IBHGFPELWYSWRHQMR 59 218 AWLSEEDISYYAEKF 22¢

Q9ZP87 TOBAC 31 HGFPEIWYSWRHQMI % 262 DWFTGEDLANYASLY 215 8273 Ra1 } BR275
HYES PIG 25 HGFPESWFSWRYQIP 270 49 RLYVTEEDIQFYVQQF 45¢

HYES_HUMAN 265HGFPESWYSWRYQIP 279 MO RMVTEEEIQFYVQQF 43¢

HYES RAT 2%3HGFPESWFSWRYQIP 277 439 KITTEEETEYYIQQF 453

HYES MOUSE 2%63HGFPESWFSWRYQIP 277 539 KITTEEEIEFYIQQF i

E215

Ficure 2: Conservation of residue functionality in a putative hydrogen bond network connecting the active site with solvent. (A) Primary
structure alignment of soluble epoxide hydrolases from plants and mammals. The carboxylate grouffsaofi@lf® (StEH1 numbering)

are highly conserved in all sequences. Residue conservation is also observed for the functional groups correspondjngyrgdSand

Tyr?'% Q41415_SOLTU, StEH1; Q76E11_9ROS!,jambhiri Q39856_SOYBNG. max Q8H289_ANACOA. comosusQ84ZZ3_EUPLA,

E. lagascagQ42566_ARATH,Ar. thaliang Q8L5G6_BRANA,B. napus Q9S7P1_ORYSAQ. satva; Q9ZP87_TOBACN. tabacum
HYES_PIG,S. scrofaHYES_HUMAN, H. sapiensHYES_RAT,R. noregicus and HYES_MOUSEM. musculus(B) Superposition of

the three-dimensional structures of StEH1 (black, 2CJP) and human soluble epoxide hydrolase (gray, 1VJ5) demonstrates the high degree

Of co Servation Of the interaction netWOrk a|SO in the folded prOteinS.
H ; ;
‘o-H O!:I HO

(10). Comparisons of primary and tertiary structures dem-
onstrate strong conservation of both chemical functionality au
and structure of the hydrogen bond network. Glu is present

[o]

in 95% (89 of 94) of unique, non-potato, sequences encoding o-n O H
established or putative epoxide hydrolases, suggesting a {
function of some importance (Figure 2).
Rationale for Site-Directed Mutagenesis - °~<° N °~{°
. <) N

To probe the role of Gft in StEH1, the carboxylate was /Q’"H‘WO_H ...... % —h LN ’(
replaced with an amide through an E35Q mutation. The oo i
orientation of the resulting amide moiety in the expressed ( o uu,

protein is unknown but thought to place the amide;Ndkbup -3
pointing toward the hydrolytic water. The assumption is £ E35 £ 38

based on computer simulations of local hydrogen bond H, N,
interactions in the wild-type and E35Q proteins (see below)
and structural arguments; in the crystal structure of the wild-

Ficure 3: Possible effect of the E35Q mutation on hydrogen
type substrate-free enzyme, the carboxylai? @tom of

> < ! . bonding in the active site. In the wild-type enzyme (left), the
GIu®> which interacts with the S& hydroxyl is also carboxylate oxygen of Gf is hydrogen bonded (dotted lines) to

hydrogen bonding to the side chain amide nitrogen of@In  the side chain amide nitrogen of Gtwell-positioned for proton

; ; i inh i ; i abstraction of the putative hydrolytic water. Via replacement of
(Figure 1), an interaction which is readily mimicked by the GIu®® with GIn (right), an alteration of the pattern of possible

amide carbonyl oxygen in the E35Q mutant but less favorable hydrogen bond donors and acceptors around the hydrolytic water
between adjacent amide nitrogens. Additional conformers of s anticipated, leading to a disrupted chain of hydrogen bonds from
the GIn side chain are less likely since rotation of the the active site H¥° to solvent water.

carboxylate/amide group is sterically restricted due to close
contacts with the phenyl ring of P& Hence, replacing

