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Stereospecific Alkylation otis-3-Chloroacrylic Acid Dehalogenase by
(R)-Oxirane-2-carboxylate: Analysis and Mechanistic Implications
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ABSTRACT. The enzymedrans-3-chloroacrylic acid dehalogenase (CaaD) ai3-chloroacrylic acid
dehalogenasecis-CaaD) represent the two major classes of bacterial, isomer-selective 3-chloroacrylic
acid dehalogenases. They catalyze the hydrolytic dehalogenation oftegieror cis-3-haloacrylates to

yield malonate semialdehyde, presumably through unstable halohydrin intermediates. In view of a proposed
general acid/base mechanism for these enzyr®@safd ©-oxirane-2-carboxylate were investigated as
potential irreversible inhibitors. Onlgis-CaaD is irreversibly inhibited in a time- and concentration-
dependent manner and only by tf®-enantiomer of oxirane-2-carboxylate. The enzyme displays saturation
kinetics and is protected from inactivation by the presence of substrate. These findings indicate that the
inactivation process involves the initial formation of a reversibly bound enzyntebitor complex at

the active site followed by covalent modification. Mass spectral analysis of the inactivat€haD

shows that Pro-1 is the site of modification. It has also been determined that Arg-70 and Arg-73 are
required for covalent modification because incubation of either the R70A or R73A mutant with inhibitor
does not result in enzyme alkylation. Studies of the pH dependence of the kinetic parameters of wild-type
cis-CaaD reveal that a protonated group withkg, pf ~9.3 is essential for catalysis. The group is likely
Pro-1, making it predominately a charged species under the conditions of the inactivation experiments.
Two mechanisms could account for these observations. In one mechanism, the oxirane undergoes acid-
catalyzed ring opening followed by alkylation of the conjugate base of Pro-1. Alternatively, the oxirane
undergoes a nucleophilic substitution reaction where the conjugate base of Pro-1 functions as the nucleophile
and an acid catalyst polarizes the carbon oxygen bond. The two arginine residues likely bind the carboxylate
group and position the inhibitor in a favorable orientation for the alkylation reaction. These findings set
the stage for a crystallographic analysis of the inactived enzyme to delineate further the roles of active
site residues in both the inactivation process and the catalytic mechanism.

3-Chloroacrylic acid dehalogenases are hydrolytic dehalo- Scheme 1
genases that convert 3-haloacrylatesu(d2 in Scheme 1) o H oo
to malonate semialdehydB)( presumably through unstable ,\)L H,0 [ M
halohydrin intermediates3(and4) (1—3). These enzymes XN"o X o
are found in several soil bacteria where they are involved in 5
the metabolism of the xenobiotic nematocide 1,3-dichloro- 1 x=cl 3: X=cl
propene or the related degradation products 3-chloroallyl z X=Br 4: X =Br
alcohol and 3-chloroacrylic acid (réfand references cited
therein). There are two major classes of 3-chloroacrylic acid
dehalogenases with different isomer selectivitigans-3-
chloroacrylic acid dehalogenases ai&3-chloroacrylic acid
dehalogenases. Recently, the genes encodindraims-3-
chloroacrylic acid dehalogenase (Caafrpm the 1,3-di-

chloropropene-degrading bacterifteeudomonas panaceae

170 and the gene encoding thés-3-chloroacrylic acid
dehalogenasecis-CaaD) from the 3-chloroacrylic acid-
degrading coryneform bacterium strain FG41 have been
cloned and expressed, the enzymes purified, and the key
elements of the mechanisms determinge 3, 5, 6).

The 3-chloroacrylic acid dehalogenases are unique because
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GM-65324 they cleave a vinylic carbonhalogen bond without a co-

* To whom correspondence should be addressed. Tel: 512-471-6198 factor requirement. They belong to the tautomerase super-
Fax: 512-232-2606. E-mail: whitman@mail.utexas.edu. family, a group of structurally homologous proteins char-

! Abbreviations: CaaDyans-3-chloroacrylic acid dehalogenasis- acterized by a conserve—o—p structural motif and a

CaaD, cis-3-chloroacrylic acid dehalogenase; CHMI, 5-(carboxy- . . . - .
methyl)-2-hydroxymuconate isomerase; DMSO, dimethyl sulfoxide; catalytically important amino-terminal prolind,(3). The

ESI-MS, electrospray ionization mass spectrometry; MALDI-PSD, heterohexameric CaaD consists of relatively smeadlibunits
matrix-assisted laser desorption/ionization post-source decay; MALDI- (75 amino acids) ang-subunits (70 amino acids)(5).

TOF, matrix-assisted laser desorption/ionization time of flight; MSAD, The mechanism has been explored by site-directed mutagen-
malonate semialdehyde decarboxylase; MIF, macrophage migration

inhibitory factor; 4-OT, 4-oxalocrotonate tautomerase; SPAGE, esis (, 2, 5, 6), irreversible inhibitors %), pH—rate profiles
sodium dodecy! sulfatepolyacrylamide gel electrophoresis. (6), NMR spectroscopyf), and X-ray crystallography5j.
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carboxylate group. The results provide a foundation for future
crystallographic studies of the inactivated-CaaD complex

to shed light on the structural basis for the stereospecific
alkylation of this enzyme byR)-oxirane-2-carboxylate.

MATERIALS AND METHODS

Materials Chemicals, biochemicals, buffers, and solvents
were purchased from Fisher Scientific Inc. (Pittsburgh, PA),
Fluka Chemical Corp. (Milwaukee, WI), or Sigma-Aldrich

On the basis of these experiments, it has been proposed thageémical Co. (St. Louis, MO), unless stated otherwise.

aGlu-52 acts as the general base catalyst to activate a wate
molecule for attack at C-3 (dfans-1 or trans-2) and that
BPro-1 functions as the general acid catalyst to provide a
proton at the C-2 position (Scheme 2). Two arginines,
aArg-8 andaArg-11, likely interact with the carboxylate
group to align the substrate and draw electron density away
from C-3. Such an interaction would facilitate the Michael
addition of water to generatg (or 4). The enzymatic or
nonenzymatic collapse & (or 4) producesb.

In contrast,cis-CaaD functions as a homotrimer, where
each monomer is composed of 149 amino acjisAlthough
a crystal structure is not yet available for the enzyme,
sequence analysis and site-directed mutagenesis studie
suggest a mechanism fois-CaaD, which largely parallels
that of CaaD 8). Accordingly, Glu-114 functions as the
water-activating base while Pro-1 places a proton at the C-
position (ofcis-1). Two arginine residues (Arg-70 and Arg-
73) interact with the carboxylate group of the substrate, which
would assist the presumed Michael addition of water. There
are also mechanistic differences between the two enzymes
One difference involves the activation of the water molecule.
For cis-CaaD, this process probably involves additional
residues because tkg/Kn value determined for the E114Q
mutant is only 8-fold less than that measured for wild type
(3). In CaaD,aGlu-52 appears to be largely responsible for
the activation of water because E52Q mutant is inactive
(5).

