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The bacterial degradation pathways for the nematocide 1,3-
dichloropropene rely on hydrolytic dehalogenation reactions
catalyzed by cis- and trans-3-chloroacrylic acid dehalogenases
(cis-CaaD and CaaD, respectively). X-ray crystal structures of
native cis-CaaD and cis-CaaD inactivated by (R)-oxirane-2-car-
boxylate were elucidated. They locate four known catalytic res-
idues (Pro-1, Arg-70, Arg-73, and Glu-114) and two previously
unknown, potential catalytic residues (His-28 and Tyr-103’).
The Y103F and H28A mutants of these latter two residues dis-
played reductions in cis-CaaD activity confirming their impor-
tance in catalysis. The structure of the inactivated enzyme shows
covalent modification of the Pro-1 nitrogen atom by (R)-2-hy-
droxypropanoate at the C3 position. The interactions in the
complex implicate Arg-70 or a water molecule bound to Arg-70
as the proton donor for the epoxide ring-opening reaction and
Arg-73 and His-28 as primary binding contacts for the carbox-
ylate group. This proposed binding mode places the (R)-enanti-
omer, but not the (S)-enantiomer, in position to covalently mod-
ify Pro-1. The absence of His-28 (or an equivalent) in CaaD
could account for the fact that CaaD is not inactivated by either
enantiomer. The cis-CaaD structures support a mechanism in
which Glu-114 and Tyr-103’ activate a water molecule for addi-
tion to C3 of the substrate and His-28, Arg-70, and Arg-73 inter-
act with the C1 carboxylate group to assist in substrate binding
and polarization. Pro-1 provides a proton at C2. The involve-
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ment of His-28 and Tyr-103’ distinguishes the cis-CaaD mech-
anism from the otherwise parallel CaaD mechanism. The two
mechanisms probably evolved independently as the result of an
early gene duplication of a common ancestor.

The cis- and trans-3-chloroacrylic acid dehalogenases (cis-
CaaD and CaaD)* catalyze the cofactor-independent hydrolytic
dehalogenation of, respectively, the cis- and trans-isomers of
3-chloroacrylic acid (1 and 2, Scheme 1) to produce malonate
semialdehyde (5) and HCI (1-3). Both reactions may be initi-
ated by the attack of water at C3 to form an enzyme-stabilized
enediolate intermediate (3). Subsequent ketonization of 3 with
protonation at C2 generates a chlorohydrin intermediate (4),
which can collapse by direct expulsion of the chloride to afford
5 (1,4, 5). Alternatively, ketonization of 3 can result in chloride
loss and the formation of the enol intermediate, 6, which tau-
tomerizes to afford 5. The two enzymes are found in bacterial
pathways that convert the cis- and trans-isomers of 1,3-dichlo-
ropropene, used as nematocides, to acetaldehyde (7) and car-
bon dioxide (6).

The cis- and trans-3-chloroacrylic acid dehalogenases have
low sequence identity (~20%) and different oligomerization
states (1-3). CaaD is a heterohexamer consisting of three
75-residue a-chains and three 70-residue B-chains, whereas
cis-CaaD forms a homotrimer of three identical 149-residue
polypeptide chains, which can be considered as the fusion prod-
uct of a CaaD «- and B-chain (2, 3, 5). As a result, the two
enzymes have been classified in two different families in the
tautomerase superfamily, with each being related to 4-oxaloc-
rotonate tautomerase (7-9). Yet, the differences in catalytic
efficiency are only modest, and major elements of the catalytic
mechanisms are conserved. In both, a glutamate residue (Glu-
114 in cis-CaaD and aGlu-52 in CaaD) is proposed to function
as a general base catalyst to activate a water molecule for attack
at C3 (of 1 or 2) and the N-terminal proline (Pro-1 in cis-CaaD
and BPro-1 in CaaD) is believed to provide a proton at C2. Two

“The abbreviations used are: cis-CaaD and CaaD, cis- and trans-3-chloro-
acrylic acid dehalogenase, respectively; F, and F_, observed and calculated
structure factor amplitudes, respectively; MSAD, malonate semialdehyde
decarboxylase; r.m.s.d., root-mean-square deviation.
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SCHEME 1
0 OH), unless noted otherwise. A literature procedure was used
JARY for the synthesis of (R)-8 (11). The sources for the components
CO, of Luria-Bertani media, the enzymes and reagents used in the
8 molecular biology procedures, and the strains used for cloning

STRUCTURE 1

arginine residues (Arg-70 and Arg-73 in cis-CaaD and aArg-8
and aArg-11 in CaaD) are proposed to interact with the C1
carboxylate group, aligning the substrate in the active site and
drawing electron density away from C3 (1, 3-5). Such an inter-
action would generate a partial positive charge at C3 and facil-
itate the addition of water. The conservation of key functional-
ities suggests that the two enzymes are related by divergent
evolution from a common ancestor.