Glu®* with GIn is expected to alter the pattern of possible A | analysis of kinetic parameters for the hydrolysis of
hydrogen bond donors and acceptors around the hydrolytiCine two TSO enantiomers was conducted at pH 6.8, the
water, disrupting the connecting chain of hydrogen bonds ggtaplished optimal pH for the wild-type enzyn®).(The
from the active site H®° to solvent water (Figure 3). In  (aqylts are listed in Table 1 and discussed below.
addition,_ any contributic_)n to catalysis by a general base R,R-TSOHydrolysis of theR R enantiomer is the reaction
mechanism is also abolished by the mutation. of the two enantiomers more severely affected by the E35Q
mutation with a more than 40-fold decreaséincompared
to that of the wild-type enzyme. The effects can be traced
Wild-type StEH1-5H and the E35Q mutant were expressed to chemical steps of catalysis since formation of the
in E. coli XL1-Blue and purified to homogeneity according Michaelis complex appears to be unaffected as judged by
to established procedured) (Purified enzyme fractions were  the obtaineKs value. The loweredk.. is primarily caused
visualized as single protein bands on a Coomassie Brilliant by a 25-fold decrease k*? T, Another, unexpected effect
Blue R-250-stained SDSPAGE gel and were considered of the mutation was a substantial, 15-fold, decrease in the
homogeneous. Approximately 20 mg of purified protein per rate of enzyme alkylationkg), resulting in a value ok,
liter of cultured medium was obtained. Purified proteins beginning to influence thé., rate. The slower hydrolysis
stored at £C retained enzyme activity over the time period rate presumably causing accumulation of alkylenzyme is
of analysis. further reflected in a 10-fold decrease in the valueKef

Enzyme Kinetics: Hydrolysis of TSO

Protein Expression and Purification
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Table 1: Kinetic Parameters of TSO Hydrolysis Catalyzed by Wild-Type and Mutant StEH1-5H at pH 6.8

enzyme  substrate Ks(uM) k2 (s79) k-2(s™h) ks (s7h) Keat (571 Kv (M) Kol Km (STuM™)  ko/Ks(s7tuM™1)
wildtype RRTSO  36+22 260+56 164+18 2443 23+ 22 104 12 24+0.2 7.7+2.8
E35Q RRTSO  27+22 16+3  6.7+2 0.95+0.04 0.52+0.02 1.2+0.1 0.48+ 0.05 0.86+ 0.58
wildtype SSTSO  11+6° 18422 14422 324006 3.840.08 4.7+0.5 0.80+ 0.07 1.8+ 1.4
E35Q SSTSO <& <3® <5 1.240.06  1.2+£0.03 1.1+0.1 1.14+0.11 -

2 Data adapted from re8. ® Poorly determined due to low signal-to-noise ratios at R&TSO concentrations.

S,S-TSOThe reaction with th&Senantiomer is virtually 1.5 = "
unaffected by the E35Q mutation, K./Ky values are A R,R-TSO
compared. There are, however, effects which act in a 10l
compensatory manner to result in an unaltered specificity _
constant; bottk.a:andKy are 3-4-fold lower as compared oA
to that of the wild-type enzyme. The decreasekin is a S‘T& 05 -
direct reflection of a lowered alkylenzyme hydrolysis rate, ox"
ks. A low signal-to-noise ratio aS-TSO concentrations I
below 20uM precluded accurate determinationsky, ko, 00
and k—,. However, the drop in alkylation rate observed in
the RR-TSO reaction was clearly absent with this enanti-
omer. 05 e

4 5 6 7 8 9 10

Enantiospecificity.The specificity constant of the E35Q pH
mutant was 5-fold lower than that of the wild-type enzyme
for the reaction witlRR-TSO. ke.afKmSS TS0, however, was 1.0
slightly increased due to the lowét, displayed by the B
mutant. Hence, the alterations k./Km caused by the
mutation shifted the enantiospecificity of the wild-type 0.5}
enzyme from the preferreB R-TSO substrate to a slight ;c;
preference for th&S enantiomer in the E35Q mutant. E\-:Es' ool

0.0
pH Dependence of;k and k E,

The pH dependence &f, reflects the titration of ionizable -0.5
groups from the Michaelis complex through the alkylenzyme
intermediate leading to product. Since alkylenzyme hydroly-
sis is the main rate-limiting step of the overall reaction, -1.05

similar titration profiles folk..:andks are expected and have
been demonstrated previously in the StEH1-5H-catalyzed
hydrolysis ofSSTSO ©). This is also the case here, with
certain deviations. Thi,?? TS of the wild-type enzyme
displays a bell-shaped pH dependence with appar&gt p
values of 5.4 and 8.3, respectively (Figure 4A and Table 2).
The titration ofksRR-TSOargely follows the pH dependence
of keat (Figure 5A), in accordance with previously reported
data for the catalyzed hydrolysis §S-TSO @).