In an effort to identify additional active site residues as
well as to delineate more fully the differences between CaaD
and cis-CaaD, the R)- and §-enantiomers of oxirane-2-
carboxylate §) were investigated as potential irreversible
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inhibitors. Onlycis-CaaD was irreversibly inhibited by the
(R)-enantiomer of6, which covalently modifies Pro-1.
Further characterization of the inactivation process demon-
strated that Arg-70 and Arg-73 are necessary for alkylation
of Pro-1, but Glu-114 is not. Interestingly, Pro-1 is a charged
species at the pH used in the inactivation experiments. This
supposition is based on the observation that the-gtte
profiles for the kinetic parameters ofs-CaaD show a Ka
value of 9.3+ 0.2 for a protonated group on the free enzyme,

Literature procedures were used for the synthesis of the
racemic mixture of oxirane-2-carboxylat®)(as well as the
(R)- and ©-enantiomers®). Tryptone, yeast extract, and
agar were obtained from Becton, Dickerson, and Co.
(Franklin Lakes, NJ). The Amicon concentrater and YM10
ultrafiltration membranes were obtained from Millipore Corp.
(Bedford, MA). The membrane tubing was purchased from
Spectrum Laboratory Products, Inc. (Gardena, CA). Pre-
packed PD-10 Sephadex G-25 columns were purchased from
Biosciences AB (Uppsala, Sweden). Endoproteinase Glu-C
(protease V-8) and protein molecular weight standards were
obtained from F. Hoffmann-La Roche, Ltd. (Basel, Swit-
Zerland). CaaDgis-CaaD, and theis-CaaD mutants were
purified to homogeneity, as assessed by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SBBAGE),
according to published procedures 8).

General MethodsFor the purification of the enzymes,
HPLC was performed on a Waters (Milford, MA) 501/510
system using either a TSKgel DEAE-5PW (15®1.5 mm)
or a TSKgel Phenyl-5PW (158 21.5 mm) column (Tosoh
Bioscience, Montgomeryville, PA). Protein was analyzed by
SDS-PAGE under denaturing conditions on gels containing
15% polyacrylamide§). The gels were stained with Coo-
massie brilliant blue. Protein concentrations were determined
by the method of Waddell9j. Absorbance data were
obtained on a Hewlett-Packard 8452A diode array spectro-
photometer. The cuvettes were mixed using a stir/add cuvette
mixer (Bel-Art Products, Pequannock, NJ). The kinetic data
were fitted by nonlinear regression data analysis using the
Grafit program (Erithacus Software Ltd., Horley, U.K.)
obtained from Sigma Chemical Co. Nuclear magnetic
resonance (NMR) spectra were recorded in 10080 Bn a
Varian Unity INOVA-500 spectrometer using selective
presaturation of the water signal Wit 2 spresaturation
interval. The lock signal is dimethyls sulfoxide (DMSO-
ds). Chemical shifts are standardized to the DM&¥ignal
at 2.49 ppm.

pH Dependence of the Kinetic Parameters of cis-CaaD
The pH dependence of the steady-state kinetic parameters
was measured in 20 mM sodium phosphate buffers with pH
values ranging from 6 to 106). For each pH value, a
sufficient quantity of enzyme was equilibrated in buffer (20
mL) for ~1 h at 23°C. The addition of a large amount of
enzyme changed the pH, so that the reported pH values are

which can be reasonably assigned to Pro-1. Hence, inactivathose determined after the addition of enzyme. Subsequently,

tion of cisCaaD may proceed by the acid-catalyzed ring
opening of the oxirane followed by alkylation of the

conjugate base of Pro-1 or by a nucleophilic substitution
reaction involving the conjugate base of Pro-1. The two
arginine residues could position the inhibitor in a favorable
orientation for the alkylation reaction by interacting with the

aliquots (1 mL) were removed and assayed for activity using
cis1l concentrations ranging from 1 to 2Q@M. Stock
solutions ofcis-1 were made up as describeg).(To show
that the decrease in activity at high pkt4.0) was due to
the enzymatic reaction, rather than the result of denaturation,
the enzyme was equilibrated at 28 in 20 mM NaHPO,
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buffer (pH 10) for 1 h. An aliquot (100QL) was then diluted
into 20 mM NaHPO, buffer (pH 9.0) and immediately
assayed with 15@M of cis-1. The resulting activity was

comparable to that expected for the enzyme at pH 9.0,

indicating thatcis-CaaD was not irreversibly denatured at
the high pH values investigated.

Examination of (R,S)-, (R)-, and (8)as Irreversible
Inhibitors of CaaD and cis-CaaDCaaD anctis-CaaD (-1
mg/mL,~20uM in monomer concentration) were incubated
separately withR,S)-, (R)-, or (9-6 (2 mM) in 20 mM NaH-
PO, buffer (pH 7.3). The mixtures (total volume of 100)
were incubated for-24 h at 4°C. Aliquots (4uL) of these
mixtures were then withdrawn, diluted into 1 mL of 20 mM
NaHPQ, buffer (pH 9.0), and assayed for residual activity.
CaaD andcis-CaaD activity were monitored by following
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monomer concentration of enzyme. The mixtures were
incubated at £C for 72 h. Aliquots (5uL) of the reaction
mixtures were then withdrawn, diluted into 1 mL of 20 mM
NaHPO, buffer (pH 9.0), and assayed for residual activity
as described above. The residual activity was plotted versus
the molar ratio of R)-6 to ciss=CaaD (expressed as the
monomer concentration).

Mass Spectral Analysis of (R;8)Treated cis-CaaD and
Mutants In these experimentsis-CaaD and the P1A, R70A,
R73A, and E114Q mutants were treated witRSj-6 in
separate incubation mixtures as follows. Each sample
contained~1 mg of enzyme (10Q«L of a 10 mg/mL
solution) and a sufficient quantity of 20 mM NalPlO, buffer
(pH 7.3) to give a final volume of 0.5 mL. Each sample
was treated withR S)-6 [5 uL from a 100 mM stock solution

the decrease in absorbance at 224 nm, which corresponds tof (R,S-6 in 100 mM NaHPQ, buffer, pH 7.3] and incubated

the hydration otrans-1 (e = 4900 Mt cm™) or cis-1 (e =
2900 Mt cm™) (2, 3). The activity assay was initiated by
the addition of a small quantity of the appropriate isomer of
1 to give a final concentration of 100M. Both enzymes

at 4°C for ~24 h. In a separate control experiment, the same
guantity ofcis-CaaD was incubated without inhibitor under
otherwise identical conditions. Subsequently, the incubation
mixtures were loaded onto separate PD-10 Sephadex G-25

are saturated under these conditions. Stock solutions (50 mM)gel filtration columns, which had previously been equilibrated

of trans- and cis-1 were made up in 100 mM NHPO,

with 100 mM NHHCO; buffer (pH 8.0) @, 3, 11). The

buffer, and the pH was adjusted to 7.3. Stocks solutions (100 proteins were eluted by gravity flow using the same buffer.

mM) of the inhibitors were made up in 100 mM NgPO,
buffer (pH 7.3). The inactivated enzymes were dialyzed for
24 h at 4°C with 20 mM NaHPO, buffer (pH 7.3), and
activity was measured as described above.