Nevertheless, recent kinetic and mechanistic work has
uncovered two subtle differences. First, the activation of the
water molecule likely requires additional residues in cis-CaaD
(1). Mutation of Glu-114 to a glutamine produces a partially
active mutant protein, whereas the «E52Q mutant of CaaD has
no detectable activity, even after a prolonged incubation period.
Second, only cis-CaaD is irreversibly inhibited by the (R)-ox-
irane-2-carboxylate (8) due to covalent modification of Pro-1
(10). The (S)-enantiomer is a weak competitive inhibitor of cis-
CaaD and both enantiomers competitively inhibit CaaD (10)
(Structure 1).

To delineate the structural basis for the isomer-specific
dehalogenation reaction and the stereospecificity of the inacti-
vation reaction, crystal structures of the native cis-CaaD and
cis-CaaD inactivated by (R)-8 were obtained. They confirm the
trimeric nature of cis-CaaD and pinpoint the roles of Pro-1,
Arg-70, Arg-73, and Glu-114. The assisting roles of His-28 and
Tyr-103" in activation of, respectively, the substrate and
nucleophilic water molecule for catalysis, suggested by the
structures, are supported by site-directed mutagenesis. It can
also be inferred that His-28 plays a central role in positioning
(R)-8 for alkylation of Pro-1 and, along with Tyr-103’, is a deter-
minant of the substrate specificity of the enzyme. The crystal-
lographic observations fully support the proposal that cis-CaaD
and CaaD form two separate evolutionary lineages that fol-
lowed the independent duplication of a 4-oxalocrotonate tau-
tomerase-like sequence.

EXPERIMENTAL PROCEDURES

Materials—All reagents, buffers, and solvents were obtained
from Sigma-Aldrich, Fisher Scientific, Spectrum Laboratory
Products (New Brunswick, NJ), or EM Science (Cincinnati,

JANUARY 26, 2007 «VOLUME 282+NUMBER 4

and overproducing cis-CaaD and the mutant proteins have
been reported elsewhere (1, 10). The Amicon concentrator and
the YM10 ultrafiltration membranes were obtained from Mil-
lipore Corp. (Bedford, MA). Oligonucleotides for DNA ampli-
fication and sequencing were synthesized by Genosys (The
Woodlands, TX).

General Enzymology Methods—General procedures for clon-
ing and DNA manipulation were performed as described else-
where (12). The wild-type cis-CaaD and the mutant proteins
were purified to homogeneity, as assessed by SDS-PAGE,
according to a published procedure (1, 10). Protein was ana-
lyzed by SDS-PAGE on gels containing 15% polyacrylamide
(13). The gels were stained with Coomassie Brilliant Blue. Pro-
tein concentrations were determined by the method of Waddell
(14). The native molecular masses of the mutant proteins were
determined by gel filtration on a Superose 12 column (Amer-
sham Biosciences) using the Waters 501/510 high-pressure
liquid chromatography system.

Crystallization and Structure Determination of Inactivated
cis-CaaD—cis-CaaD was covalently inactivated by incubating
the enzyme with a 25-fold excess of (R)-8 for 4 h, after dilut-
ing the protein solution to 0.5 mg/ml to prevent overheating.
Crystals of inactivated cis-CaaD were obtained from 2-ul
hanging drops consisting of equal amounts of protein solu-
tion (10 mg/ml) and well solution containing 1.6 M potas-
sium sodium phosphate and 100 mm HEPES buffer, pH 7.5.
Thin hexagonal shaped crystals of 1.5 um grew in a few days.
A diffraction data set to 2.1-A resolution was collected in-
house on a MacScience image plate system using CuK, radi-
ation from a rotating anode generator. The data were pro-
cessed using DENZO and SCALEPACK (15). The crystals
belong to the space group P6; with cell constants a = b =
59.5 A, and ¢ = 57.9 A. The asymmetric unit contains one
monomer of 149 residues, of which the 22 C-terminal resi-
dues were not resolved in the electron density map.