Also in the case of the E35Q mutant, titrationskgf and
ks follow the same patterns, with distinct base and acid
titrations (Figures 4 and 5). The pH dependencg§8{TSO
hydrolysis is similar to that of the wild-type enzyme, with a
minor elevation of the apparenKpof the basic limb of the
titration profile (Table 2). WittR R-TSO, however, although

apparent acid constants are similar to those of the corre-

sponding wild-type values, the pH dependence of the
measured rates is inverted; th&pof the acidic limb
resembles that of an acid titration and the more baKic p
that of a base titration (Figure 4A). The pH profile for
ksRR-TSO follows that of ks, but due to the inverted pH

pH

Ficure 4: Effect of pH on the catalytic turnovekg,, for wild-
type StEH1-5H-catalyzedd) or E35Q mutant-catalyzedmy
reactions withRR-TSO (A) andSSTSO (B). Lines represent the
fits of eq 5, describing titration of a doubly ionizing system, to the
experimental data.

The simulations are based on the assumption that the kinetic
mechanism of rate-limiting steps follows the scheme shown
in Figure 6A, including three acidbase equilibria as well

as two distinct rates for formation and breakdown of the
tetrahedral intermediate. The corresponding rate equation (eq
5) allowed for modeling of the experimentally determined
pH profiles ofk..: (Figure 6B) entering estimated parameter
values (Table 3). It became clear from the results that (a) to
simulate the inverted pH profile df,*R TSC displayed by

the E35Q mutant, a substantial decrease in the rate of
formation of the tetrahedral intermediate together with drastic
shifts in the acidity of all enzymesubstrate/intermediate
species has to be invoked (Table 3). Already, small alter-
ations to the applied estimated acid constants given in Table

profiles of the E35Q mutant, the measured rates reach their3 perturb the simulated pH dependencieskgf from the

minima in the same pH range in which the wild-type enzyme
displays maximal rates.

experimentally determined. The observed differences in the
pH profiles of the reactions wit§,S-TSO can be simulated

To investigate possible reasons for the unexpected pHby a decrease in the rate of formation of the tetrahedral

dependence displayed Iliy,*?"T5° in the E35Q-catalyzed
reaction, the&k.,rdetermining reaction steps were simulated.

intermediate and a modest increase in the acidity of the
alkylenzyme intermediate. (b) To obtain simulated curves
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Table 2: Experimentally Determined Appareri€.pvalues of StEH1-Catalyzed TSO Hydrolysis

RR-TSO SSTSO
ks Keat ks Keat
enzyme IKal pKaZ pKal pKaZ pKal pKaZ pKal pKaZ
wild type (H:0) 6.8+£0.2 7.8£0.2 5.4+0.2 8.3£0.2 nd 74+£0.2 52405 7.4+£0.2
wild type (D:0O) 7.2+0.5 7.9+ 0.4 - - - - - -
E35Q (HO) 7.0+£0.1 7.9+0.3 55+0.1 8.4+ 0.1 6.0+ 0.4 7.4+ 0.1 5.3+0.2 8.1+ 0.1
E35Q (D:O) 7.3+ 0.2 8.4+ 04 - - - - - -
aNot determined® Data adapted from red.
1.5 T r A ky ks' ks"
A ooo R.AR-TSO E-TSO PR E-alkyl P EH-tet E-P
1.0l A o [H*]]| Ka [H*]][ Kaz Kasz [[[H*]
"0 A EH-TSO EH-alkyl E-tet
(2}
o]
80 0.5 B )
(@]
ko) °
T W
0 Hy0
A D0 A : .
-0.5 . . . <
4 5 6 7 8 9 10 11 i
pH i3
"o g e ssTo \
B $,8-TSO TN A
05} -
= E35Q, RR-TSO
@
2 o0l s o |
3% 5 6 7 8 9 10
S pH
-0.5¢ o 1 Ficure 6: Computer simulation of the pH dependencekgf of
TSO hydrolysis catalyzed by StEH1-5H and the E35Q mutant. (A)
Proposed kinetic mechanism laf,-determining steps during TSO
1.0 . . . . . . hydrolysis. The parameteks andk-, are the rates of the forward
4 5 6 7 8 9 10 M and reverse reactions for alkylenzyme (E-alkyl) formation ksd

pH

Ficure 5: pH dependence of the hydrolysis of the alkylenzyme
intermediate ks, catalyzed by the wild-typeQ and o) or E35Q
mutant @ and A) enzymes, during hydrolysis &R-TSO (A) or
SSTSO (B). Observed values & were determined under single-
turnover conditions at different pH values (see Materials and
Methods for details). The effect of pH/pD dq for wild-type- or
E35Q mutant-catalyzed reactions wiR-TSO. The reaction
performed in 100% KD (O and®) or 84.1% DO (A anda) is
given in panel A. Lines represent the fits of eq 5, describing titration
of a doubly ionizing system, to the experimental data. Data for
ksSS~TSO were adapted from red.

and k3" the rates of formation and breakdown of the tetrahedral
intermediate (E-tet), respectively, akd;' is the rate of the reverse
reaction from the tetrahedral intermediate to the alkylenzyme. The
acid constant&,;, Kap, andK,zdescribe the acidity of the enzyme
substrate complex and the alkylenzyme and tetrahedral intermedi-
ates, respectively. (B) Simulated curves of the pH dependence of
kear Obtained after entering the parameters given in Table 3 into eq
6. For details, see Materials and Methods.