Kinetics of Irreversible Inhibition of cis-CaaD by (R,S)-
and (R)6. The time-dependent inactivation ois-CaaD by
(RS- and R)-6 was determined by the incubation of varying
amounts of inhibitor (6860 mM) with enzyme (15M) in
20 mM NaHPQO, buffer (pH 7.3) at 22C. The incubation
mixtures (total volume of 10@L) were made up in 1.5 mL
Eppendorf micro-test tubes. Aliquots (d.) from these
mixtures were removed at various time intervals, diluted into
1 mL of 20 mM NaHPQ, buffer (pH 9.0), and assayed for

Fractions (0.5 mL) were analyzed for the presence of protein
by UV absorbance at 214 nm. The appropriate fractions
containing the purified proteins were analyzed by electro-
spray ionization mass spectrometry (ESI-MS). In addition,
the two purifiedcis-CaaD samples [untreated and treated with
(R,9-6] were assayed for residual activity and were used in
the peptide mapping experiments described below.

The masses of untreatets-CaaD,cis-CaaD treated with
(R,9-6, and the four mutants @is-CaaD treated withR S)-6
were determined using an LCQ electrospray ion trap mass
spectrometer (ThermoFinnigan, San Jose, CA), housed in
the Analytical Instrumentation Facility Core in the College
of Pharmacy at the University of Texas at Austin. The protein

residual activity as described above. The observed ratesamples were made up as described elsewt®re (

constant for inactivationkg,g at each inhibitor concentration

Peptide MappingA quantity (~27 ug) of unmodifiedcis-

was determined from a nonlinear least-squares fit of the dataCaaD orcis-CaaD modified byR,S-6 in 27 uL of 100 mM

for loss in enzymatic activity as a function of incubation
time to the equation for a first-order decay. At all concentra-

NH4HCO; buffer (pH 8.0) was combined with 8L of 10
M guanidine hydrochloride and incubated fbh at 37°C.

tions of inactivator used, the decrease in activity was pseudoSubsequently, the protein samples were incubated for 48 h

first order in enzymatic activity for at least three half-lives.
Thekqpsvalues for inactivation were plotted against the initial
inhibitor concentrations, and the kinetic parameté&isaphd

at 37°C with sequencing grade protease V-&(2of a 10
mg/mL stock solution made up in watef)?). These protease
V-8 treated samples were made up and analyzed on the

kinac) Were determined by fitting these data to a rectangular delayed extraction Voyager-DE PRO matrix-assisted laser
hyperbola by nonlinear least-squares analysis as previouslydesorption/ionization time-of-flight (MALDI-TOF) instru-

described 10, 11).

Protection from Inactiation of cis-CaaD by(R,9-6.
Protection against the inactivation ofs-CaaD by R,S)-6
was carried out as described above with the following
modifications. The enzyme (1BM) was incubated with
varying concentrations afis-1 (0—10 mM) in 50 mM NaH-
PO, buffer (pH 7.3) at 22C. After a 30 s interval, a fixed
concentration ofR,9-6 (2 mM) was added to the mixture.
Aliquots (5 uL) were removed at various time intervals,
diluted into 1 mL of 20 mM NaHPQ, buffer (pH 9.0), and
assayed for residual activity as described above.

Active Site Titration of cis-CaaDA series of samples was
prepared by mixing the appropriate amount Bj-6 with
cis-CaaD in 20 mM NakPO, buffer (pH 7.3) to vary the
[1/[E] ratio between 1 and 500, where [E] refers to the

ment (PerSeptive Biosystems, Framingham, MA) as de-
scribed previouslyZ, 3). Selected ions in the samples were
also subjected to MALDI-post-source decay (PSD) analysis
using the protocol described elsewhe?e J).

Kinetics of Reersible Inhibition of cis-CaaD and CaaD
by (R)- and (Sk. The reversible inhibition of CaaD was
examined usingR)- and §-6, while the reversible inhibition
of cis-=CaaD was examined usin§){6. For each experiment,

a small amount of enzyme was diluted into 15 mL of assay
buffer [20 mM NaRHPO, buffer (pH 7.3)] to give a final
enzyme concentration of@dM (CaaD) or 0.2«M (cis-CaaD)

(in oligomer). Subsequently, an aliquot of inhibitor from a
stock solution [1 M in 100 mM NakPO, buffer (pH 7.3)]
was added to the diluted enzyme solution to yield the
approximate final inhibitor concentration. After 1 h, aliquots
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Ficure 1: pH dependence of l0kg./Km (®) and logks (O) for 7 0.04
the hydration oftis-1 by cis-CaaD. The curves were generated by =
a nonlinear least-squares fit of the data to either eq 1 or eq 2 as L
discussed in the text.
0.02
(1 mL) of the resulting solution were removed and assayed
using 12 concentrations (from 10 to 178V) of the
appropriate isomer oll. The final concentrations of the 0d
inhibitors ranged from 0 to 10 mM. The mode of inhibition 0 20 40 60
was determined from LineweaveBurk reciprocal plots13). (R/S)-6 (mM)

The inhibition constantsq values) were obtained by fitting kg 2: Time- and concentration-dependent irreversible inactiva-
the data by nonlinear regression data analysis using thetion of cis-CaaD by RS-6. (A) A logarithmic plot showing the
equation for competitive inhibition provided by the Grafit percent of cisCaaD activity remaining as a function of the
progra. e oo e B spen e &5 i e
. Examm?tlon of (R)- and (Sja_s S_ubstrates for_ CaaD and circles, 5.6pmM; open‘triangles,‘ 11[1) mM; fiIIedgtria’ngIes, 35va).
cis-CaaD."H NMR spectra monitoring the reaction between (B) Plot of kes as a function of R9-6 concentration. The data
CaaD andi)- and §)-6 and that betweeds-CaaD and -6 from this plot were used to calculatg..andK;, which are reported
were recorded at 23C as follows. An amount of inhibitor  in the text.
(4 mq) dissolved in DMSQJs (30 uL) was added to 100
mM NaHPQ, buffer (0.6 mL, pH 9.2) and placed in an the enzyme in the single protonated form, &adKr, is the
NMR tube. The pH of the mixture was adjusted to 7.3. kealKm Of the enzyme in the single protonated foréy 14).
Subsequently, an aliquot of the enzyme (0.3 mg in 20 MM A fit of the pH dependence ok.y (Figure 1), which
NaHPO, buffer, pH 7.3) was added to the reaction mixture. follows the ionization of the enzymesubstrate complex, to
In a separate control reaction, the same amounR@){6 eq 1 yields [, values for the enzymesubstrate complex
was incubated without enzyme under otherwise identical of pK; = 6.6 + 0.1 and K, = 8.6 & 0.1. A fit of the pH
conditions. A'H NMR spectrum of each reaction mixture dependence df..{Kn (Figure 1), which follows the ioniza-
was recorded 24 h after the addition of enzyme. tion of the free enzyme, to eq 2 give&pvalues for the
free enzyme of i, = 7.6+ 0.2 and K, = 9.3+ 0.2. These
RESULTS values can be assigned to the free enzyme because the

pH Dependence of the Kinetic Parameters of cis-CaaD. substrate has no ionizable groups in the pH rang&@®().

The pH dependences &f,;; and keo/Kr for cis-CaaD using Irreversible Inactvation of cis-CaaD by (R,$j- To

cis-1 were studied over the pH range-60. Both parameters  determine whether oxirane-2-carboxylat® (rreversibly

show a bell-shaped dependence on pH (Figure 1), with inhibits CaaD orcis-CaaD, the enzymes were incubated in

limiting slopes of unity on either side of the pH maximum, separate reaction mixtures with a racemic mixturé.dfter

indicating that both a basic and an acidic group on the 24 h, CaaD was not significantly inhibited by a 100-fold

enzyme are important for catalysis where only the single excess ofRS-6. Howevercis-CaaD had no residual activity

protonated form of the enzyme is active. The pH dependencesafter being incubated for 24 h with a 100-fold excessH%)-

of kear andkeof Ky @re given by the equations: 6. Exhaustive dialysis and gel filtration do not result in
significant reactivation of theis-CaaD inhibited by RS-

Ko PH) = keof (L + [HTVK, + KJ/[H ) (1) 6, suggesting that a covalent bond has formed between the

oxirane and the enzyme.

Kool Kin(PH) = kof K /(1 + [HTVK, + KAHT]) (2) Kinetic Characterization of cis-CaaD Inactition by
(R,S)6. The inactivation otis-CaaD by R,9-6 occurs in a
whereK; is the ionization constant of the basic grolp,is time- and concentration-dependent manner (Figure 2A). Plots

the ionization constant of the acidic grolga is the ke, Of of the logarithm of the residual activity versus time were



Inactivation ofcis-CaaD by R)-Oxirane-2-carboxylate Biochemistry, Vol. 43, No. 22, 2004191

100 Table 1: Identification of Peptides Produced by the Protease V-8
Digestion ofcis-CaaD anccis-CaaD Modified by6
:‘g peptide obsd mass
8 fragment calcd mads  cis-CaaD 6-modified cis-CaaD
2 1p—25p 2860.5 2860.5 2948.5
< 62T 71 1208.7 not detected 1208.6
£ 2G—%E 2398.3 2398.3 2399.2
« 95 — 106 1562.8 1562.8 1562.8
B WSy —125¢ 1300.6 1300.6 1300.6
BIR-14E 653.3 653.3 653.3
30 Lo s 2T 1497 891.5 not detected 891.5
0 1 2 3 4 5 6 7 2The monoisotopic singly charged masses are predicted from
Time (min) analysis of the translated amino acid sequence otiteaaDgene

(corresponding t@is-CaaD).

Ficure 3: Protection oftis-CaaD against inactivation byRr(S)-6
using the substrateis-1. ciss=CaaD was incubated with varying

am?U”'fIS OfCSiS'll\SIO?ﬁndCird?S, (i m“g: f”"\ﬁd CifC|etS, 1 flﬂM; fopenM) attachment of a species with a mass of 88 Da. This mass

rectangles, 3 mM; filled rectangles, 5 mM; open triangles, 10 m e rA.

for 30 s before the addition ORS-6 (2 mM). correspond; to .the gxp_ectgd molecular mas a$ its ring
opened derivative, indicating that only one molecul® &

100 covalently bound to &is-CaaD subunit.
20 16,710 ESI-MS Analysis of cis-CaaD Mutants Treated with (R,S)-
2 80 6. To determine the role of the putative active site residues
@ Zg Pro-1, Arg-70, Arg-73, and Glu-114 in the alkylation
3 5 reaction, thecis-CaaD mutants P1A, R70A, R73A, and
= 40 16.622 E114Q were incubated in individual reaction mixtures with
X 30 ’ (R9-6 for 24 h at 4°C. Subsequently, theR(S)-6-treated
20 protein samples were purified by gel filtration chromatog-
10 raphy and analyzed by ESI-MS. Mass spectral analysis of
L y/yvanannsnsatannAnsensses iy atennns ;ﬁmﬁ the RS-6-treated samples of P1A, R70A, and R73A showed
that each consists of one major component with observed
Mass (m/z) molecular masses of 16596 2, 16536+ 2, and 16536+

FIGURE 4: ESI-MS spectrum otis-CaaD modified by6. The 2 Da, respectively (data not shown). These masses cor-
deconvoluted spectrum displays a single charged state. The majorespond to the expected molecular masses of the unmodified

component in the spectrum is the modifieis-CaaD (/z 16710), mutants. The observation that the P1A, R70A, and R73A
and the minor component is the unmodifigd-CaaD Wz 16622). mutants cannot be labeled yindicates that Pro-1, Arg-

linear, indicating that the rate of inactivation follows pseudo- 70, and Arg-73 are essential for the alkylation reaction. Mass
first-order kinetics 15). The kops values measured in 18  Spectral analysis of th&¥(S)-6-treated sample of the E114Q
experiments were plotted versus the initial inhibitor concen- Mutant indicated that it consists of one major component
trations and fit to a rectangular hyperbola (Figure 2B). From With an observed molecular mass of 167282 Da, which

this plot, the maximal rate of inactivatiork{) and the  corresponds to the expected molecular mass of the E114Q
apparent dissociation constant for the reversibly formed Mutant covalently modified bg. Thus, in contrast to Pro-1,
enzyme-inhibitor complex K;) were estimated to be 0.13 Arg-70, and Arg-73, Glu-114 is not important for the
+ 0.01 st and 70+ 10 mM, respectively. The observed alkylation reaction.

saturation kinetics suggests that a dissociable complex forms  Identification of the Modified Residue by Mass Spectrom-
between the enzyme an®& ©)-6 at the active site before  etry. Incubation of cisCaaD with RS)-6 leads to the
covalent bond formation and inactivatioh5j. Binding at ~ covalent attachment of a species with a mass of 88 Da to
the active site is further indicated by the observation that the enzyme (vide supra). To identify the site of attachment,
the substrategis-1, protects the enzyme against inactivation samples ofciss=CaaD andcis-=CaaD modified by6 were

by (R,9-6 (Figure 3) (5). digested with endoproteinase Glu-C (protease V-8), and the
ESI-MS Analysis of the cis-CaaD Modified by (R6SJo resulting peptide mixtures were analyzed by MALDI-MS.
obtain further evidence for the covalent modificatiorcist At pH 8.0, in 100 mM ammonium bicarbonate buffer,

CaaD by R,9-6 and to ascertain whether single or multiple protease V-8 cleaves peptide bonds at the carboxylate side
modifications had occurred, th&,§)-6-inactivated protein  of glutamate and aspartate residues, with a preference for
was subjected to ESI-MS analysis and the spectrum (Figurethe former (2).

4) compared to that obtained for the natisis-CaaD. The Mass spectral analysis of the two peptide mixtures
spectrum resulting from ESI-MS analysis of the untreated indicated that proteolytic cleavage occurred predominantly
cis-CaaD shows a single peak corresponding to a mass ofat Asp-26, Asp-61, Glu-71, Glu-94, Glu-106, Glu-114, Glu-
16622+ 2 Da (data not shown). The spectrumaig-CaaD 125, Glu-136, and Glu-141 (Table 1). The MALDI-MS
inactivated by R,S-6 shows a minor signal at 16622 2 spectrum of the modifiectissCaaD sample revealed the
Da, which corresponds to unmodified enzyme, and a major presence of two species with masses of 2860.5 and 2948.5
signal at 16710t 2 Da, which corresponds to the modified Da (Figure 5). The minor species (2860.5 Da) corresponds
cis-=CaaD. Hence, incubation ofs-CaaD with R,S)-6 results to the mass of the Pro-1 to Asp-26 peptide fragment. The
in an increase in the mass of the protein due to the covalentmajor species (2948.5 Da) corresponds to the same peptide
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Ficure 5: MALDI-MS spectrum displaying the protease V-8 1
digestedcis-CaaD after incubation witle. The spectrum displays 0 100 200 300 400
a major species with an observed mass of 2948.5 (single charged Time (s)