Deuterium Salent Isotope Effects

Since GId#° participates in hydrogen bonding interactions
both with the putative catalytic water and with residues

resembling the experimentally determined ones (Figure 4) connecting the active site with solvent through a hydrogen-
in the basic pH region, different intrinsic reactivities of the bonded network, it was of interest to analyze any effects on
different alkylenzymes have to be invoked. This is not rate-determining reactions involving proton transfer. Hence,

implausible considering their assumed alternative structurespossible deuterium solvent isotope effects on the main rate-
within the active sites. limiting step, the alkylenzyme hydrolysis, were assayed for

The simulations of the kinetics, together with the experi- determination oks in the presence of D at different values
mental data collected at pH 6.8, suggest that the main effectof PH/pD. The results of the smgle-turnover experiments in
on the reaction withSSTSO is a lowered alkylenzyme the presence oRR-TSO and wild-type or E35Q mutant
hydrolysis rate. With th& R enantiomer, the mutation caused StEH1-5H are depicted in Figure SA and, with apparent
a decrease in both alkylation and hydrolysis rates. Thesekinetic pKa values ofk®°, in Table 2.
effects, observed at pH 6.8, may be due to the change in For the wild-type-catalyzed reactions, the titration curves

acidity of His’° as suggested by the simulations of the of ks in water or 84.1% deuterium oxide display similar
kinetics. shapes but with a clear kinetic solvent isotope effect over
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Table 3: Applied Estimates of Kinetic Parameters and Relevant Acid Constants for Simulations of the pH DepenllgnSepglemented
with Calculated Values of H#° pK,

enzyme/substrate K1 PKaz PKaz ko (s7Y) ko (s ks' (s k-3' (s} ks" (s7Y) ko (s7Y) pKJ92

wild type/R,R-TSO 6.3 5.5 6.3 600 20 40 300 1000 2 8.3
E35QRR-TSO 4.3 3.2 34 80 20 5 300 1000 2 8.3
wild type/SSTSO 5.0 5.3 6.3 80 20 10 60 200 0.2 8.3
E35Q5STSO 6.3 5.0 6.3 80 5 2 60 200 0.2 8.3
Calculated Values of H#&° pK,
Michaelis complex alkylenzyme tetrahedral intermediate
free enzyme RR-TSO SSTSO RR-TSO SSTSO RR-TSO SSTSO
wild type 103+ 1.5 10.7+ 1.6 nd 8.0+1.8 7.9+1.8 10.3+ 1.8 nd
E35Q 8.2+1.0 8.4+ 15 nd 49+19 48+ 2.1 74+15 nd

apKJ9 is the estimated 6, of the leaving group alcohol of the hydrolysis product bound to the enzyme activéNitedetermined.

the full analyzed pH/pD range. The pH/pD optimumkaf the substrate-free enzyme, both simulations converged to the
is shifted toward a more basic pH by 0.5 pH unit, a shift in suggested conformation, where the amide oxygen forms
agreement with earlier studies on the effect @Don the hydrogen bonds to the S8OH and GIi§® NH; groups and

ket Of hydrolysis of phenanthrene 9,10-oxide catalyzed by the GIr¥® NH, group hydrogen bonds to Hf Ne and Phé?

rat microsomal epoxide hydrolasggj and the His general  O. Introduction of the E35Q mutation into the substrate-
base-catalyzed deacylation ofchymotrypsin 89). The free structure also seems to push the catalytic water out of

kinetic deuterium solvent isotope effect fioftR~TSO (kgH20/ the active site. The estimatedpvalue indicates that the
ksPC) is 2.2, a value typical for general base-assisted esterE35Q mutation decreases thi§ value by 2 units to 8.2
hydrolysis 89, 40). 1.0 in the substrate-free enzyme.