state) that corresponds to the mass of the 26-residue amino-terminal . . . L .
peptide plus the covalent addition of 88 Da as well as a minor Ficure 7: Time- and concentration-dependent irreversible inactiva-

component (2860.5), which corresponds to the unmodified 26- tion of cis-CaaD by R)-6. A logarithmic plot of the percent of
residue amino-terminal peptide. remainingcis-CaaD activity as a function of the incubation time

using varying concentrations oR)-6 (filled circles, 1 mM; open

100 1578 squares, 2 mM; open triangles, 4 mM; filled squares, 8 mM; open
- gg _— b3 circles, 14 mM).
=
2 Zg \ \“‘4 . with the enzyme. After a 24 h incubation period with a 100-
é’ 50 b2 " bv4 fold excess of R)-6, ciss=CaaD had no residual activity.
= 40 \ \ Incubation ofcis-CaaD with the §-enantiomer under the
RN 2848 S0 same conditions had no effect on activity. Hend®)-§ is

fg hiﬂ . LJ.JJ.. B 1 solely responsible for the irreversible inhibitiona@$-CaaD?

059 Y T 380 400 600 The inactivation ofcis-CaaD by R)-6 also occurs in a

time- and concentration-dependent mani&j.(A logarith-
Mass (m/z) . . " o

_ mic plot showing the percent afs-CaaD activity remaining
FiGURe 6: The MALDI-PSD spectrum of the precursor ion'z as a function of time using different concentrationsR)-6

2948.5 obtained with peptide Pre-Asp-26, which has been . P— :
modified by 6. The fragment ions b(m/z 284.8), b (/z 448.4). is shown in Figure 7. At all concentrations dR®)(6 used,

and b (m/z 579.6) correspond respectively to the PV, PVY, and the decrease in activity was pseudo first order for at least
PVYM fragments modified by a species with a mass of 88 Da. three half-lives. A plot of thek,s values obtained from 12
The immonium ion ¥z 157.8) corresponds to the fragmentation experiments versus inhibitor concentration-(4 mM) gave
of Pro-1, modified by a species with a mass of 88 Da. a straight line through the origin indicative of nonsaturation
. kinetics (data not shown). Our inability to observe saturation
fragment modified bys. The MALDI-MS spectrum of the  yinetics stems from the rapid inactivation at the higher
unmodifiedcis-CaaD displays only the species with a mass jypipitor concentrations{14 mM). At these concentrations,
of 2860.5 Da (data not shown). Examination of the remaining the rapid rate of inactivation precluded the collection of
peaks showed that no other peptide fragments had beer!;ufficiently precise data to obtakaps values.

mod|f'|ed (Table 1?' o . To determine the stoichiometry of the inactivation reaction,
To identify the site of covalent modification, the modified ¢ residual enzymatic activity was measured as a function
and unmodified peptides were subjected to MALDI-PSD s the total equivalents oR)-6 used (Figure 8). The activity
analysis 16). The PSD spectrum of the iomiz 2860.5)  gecreases to about 28% with a 1.7-fold exces®pB((over
corresponding to the unlabeled peptide (Pro-1 to ASp-26) the concentration of active sites). By extrapolating to 0%
displayed the N-terminal sequence-specific fragmentions b activity, it can be estimated that only a small excesg.6-
bs, bs, and kg (data not shown). PSD analysis of the ionZ  {q)q) of (R)-6 is required to achieve full enzyme inactivation.
2948.5) corresponding to the modified peptide fragment Reversible Inhibition of CaaD and cis-CaaDAlthough
][evealed an mclr:e_ase ||25maBss of 88 Da_g;theb@l anfd - (9-6 does not inactivatecis-CaaD, it slows the rate of
ragment ions (Figure 6). Because thei results from inactivation ofcis-CaaD by the R)-enantiomer. Therefore,
the fragment Pro-1 to Val-2, only these residues remain aS(S)-G was examined as a potential reversible inhibitocief
potential targets of alkylation. Further evidence implicating CaaD. A LineweaverBurk plot using three different inhibi-

Prrg-éniz g?tehjlé?]a(r);crtg(r)'dItflccar::(r):ox'la; % rI:)v:ade(?t_:y f:2§1 tor concentrations shows th&){6 is a competitive inhibitor
pres IStc ium lon resuting with aK, value of 9.2+ 0.8 mM. In addition, both theR)-

rirgs_i I\I;]atlﬁg IZSeD slp5e7c guga(;fégﬁs?;?:ﬂeﬂi t?le?rt]feéovxgreﬁt and §)-enantiomers were found to be competitive inhibitors
ttach t f. | ’ | le Bito Pro-1 of CaaD, withK, values of 3.5+ 0.4 and 6.6t 0.9 mM,
attachment of a single molecule 9fo Fro-1. respectively. These results show that both enantiome8s of

Inactivation of cis-CaaDb by (R and Kinetic Charac-  ping at the active sites of both CaaD an-CaaD and
terization The observed irreversible inhibition ofs-CaaD suggest that only theRj-enantiomer is positioned in a

by the racemic mixture of raised the question of whether
one enantiomer was solely responsible for inactivation or 3 _ : :
whether both enantiomers were functioning as inactivators, . 1he enantiomers o were synthesized fronRj- and @-serine,

. . . . which have enantiomeric excesses>d@7% (according to the manu-
although with different potencies. To address this issue, thefacturer). Hence, it is estimated tha){ and -6 have comparable
individual enantiomers dd were synthesized and incubated enantiomeric excesses.
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Ficure 8: Effect of (R)-6 on the catalytic activity otis-CaaD. A
plot showing the percentage of residual activity versus the molar

ratio of (R)-6 to enzyme active sites. At a ratio of 8.3 and higher,
the enzyme has no detectable activity.

favorable orientation in the active site ois-CaaD for an
alkylation reaction to occur.

Examination of (R)- and (SJ-as Potential Substrates of
CaaD and cis-CaaDOne possible reason for the inability
of (9-6 to inactivatecis-CaaD or for either enantiomer 6f

Biochemistry, Vol. 43, No. 22, 2004193

thatcis-CaaD carries out a hydrolytic dehalogenatiortisf1

(or cis-2) using a general acid/base mechanism where Glu-
114 functions as the general base to activate water for the
addition to C-3 of the substrate and Pro-1 acts as a general
acid to protonate C-23j. The Michael addition of water to
the C-3 position is facilitated by the interaction of the two
arginine residues with the oxygens of the C-1 carboxylate
group. This interaction stabilizes a putative enediolate
intermediate, which would result in a partial positive charge
at C-3. Ketonization of the enediolate and protonation at C-2
by Pro-1 would complete the addition of water and generate
the unstable halohydrin. Collapse of the halohydrin, either a
nonenzymatic or an enzyme-catalyzed process, resuits in

pH Dependence of the cis-CaaD-Catalyzed Reaction and
Mechanistic ImplicationsThe pH dependence of the kinetic
parameters for theis-CaaD-catalyzed reaction is comparable
to that observed for the CaaD-catalyzed reaction and provides
support for the proposed general acid/base mechanism. The
pH-—rate profile forcis-CaaD implicates two groups on the
free enzyme with [, values of 7.6 and 9.3 for optimal
activity. Likewise, two groups on CaaD withKgp values of
7.6 and 9.2 are necessary for its optimal activBy. (t has

to inactivate CaaD is that these compounds are substrate®€en further determined for CaaD tif#ro-1 is responsible

for the enzymes. The enzyme-catalyzed hydrolysis6of
would result in ring opening and the formation of a diol
product. To explore this possibility, CaaD was incubated with
both enantiomers @ (in separate reactions) whités-CaaD
was incubated withg)-6, and the reactions were monitored
by 'H NMR spectroscopy. After incubation of the reaction
mixtures for 24 h at 23C, the'H NMR spectra showed no
evidence for the presence of the diol products, indicating
that the epoxides are not substrates for Caabi®sCaaD.
Moreover, the enzymes do not lose significant activity during
the incubation period, which is consistent with preceding
results showing that the two enzymes are not inactivated by
these oxiranes.

DISCUSSION

Catalytic Mechanism of cis-CaaOrhe recent character-
ization of CaaD andis-CaaD, which represent the two major
classes of isomer-specific 3-chloroacrylic acid dehalogenases
suggested that they share a conserved catalytic mechanis
despite their different primary and quaternary structures
isomer specificity, and catalytic efficiencies<3). Sequence
analysis also indicated that CaaD acidCaaD belong to
separate families within the tautomerase superfamily, which
suggests an independent evolution of the mechani&n.(

for the K, value of 9.2 by!™N NMR titration of the
uniformly *N-labeled CaaD and itaP1A mutant €). The
15N NMR titration of the heterohexameric wild-type protein
showed that the two amino-terminal prolines h&d palues
of 9.3 and 11.1. TheseKp values were assigned by an
additional titration experiment using theP1A mutant. In
this experiment, a singleKa value of 9.7 was observed,
which can only correspond to th&pvalue of thefPro-1.
While the K, value of Pro-1 incissCaaD has not been
directly measured by NMR spectroscopy, it can be inferred
from these results that the kineti&pvalue of 9.3 is due to
Pro-1, thereby implicating Pro-1 afisCaaD as a general
acid catalyst at cellular pH.

These observations maki&s-CaaD, along with CaaD, the
only two known enzymes in the tautomerase superfamily
where Pro-1 functions as a general acid catdlyisthe other
five characterized tautomerase superfamily members, Pro-1
functions as a general base catalyst and mediates a reversible
enok-keto tautomerization reactiorl, 17, 19—21). This

nEJroup includes two bacterial isomerases, 4-OT and 5-(car-

boxymethyl)-2-hydroxymuconate isomerase (CHMLP)
the mammalian cytokine, macrophage migration inhibitory
factor (MIF), which exhibits a phenylpyruvate tautomerase

These observations provoked several questions about the 3 An addition—elimination mechanism is a possible alternative

structural and evolutionary relationship between CaaD and
cis-CaabD, their evolutionary origins, the structural basis for
the isomer specificity, and the relationship between these de-
halogenases and the other tautomerase superfamily member
A working hypothesis for the catalytic mechanismcis
CaaD has been formulated using sequence analysis and th
known three-dimensional structures of Cadl) §nd 4-ox-

alocrotonate tautomerase (4-OT), the best characterizecﬂ]/

enzyme of the tautomerase superfamdyl(7). This analysis

mechanism. In this mechanism, nucleophilic attack by an active site
residue at the C-3 position ofs-1 would be followed by the elmination

of the halide and generate an alkenyl-enzyme intermediate. Hydrolysis
would release the enzyme and product. A single turnover experiment

Tg] H>'%0 could be used to determine whether such a mechanism is

operative. However, the outcome of this experiment would be ambigu-
ous for thecis-CaaD system due to the rapid formation of the hydrate
ef 5, which would ensure the presence8D-labeled product?; 3,

18). It should also be noted thats-CaaD shares no sequence identity
ith other dehalogenases known to proceed through a covalent
termediate.

4 A recent!™>N NMR titration of Pro-1 of malonate semialdehyde

implicated Pro-1, Arg-70, Arg-73, and Glu-114 as important decarboxylase (MSAD), which conveigo acetaldehydel@), shows

active site residues. Subsequent mutagenesis confirmed th
these residues are all required for optiroiztCaaD activity

atpat it has a K, of 9.2, making MSAD the third known tautomerase

superfamily member with thisKy value for the N-terminal proline
G. J. Poelarends, H. Serrano, W. H. Johnson, Jr., D. W. Hoffman,

(3). On the basis of these observations, it has been postulate@nd C. P. Whitman, unpublished results).
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activity (20), and two 4-OT homologues found Bacillus in the partial activation of water and account for the residual
subtilis (designated YwhB)X1) and Escherichia coli(des- activity.
ignated YdcE) 21). Pro-1 can function as a general base in  Mechanistic Analysis of the Inaettion of cis-CaaD To
these enzyme-catalyzed reactions because it has an unusualiglentify additional catalytic residues and to delineate further
low pK, value. For 4-OT, the I§, value is~6.4, which is similarities and differences between the two enzymes, the
due primarily to the presence of Pro-1 in a hydrophobic enantiomers of oxirane-2-carboxyla® (vere examined as
environment although the influence of a nearby positively potential inhibitors. Oxirane-containing compounds are well-
charged arginine (Arg-39) cannot be excludad, (L7, 22). known irreversible inhibitors of several enzymes and have
In contrast, the crystal structure of CaaD shows that Pro-1 been used to identify active site residu8<25). Inactiva-
resides in a hydrophilic environment, which may be at least tion involves an acid and base catalyst and generally occurs
partially responsible for aly, value that is more typically by one of two mechanisms. In one mechanism, an acid
observed for an amino-terminal group).( catalyst protonates the oxygen atom, which results in ring
The difference between the active site environments of OPening and the formation of a carbocation intermedi2@ (
Pro-1 in 4-OT and in the two dehalogenases likely reflects Subsequently, the base catalyst attacks the carbocation and
the different reactions carried out by these enzymes. In CaaDPecomes alkylated. In a second mechanism, ring opening is
and cis-CaaD, water must be present in the active site so initiated by the nucleophilic attack of the bas_e catalyst at
that a hydration reaction can be carried olitZ, 5). The one of the two carbon atoms of the oxirane rird,(25).
4-OT-catalyzed reaction as well as those carried out by ng opening is facilitated by the presence of an acid catalyst,
CHMI, MIF, YwhB, and YdcE does not use water as a Which polarizes the carberoxygen bond 24, 25). These
reactant {1, 17, 19-21). Presumably, the environment of two mechgnlsms can sometimes be distinguished by the
Pro-1 incis-CaaD is comparable to that of CaaD, which '€giochemistry of the ring-opened product although geomet-
results in the equivalentiy values. In the presence of 'l constraints within the active site may _preclude sgch a
saturating amounts of substrate, the obsentedvalue for dgtermlnatlon 24, 26). In the. first mechanism, alkylation
the general acid catalyst icis-CaaD decreases to 8.6, in Wil occur at the more substituted carbon (C-2) due to the
contrast to CaaD where it increases to B (f this pKa greater stability of the carbocation intermediate. In the

corresponds to Pro-1, then substrate binding could perturbnucleophilic substituti_on rea(_:tion, alkylation will generally
its local environment and cause a decrease in kyevplue. ~ Occur at the less sterically hindered carbon (C-3).
It is also possible that saturation of either enzyme with |t Was initially anticipated that for both enzymes Pro-1

substrate exposes another residue on the enzyme and thayould function as the acid catalyst to assist in ring opening
titration of this residue is responsible for the decreasddn p ~ PY Protonation of the oxygen atom. The base catalySlu-
(cis-CaaD) or the increase inkp (CaaD). 52 or Glu-114, or another active site nucleophile could then