In the case of the alkylenzyme hydrolysis catalyzed by  Michaelis Complex and Alkylenzyme and Tetrahedral
the E35Q mutant, the fitted pH or pD dependence curves, |ntermediatesThe calculated I8, values of Hi% in the
although inverted, display overall shapes similar to those of respective enzymesubstrate complexes wiRR-TSO sug-
the titrations of the wild-type enzyme, but with a steeper gest that formation of the Michaelis complex does not affect
slope of the basic limb of the titration curve in®, resulting  the acidity of the imidazolium to any major degree in either
in an only minor solvent isotope effect at high pH/pD values of the enzyme forms (Table 3). Formation of the alkylenzyme
(Figure 5A). The acidic limb is shifted ca. 0.5 pH or pD intermediate, however, reduces the corresponditig/plues
unit toward a more basic position but is roughly parallel to 2.7 and 3.5 pH units in the wild-type and E35Q enzymes,
the corresponding titration in water. This behavior resembles respective|y, as Compared to the noncovalent enzyme
the pH/pD dependence &fxin pepsin-catalyzed hydrolysis  substrate complexes. In the subsequent tetrahedral intermedi-
of model peptides41). Hence, at pH values between 5.5 ates, formed in the reaction witRR-TSO, the basicity of
and 7.5k*R"TSCis dependent on a catalytic acid in the E35Q Hjs3%js again restored to levels resembling those of the states
mutant with an apparentq of 7.0, shifted to 7.3in 84.1%  preceding alkylenzyme formation. Notably, the calculated
DO (Table 2). Further, as judged by the deuterium solvent pK, values of the Hi¥° imidazolium in the E35Q mutant
isotope effect of 2.1, at the rate minimum, hydrolysis of the are at all steps of the reaction-3 units lower than the
alkylenzyme between pH 7.5 and 9 indeed involves rate- corresponding values of the wild type (Table 3).

limiting proton transfer reactions. Structures extracted from the simulations of the alkylen-
zyme intermediate show that the (charged)3MisAsp!%®
hydrogen bond observed for the substrate-free enzyme is

To aid in the interpretation of the experimental results, disrupted and, instead, H¥forms a strong hydrogen bond
the proposed catalytic mechanism and protonation state ofto the catalytic water molecule (Figure 7B). In the MD
His®%® were investigated using MD simulations and con- simulations of the uncharged Hi§ the catalytic water
tinuum electrostatic 9, calculations. reorients and is coordinated by FfisNe and Phé® O.

Substrate-Free Enzymé&or the substrate-free form of It should be noted that the calculateldpvalues assume
StEH1, the crystallographic hydrogen bond network was a standard value of the protein dielectric constant of 8, which
disrupted in the MD simulation carried out with a neutral has not been optimized for absolute agreement with experi-
His3%. However, for a charged H¥, the catalytic water — mental data. While such optimization would perhaps be
was well-conserved and coordinated by Pr@ and GId® possible, our main objective here is simply to explore the
Oel. In this case, H8°moves slightly toward the negatively  trends in K, shifts associated with the studied reaction.
charged As® forming a hydrogen bond to one of the
carboxylate oxygens (Figure 7A). Th&pof His3® was
estimated to be 10.& 1.5.

E35Q Mutant.The alternative Orientations of @an the Present V|eW Of StEHl_SH_Ca‘[a'yzed Hydro'ysis Of TSO
E35Q mutant were examined by carrying out simulations
for the two conformers of the amide that can be obtained by  The catalytic groups provided by the active sites of epoxide
replacing one of the GfS Oe carboxylate oxygens with an  hydrolases have been identified through extensive structural
NH. group. Starting from these two different alternatives in and functional studies. The generic active site of an epoxide

Computer Simulations

DISCUSSION
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Ficure 7: Average structures of the substrate-free and alkylenzyme intermediate forms extracted from 250 ps MD simulations. Selected
hydrogen bond interactions are shown using black dashed lines. (A) Structure of the substrate-free enzyme with a cPargtiefMis

forms a hydrogen bond to A3 and Asp% (the distance between the FiNe and Asp® Od atoms is 2.6 A), and the catalytic water

is coordinated by GRf and Phé3. (B) Alkylenzyme intermediate. Formation of the alkylenzyme intermediate IRIRATSO leads to
disruption of the hydrogen bond between A8m@nd (charged) H#&O (the distance between the PA%Ne and Asp Oo atoms is 3.7 A),

which reorients to act as a donor in a hydrogen bond to the catalytic water molecule. (C) In its deprotonated foiriis® acts as an
acceptor in a hydrogen bond to the catalytic water molecule, allowing for general base activation for nucleophilic attack on the alkylenzyme.
All images were created using PyMOB®).

hydrolase of thea/S-hydrolase fold family provides a intermediate and expulsion of the diol leaving group have
carboxylate nucleophile8( 42—45), attacking the epoxide  been studied by computational metho8&)(and are thought
ring to generate a covalent alkylenzymé5{48). The to be catalyzed by the active site His in its protonated
reaction is facilitated by Tyr residues acting through elec- imidazolium form.

trophilic catalysis [, 9, 45, 49, 50), and subsequently
hydrolyzed in a general base-assisted reaction. The enzyme
provided His imidazole basé,(42, 45, 48, 51) activates a
water for nucleophilic attack of the alkylenzyme, forminga  Although all invoked catalytic steps may be identified by
transient tetrahedral intermediate. As in other enzyme- the described functional groups present in all characterized
catalyzed acyl transfer reactions, the tetrahedral intermediateésoenzymes, it was conspicuous to identify yet another
is stabilized by fixed amide groups contributed by the candidate catalytic residue in the active site of plant epoxide
polypeptide backbone. Decomposition of the tetrahedral hydrolase StEH1. GF protrudes its side chain carboxylate

Additional Catalytic Residues in Plant and Mammalian
Epoxide Hydrolases?
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within hydrogen bonding distance of the putative catalytic reaction of the epoxide carbon and the A8garboxylate
water (Figure 1). The high degree of conservation of the and the stabilization of the alkoxide leaving group.
chemical properties as well as the structural features of The alkylation rates of the E35Q mutant, however, do not
interacting residues (Figure 2) drew further attention to its display any clear differences between the enantiomers. The
possible role in catalysis. alkylation rate withRR-TSO is lowered approximately 15-
The position of GI& in the active site and interactions fold, at pH 6.8 (Table 1), to a rate similar to that displayed
made with neighboring residues imply distinct possible roles by the wild-type enzyme witl§STSO, whereak, Cis
for this residue. GI#f is the first link in a chain of residues  apparently unaffected. The similarities of E35Q enzyme
connecting the buried active site Fi&with bulk solvent  alkylation rates cannot easily be explained by an altered
through hydrogen bonding. Gftthereby provides the entry binding of theRR-TSO substrate in the mutant, since the
of a plausible escape route for protons liberated during mutation per se is unlikely to affect relevant interactions.
catalysis into solvent water or buffer bases, to facilitate Therefore, a mechanism that incorporates both the enantio-
maintenance of the net electrostatic neutrality in the active selective rate differences displayed by the wild-type enzyme
site throughout the reaction. H#8 is expected to become and the loss in selectivity in the E35Q-catalyzed alkylation
protonated during activation of the hydrolytic water (Figure has to be sought. One possibility is that the proposed ion
8, V) and when the side chain carboxylic acid of A%ps pair of Hig®and Asp®formed in the substrate-free enzyme
released after hydrolysis of the alkylenzyme, at which point is disrupted by binding ofRR-TSO in the active site,
the acidic proton may be readily transferred to this nearby facilitating subsequent channeling of the imidazolium proton
imidazole base (Figure 8/11). It is also possible that the  Via the catalytic water to GH and further down the chain
Glu® carboxylate could contribute to catalysis by a general of hydrogen bonds (Figure 8, andlll ). Binding of SS
base mechanism by additional polarization of the hydrolytic TSO to the wild-type enzyme (or binding of either enanti-
water together with the bona fide R#imidazole base, or ~ omer in the E35Q mutant) destabilizes the same salt bridge
by orienting the catalytic water for optimal base-catalyzed to a lesser extent. A persisting salt bridge is expected to
hydrolysis of the alkylenzyme. The catalytic gain from such depolarize the carboxylate, rendering it less nucleophilic and,
a role would be from a lowering of the reaction order and hence, lowering the rate of enzyme alkylation, as observed.
the entropic losses during formation of the tetrahedral In the E35Q mutant, the connecting chain of hydrogen bonds
intermediate in the hydrolytic half-reactiof3). from the active site H8°to solvent water is assumed to be
The mutagenesis rationale, replacing ®ith GIn, was ~ disrupted (Figure 3). If deprotonation of Hi8is required
to remove the acidbase functionality of the side chain car- {0 Promote enzyme alkylation and is dependent on an intact
boxyl while causing a minimal disturbance of structural inter- N€twork of interactions, that function is lost in the mutant.
actions. Although this mutation is considered to be surgical, The detailed reasons for the enantiospecific differences in
in that presumably only the studied functional group was re- Kz at pH 6.8, displayed by the wild-type enzyme, however,
moved, the possibility that the properties of the E35Q mutant &€ at this point uncertain. . N
are particular to this enzyme variant cannot be excluded. ~ Hydrolytic Hal-Reaction: Formation and Decomposition
of the Tetrahedral Intermediat&he main rate-limiting step
Hydrolysis of R,R- and S,S-TSO Catalyzed by StEH1-5H in TSO conversion is the hydrolysis of the alkylenzyme with
and the E35Q Mutant rate ks (Scheme 1). Experimental determinationskefare
based on measurements on the recovery of quenched intrinsic
Substrate-Free Enzym&he calculated K. value of the  Trp fluorescences), which has been linked to formation of
His** imidazolium strongly suggests that this residue is the preceding ionized alkylenzym@ §0). A proposed model
positively charged at neutral pH. This is incompatible with for the catalyzed formation and hydrolysis of the alkylen-
a role as a general base and would require deprotonationzyme is shown in Figure 8I( —VI1 ). The hydrolytic half-
prior to activation of the catalytic water. Furthermore, a reaction is described as divided into two substeps. The first
protonated Hi¥° is well positioned to participate in ien is a nucleophilic attack by a general base-polarized water
ion interaction with the carboxylate of the nucleophile X&p molecule onto the alkylenzyme carbonyl to generate the
thereby forming a salt bridge. Such a favorable interaction transient tetrahedral intermediate (Figurev8andV1). In
is expected to increase th&pof the imidazolium and lower  the MD simulations of the deprotonated Ffsthe hydrolytic
the (K, of the carboxyl group and may be one reason for water molecule is well-aligned both for donation of a proton
the obtained value. Interestingly, the MD simulations of the to Ne of His3® and for nucleophilic attack on the alkylen-