. . . . . be alkylated by attack at C-2 or C-3 éf It was further
_ The identity of the residue with thekgof 7.6 incis-Caab gnricipated that the two dehalogenases might display selec-
is not known. For CaabD, it has been speculated that theiry for one of the enantiomers. The results show that only
corresponding Ka of 7.6 is due toaGlu-52 ). The same ;i caap is irreversibly inhibited and only byRy-oxirane-
may hold true forcis-CaaD, which would make Glu-114 5 - oxyiate. Inactivation is active-site-directed as demon-
responsible for the observedpvalue. If these Kavalues  gated by the observation of saturation kinetics (using the
do correspond to the general base catalysts, they are clearly,cemic mixture) and protection from inactivation by the
higher than the expecte&pvalue of a glutamate groupKa presence of substrateg). On the basis of these two findings,
~ 4—5). Under saturating conditions, the observédyalue j; can pe reasonably inferred that tH@-pxirane-2-carboxy-
for cis-CaaD decreases to 6.6 while that of CaaD may have |56 forms a dissociable complex at the active site, which

decreased to a value below 6.0. In the free enzymes, thejgags 10 inactivation. The complex is analogous to the one
glutamates may be buried in a hydrophobic environment, t5rmed between substrate and enzyme.
which could pa_rtially a_ccount for their highKp values. If It has also been determined that t18-6 binds to the
these same residues (i.eGlu-52 and Glu-114) are respon- - gctive site of cisCaaD but does not cause irreversible
sible for the observedi values in the saturated enzymes, innibition of the enzyme. Hence, the presence of t8e (
then the decrease in th&pvalues may reflect the fact that  enantiomer in the racemic mixture probably affords some
the glutamates are now exposed to the hydrophilic environ- o oiaction (particularly at the higher concentrations), which
ment. The possibility that another residue is responsible for ¢,g pe partially responsible for the slower rate of inactiva-
the observed kinetic K cannot be ruled out. The assign-  +ion of cis-CaaD by the racemic mixture. Th&)¢ and ©)-
ments of thesel, values are currently under investigation. gnantiomers o6 bind somewhat more tightly to the active
While the pH-rate profiles are consistent with the site of CaaD, as assessed by Kievalues, but again do not
involvement of a general acid and a general base catalyst ininactivate the enzyme. It has also been demonstrated that
the mechanism ofis-CaabD, there are likely more residues the oxiranes are not hydrolyzed to their ring-opened products.
involved in the activation of the water molecule, as dem-  The sum of these observations indicates that the orientation
onstrated by the results of previous mutagenesis experiment®f the (R)-enantiomer of in the active site otis-CaaD is
(3). It was determined that replacing>lu-52 in CaaD with a key factor in its ability to alkylate and thereby inactivate
a glutamine generates an enzyme with no residual activity the enzyme. The two arginine residues (Arg-70 and Arg-
(5). In contrast, the E114Q mutant ofs-CaaD retains a  73) clearly play a role in placing the oxirane in the proper
significant amount of activity, showing only an 8-fold orientation, as the absence of either one results in a mutant
decrease in th&./Kn, value measured usings-1 (3). The enzyme that cannot be alkylated. In one possible binding
presence of a second basic residueignCaaD could result ~ mode, the two arginine residues could interact with the C-1
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carboxylate group of6 in a fashion analogous to their

presumed binding of the C-1 carboxylate group of substrate
where each arginine interacts with a carboxylate oxygen. In
an alternative binding mode, one arginine could interact with
one or both oxygens of the C-1 carboxylate group and the

second arginine could interact with the oxygen atom of the 3

oxirane. The binding mode must position Pro-1 near C-2 or
C-3 of 6 because Pro-1 is the residue covalently modified
on the enzyme. Moreover, Glu-114, the presumed general
base catalyst that is not required for the irreversible inhibition
of cis-CaaD, is not proximal to C-2 or C-3 @ in this
binding mode.

The irreversible inhibition oftis=CaaD by the covalent
modification of Pro-1 was surprising because the enzyme is
present primarily in a form where Pro-1 is a charged species
not subject to alkylation. Assuming that Pro-1 has<a of
9.3, only~1.0% ofcis-CaaD is in a state where Pro-1 is a
conjugate base under the conditions of the inactivation
experiments (pH 7.3). However, alkylation of Pro-1 would
shift the equilibrium and place more of the enzyme in the
reactive state. In this manner, all of the enzyme could be
alkylated and thereby irreversibly inhibited.

The final questions concern the mechanism of alkylation

and how the oxygen atom of the oxirane ring is protonated. &

As noted above, there are two possible mechanisms that
could lead to the alkylation of Pro-1. One involves a 9
carbocation intermediate, and the second entails a nucleo-
philic substitution reaction23—25). The regiochemistry of

the reaction is not yet known so a distinction between
mechanisms cannot be made on this basis. While Pro-1 is
the nucleophile in both mechanisms, there are several
potential sources for a proton that would assist in ring
opening. One source is a group on the enzyme such as one
of the two arginines (Arg-70 or Arg-73) known to be required
for the inactivation process or another unidentified residue.
Other sources include water or buffer, which are also known
to assist in the ring opening of epoxidexr( 28).

1

A number of these questions can be answered by an 13.

analysis of the crystal structures of the inactivatedCaaD

and that of a CaaifR)-6 complex. In addition to providing
valuable insights into the inactivation process, a comparison
of these structures may suggest a structural basis for the
reactivity of (R)-6. Moreover, this comparative analysis will
shed further light on the structural basis for the similarities
as well as the differences between the active sites of the two

enzymes. These crystal structures are currently being pursued.16.

ACKNOWLEDGMENT

Electrospray ionization (ESI) and matrix-assisted laser
desorption/ionization (MALDI) mass spectrometry was
performed by the Analytical Instrumentation Facility Core
(College of Pharmacy, The University of Texas at Austin)
supported by Center Grant ES07784. We thank Steve D.
Sorey (Department of Chemistry, The University of Texas
at Austin) for expert assistance in acquiring the NMR spectra.
Finally, we thank Dr. Susan C. Wang for assistance with
the data analysis for the pHate profiles.

20.

REFERENCES

1. Poelarends, G. J., Saunier, R., and Janssen, D. B. (2@0%F)
3-Chloroacrylic acid dehalogenase fréteeudomonas panaceae

10.

14.

17.

18.

19.

Biochemistry, Vol. 43, No. 22, 2004195

170 shares structural and mechanistic similarities with 4-oxalo-
crotonate tautomerasé, Bacteriol. 183 4269-4277.