substrate-free enzyme indeed support such an interactionzyme (Figure 7C). The second substep is decomposition of

(Figure 7A). the tetrahedral intermediate with expulsion of the leaving
ES Complex Formation, Epoxide Ring Opening, and group diol (Figure 8Vl andVIl ). The proposed mechanism
Formation of an Alkylenzyme Intermediateis clear from involves protonation of the leaving group alkoxide by the

the rates for the different TSO enantiomers, of the wild- His**®imidazolium which is well-positioned for an acid role
type enzyme-catalyzed formation of the respective alkylen- as judged by the crystal structure. Also, the corresponding
zyme intermediates, that nucleophilic additionS&TSO His in human soluble epoxide hydrolase has, on the basis of
is less favorable, as compared to that of &R enantiomer. energy calculations, recently been proposed to have a role
The obvious difference between these enantiomers is theiras an acid catalyst in the breakdown of the tetrahedral
potentially different binding modes in their respective intermediate that arises during hydrolysis of methylstyrene
Michaelis complexes, as also suggested by modell®y (  oxide G2). It has further been concluded from mechanistic
Different ES complex and alkylenzyme structures will studies of general base-catalyzed hydrolysis of esters with
influence the efficiencies in both the nucleophilic addition relatively poor leaving groups, e.g., aliphatic alkoxides, that
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Ficure 8: Proposed mechanism of StEH1-catalyzed TSO hydrolysis, based on spectroscopic, kinetic, and computer simuldtjokt data. (
neutral pH, the active site Hi¥ is predominantly positively charged and patrticipates in-imm interactions with Asf$°> (not drawn) and
Asp'%, The substrate enters into the active site and interacts with the protein primarily through nonpolar interactions and through a hydrogen
bond between the epoxide oxygen and the!¥ymydroxyl (I ). His3%°is simultaneously deprotonated by a water-mediated base abstraction
by GIw®. The proton is further channeled to bulk solvent through a chain of hydrogen bond interactions involving side chaif% of Ser
Tyr219, Arg*, and Gl (1l ). Released from the ion pair interaction with s Asp'% attacks the epoxide ring to form a charged alkylenzyme
intermediate, stabilized by the phenols of ®yand Tyf3> (V). The alkylenzyme intermediate is subsequently attacked by a base-activated
water to yield the tetrahedral intermediat &nd V1), stabilized by electrophilic catalysis provided by backbone amides oF Rinel
Trp'%. Concomitant with nucleophilic attack by this catalytic water, a proton is transferred from a chain of water molecules'>iaoTyr

the charged alkylenzyme intermediaté) ( Breakdown of the tetrahedral intermediate and expulsion of the leaving group diol product are
facilitated by Hi§®>mediated acid catalysid8/{ andVII'). The enzyme is restored to the initial conformation after product release and
binding of an additional catalytic water molecule. Dotted lines represent hydrogen bonds.
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proton transfer to the leaving group contributes substantially tetrahedral intermediate, and to facilitate leaving group
to rate enhancemend(). expulsion. A change in the acidity of the Ffig&imidazolium,
Restoration of the quenched Trp fluorescence signal is through the different reaction steps, would therefore affect
assumed to be an effect of protonation of the anionic the overall rate of catalysis. The simulations of the kinetic
alkylenzyme. If this process is coupled to formation of the mechanism support this notion (Figure 6B and Table 3). In
tetrahedral intermediate or to its decomposition, product the k.. simulations, which also mimic the inverted pH
expulsion is unresolved. The expected unfavorable electro-dependence of the E35€RR-TSO pair, the imidazolium
statics resulting from an otherwise dianionic reaction inter- of the alkylenzyme is the most acidic species of all
mediate, however, and the substantial differences in geom-substrate-enzyme combinations. The results from the cal-
etries and electrochemical properties of the tetrahedral culations of the K, of His*® also show that the acidity of
intermediate and the alkylenzyme make it more likely that this residue is highest in the alkylenzyme (Table 3).

the formation of the tetrahedral intermediate triggers a
concomitant protonation of the oxirane-originated alkoxide
by water channeled into the active site [Figurevg(9)].

The pH dependence &, of epoxide hydrolases, belong-
ing to thea/s-hydrolase enzyme family, generally follows
a bell-shaped pH dependen&; 17, 38, 54) with apparent
pK, values of 5-6.5 and 7.5-8.5 for the acidic and basic
limbs of the titration curves, respectively. The acidi€,p
has been assigned to deprotonation of the active site His,
required for general base catalysis of the rate-limiting
alkylenzyme hydrolysis (Figure 8lI). Assignments of
putative ionizable groups reflected by the titration of the basic
limb, however, have remained elusive. The pH dependencies
of ks are similar to that ok., bell-shaped with apparent
acid constants resembling thoselgf; in particular in the
basic pH region (Figure 5 and Table 2). The calculati€g p
of approximately 10 for the imidazolium in the substrate-
free enzyme i==4.5 pH units higher than the kinetic acidic
pKa for ke of TSO hydrolysis and 3.5 pH units above the
pK, of ks (Table 2). It follows that either the acidic limbs of
the pH dependences & and ks do not solely reflect
titrations of Hi$% or the K, of His®® varies over the
duration of the catalytic cycle due to changes in microen-
vironment electrostatics between the different stages of the
reaction. This would be analogous to the adichse proper-
ties of the catalytic His in trypsin56) and in accord with
the calculated K, which is lowered substantially going
from the substrate-free to the respective alkylenzymes.
Hence, the acidity of the Hi¥ imidazolium during catalysis
is reflected in the titrations d,;andks, rather than its acid
base characteristics in the substrate-free enzyme.

The two limbs of the pH dependence curves may also
reflect different states of the same catalytic His residue, acting
as a general base with an apparelf;mf approximately 6,
catalyzing formation of the tetrahedral intermediate with a
rate ks', and with an apparentk, of approximately 7.5,
catalyzing the breakdown of the tetrahedral intermediate
leading to diol expulsion. In the scheme of the kinetic
mechanism for rate-limiting steps, i.e., reflectedkin, the
measured rates of alkylenzyme hydrolysis are viewed as a
composite of the rates of both the formation and breakdown
of the tetrahedral intermediatks(andks” in Figures 6 and
8). Both of these steps depend on the atidse properties
of His?%, acting as a general base to promote formation of
the intermediate and as an acid to catalyze its decomposition
(Figure 8,V andVI). Therefore, observed valueslgf; can
be expressed by the scheme in Figure 6A. The fluxes through
the overall reaction are dependent on the kinetic rates and
the protonation states of Hf$ at three different points: to
promote formation of the alkylenzyme, to activate the
catalytic water molecule for formation of the transient

Furthermore, the relative differences iK' are similar
between the simulated and calculatéd palues. Hence, the
calculations support the proposal that it is thé, pf His30

that changes over the catalytic cycle and that the removal of
the negatively charged carboxylate in the E35Q mutant
lowers its K, by approximately 23 pH units.

Role of GIg°

It is clear from the collective data that the carboxylate of
Glu®®is an integral part of the catalytic machinery of StEH1.
The effects on catalytic function caused by the GIn replace-
ment suggest that Gliparticipates both in activation of the

Asp nucleophile by facilitating channeling of protons out of

the active site and during the hydrolysis half-reaction. The
role of GIL?® during alkylenzyme hydrolysis appears mainly
to be to orient the catalytic water for optimal hydrogen
bonding, thereby maintaining optimal acilase character-
istics of the Hig imidazolium, for facilitating both nucleo-
philic attack on the alkylenzyme and leaving group expulsion.
It is worth noting that the functionality of Giin the studied
plant epoxide hydrolase is strongly conserved also in
mammalian counterparts, implying that similar mechanisms
prevail also in these important enzymes.
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