.Wang, S. C., Person, M. D., Johnson, W. H., Jr., and Whitman,

C. P. (2003) Reactions ¢fans-3-chloroacrylic acid dehalogenase
with acetylene substrates: consequences of and evidence for a
hydration reactionBiochemistry 428762-8773.

Poelarends, G. J., Serrano, H., Person, M. D., Johnson, W. H.,
Jr., Murzin, A. G., and Whitman, C. P. (2004) Cloning, expression,
and characterization of e@s-3-chloroacrylic acid dehalogenase:
insights into the mechanistic, structural, and evolutionary relation-
ship between isomer-specific 3-chloroacrylic acid dehalogenases,
Biochemistry 43759-772.

. Poelarends, G. J., Wilkens, M., Larkin, M. J., van Elsas, J. D.,

and Janssen, D. B. (1998) Degradation of 1,3-dichloropropene
by Pseudomonas panacea€el70,Appl. Erviron. Microbiol. 64,
2931-2936.

. de Jong, R. M., Brugman, W., Poelarends, G. J., Whitman, C. P.,

and Dijkstra, B. W. (2004) The X-ray structure ¢fans3-
chloroacrylic acid dehalogenase reveals a novel hydration mech-
anism in the tautomerase superfamilyBiol. Chem. 27911546~
11552.

. Azurmendi, H. F., Wang, S. C., Massiah, M. A., Poelarends, G.

J., Whitman, C. P., and Mildvan, A. S. (2004) The roles of active-
site residues in the catalytic mechanisntrains-3-chloroacrylic
acid dehalogenase: a kinetic, NMR, and mutational analysis,
Biochemistry 434082-4091.

. Petit, Y., and Larcheveque, M. (1998) Ethyl glycidate frd® (

serine: ethyl R)-(+)-2,3-epoxypropanoat&rg. Synth. 7537—
44,

Laemmli, U. K. (1970) Cleavage of structural proteins during the
assembly of the head of bacteriophage Wature 227 680~
685.

. Waddell, W. J. (1956) A simple ultraviolet spectrophotometric

method for the determination of proteid, Lab. Clin. Med. 48
311-314.

Stivers, J. T., Abeygunawardana, C., Mildvan, A. S., Hajipour.
G., Whitman, C. P., and Chen, L. H. (1996) Catalytic role of the
amino-terminal proline in 4-oxalocrotonate tautomerase: affinity
labeling and heteronuclear NMR studi&opchemistry 35803~
813.

11. Wang, S. C., Johnson, W. H., Jr., Czerwinski, R. M., and Whitman,

C. P. (2004) Reactions of 4-oxalocrotonate tautomerase and YwhB
with 3-halopropiolates: analysis and implicatioBspchemistry
43, 748-758.

12. Houmard, J., and Drapeau, G. R. (1972) Staphylococcal pro-

tease: a proteolytic enzyme specific for glutamoyl borRisc.
Natl. Acad. Sci. U.S.A. 68506-3509.

Fersht, A. (1999%tructure and mechanism in protein science: a
guide to enzyme catalysis and protein foldipg 112-114, W.

H. Freeman and Co., New York.

Stivers, J. T., Abeygunawardana, Mildvan, A. S., Hajipour, G.,
and Whitman, C. P. (1996) 4-Oxalocrotonate tautomerase: pH
dependences of catalysis andpralues of active site residues,
Biochemistry 35814—823.

15. Meloche, H. P. (1967) Bromopyruvate inactivation of 2-keto-3-

deoxy-6-phosphogluconic aldolase. I. Kinetic evidence for active
site specificity,Biochemistry 62273-2280.

Person, M. D., Monks, T. J., and Lau, S. S. (2003) An integrated
approach to identifying chemically induced posttranslational
modifications using comparative MALDI-MS and targeted HPLC-
ESI-MS/MS,Chem. Res. Toxicol6, 598-608.

Whitman, C. P. (2002) The 4-oxalocrotonate tautomerase family
of enzymes: how nature makes new enzymes usiryoas
structural motif,Arch. Biochem. Biophys. 402—13.

Poelarends, G. J., Johnson, W. H., Jr., Murzin, A. G., and Whitman,
C. P. (2003) Mechanistic characterization of a bacterial malonate
semialdehyde decarboxylase: identification of a new activity in
the tautomerase superfamily, Biol. Chem. 278348674-48683.
Subramanya, H. S., Roper, D. I., Dauter, Z., Dodson, E. J., Davies,
G. J,, Wilson, K. S., and Wigley, D. B. (1996) Enzymatic
ketonization of 2-hydroxymuconate: specificity and mechanism
investigated by the crystal structures of two isomereBeshem-
istry 35 792-802.

Taylor, A. B., Johnson, W. H., Jr., Czerwinski, R. M., Li, H.-S.,
Hackert, M. L., and Whitman, C. P. (1999) Crystal structure of
macrophage migration inhibitory factor complexed witf)-@-
fluoro-p-hydroxycinnamate at 1.8 A resolution: implications for
enzymatic catalysis and inhibitioBjochemistry 387444-7452.



7196 Biochemistry, Vol. 43, No. 22, 2004

21.

22.

23.

24.

Almrud, J. J., Kern, A. D., Wang, S. C., Czerwinski, R. M.,
Johnson, W. H., Jr., Murzin, A. G., Hackert, M. L., and Whitman,
C. P. (2002) The crystal structure of YdcE, a 4-oxalocrotonate
tautomerase homologue frofscherichia coli confirms the
structural basis for oligomer diversitBjochemistry 41120106~
12024.

Czerwinski, R. M., Harris, T. K., Johnson, W. H., Jr., Legler, P.
M., Stivers, J. T., Milvan, A. S., and Whitman, C. P. (1999) Effects

of mutations of the active site arginine residues in 4-oxalocrotonate 26,

tautomerase on thekp values of active site residues and on the
pH dependence of catalysiBjochemistry 3812358-12366.
Dang, T., and Prestwich, G. D. (2000) Site-directed mutagenesis

of squalene-hopene cyclase: altered substrate specificity and og

product distributionChem. Biol. 7643-649.

Landro, J. A., Gerlt, J. A., Kozarich, J. W., Koo, C. W., Shah,
V. J., Kenyon, G. L., Neidhart, D. J., Fujita, S., and Petsko,
G. A. (1994) The role of lysine 166 in the mechanism of

25.

27.

Poelarends et al.

mandelate racemase frdAseudomonas putidanechanistic and
crystallographic evidence for stereospecific alkylation By-¢-
phenylglycidate Biochemistry 33635-643.

Ntarima, P., Nerinckx, W., Klarskov, K., Devreese, B., Mahalin-
geshwara, K. B., Van Beeumen, J., and Claeyssens, M. (2000)
Epoxyalkyl glycosides ob-xylose and xylo-oligosaccharides are
active-site markers of xylanases from glycoside hydrolase family
11, not from family 10Biochem. J. 34,7865-873.

Wade, L. G., Jr. (1999prganic Chemistry4th ed., pp 1045
1048, Prentice-Hall, Upper Saddle River, NJ.

Whalen, D. L. (1973) Buffer catalysis in epoxide hydrolysks,
Am. Chem. Soc. 98432-3434.

Meara, J. P., and Rich, D. H. (1996) Mechanistic studies on the
inactivation of papain by epoxysuccinyl inhibitods.Med. Chem

39, 3357-3366.

BI049823H