Molecular replacement solutions were obtained with the
program AMORE available in CCP4 (16, 17). A search model
was constructed using the atomic coordinates of one het-
erodimer subunit (composed of an « and a B chain) from the
Pseudomonas pavonaceae 170 heterohexameric CaaD (PDB
code 1S0Y) (5). All residues were changed to alanines except for
the proline and glycine residues. Rotation and translation func-
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TABLE 1
Data collection and refinement statistics

Native cis-CaaD Inactivated cis-CaaD

Data statistics
Space group
No. chains/asymmetric unit
Unit cell (A)
Resolution (A)
R, (%) overall (outer shell)*
Completeness (%) overall (outer shell)
I/o overall (outer shell)
Reflections total (unique)

P2,3 6,
3 1
a=b=c=1414 a=b=595¢c=579
40-2.75 30-2.1
9.3 (35.9) 10.3 (35.5)
99.9 (100.0) 99.9 (100.0)
19.2 (3.5) 19.8 (5.5)

165,665 (23,148) 61,304 (6,850)

Refinement
Total atoms/water/SO,
RIRy.” )
r.m.s.d. bonds (A)/angles (°)
r.m.s.d. B (A?) (main chain/side chain)

Ramachandran plot (%) (favored/allowed/generously allowed/disallowed)

3,470/17/3 975/61/0
23.3/26.3 20.2/23.0
0.08/1.35 0.07/1.32
1.19/2.10 1.41/1.79

93.9/6.1/0.0/0.0 96.0/3.0/1.0/0.0

“ Ry = 2|1 — (D|/21, where I is the observed intensity and (I) the average intensity.

Sy

® R based on 95% of the data used in the refinement. R, = R based on 5% of the data withheld from the cross-validation test.

tions were calculated using the data between 10- and 4-A reso-
lution. The molecular replacement yielded the position and ori-
entation of a single monomer in the asymmetric unit.
Refinement of the solutions by AMORE gave a correlation coef-
ficient of 0.19 and an R-factor of 43.6%. The electron-density
maps at this stage were not interpretable, but density was
observed extending from some alanines of the search model. A
oA-weighted map (18) calculated from the refined solutions
from AMORE was used in a density-modification and phase-
extension procedure using the prime-and-switch method avail-
able in the program RESOLVE (19). This improved the overall
figure of merit from 0.24, after calculation of the starting map,
to 0.52 in the final cycle of the density modification procedure.
The resulting cA-weighted maps from RESOLVE showed
improved electron density for the amino acid side chains and
allowed identification of the N-terminal proline residue in the
monomer of cis-CaaD. Manual building of side chains and
missing main-chain atoms were subsequently alternated with
simulated annealing and minimization runs in CNX (Accelrys
Inc.). The program RESOLVE was used to obtain the most
unbiased maps for model building, until cA-weighted 2F ) — F,
maps were of superior quality. The structure was built using
QUANTA (Accelrys Inc.) and XtalView (20). Coordinates for
the covalent adduct were based on 2-hydroxypropanoate and
minimized in QUANTA (Accelrys Inc.), and its parameters
were generated using the Hic-Up server (21). The quality of the
final model was analyzed with PROCHECK (22). A summary of
the data collection statistics, the refinement statistics, and geo-
metric quality of the models is given in Table 1.

Crystallization and Structure Determination of Native cis-
CaaD—Crystals of native cis-CaaD were obtained from 2-ul
hanging drops consisting of equal amounts of protein solution
(10 mg/ml) and well solution containing 10% (v/v) 2-propanol,
as a precipitant, 100 mm phosphate-citrate buffer, pH 4.2, and
0.2 M Li,SO,. Cubes of 0.1 mm® grew within a few days. A
diffraction data set to 2.75-A resolution was collected at the
ID14-2 beamline at the European Synchrotron Radiation Facil-
ity, Grenoble, France. The data were processed using DENZO
and SCALEPACK (15). The crystal belonged to the space group
P2,3 with cell parameters a = b = ¢ = 141.4 A. The asymmetric
unit contains three monomers made up of 149 residues each.

2442 JOURNAL OF BIOLOGICAL CHEMISTRY

Short segments (2-3 residues) of the C termini were not
resolved in the electron-density map.

Molecular replacement solutions were obtained with the
program AMORE available in CCP4 (16, 17). A search model
was constructed from the atomic coordinates of a cis-CaaD
monomer inactivated by (R)-8 with the coordinates of the
covalent adduct removed. Rotation and translation func-
tions were calculated using data between 15- and 3-A reso-
lution. The molecular replacement yielded the position and
orientation of three monomers in the asymmetric unit.
Refinement of the solutions by AMORE (16, 17) gave a cor-
relation coefficient of 0.85 and an R-factor of 29%. Electron-
density maps were further improved using the program DM
available in CCP4 (17). The structure was built as described
above for the inactivated cis-CaaD. A summary of the refine-
ment statistics and geometric quality of the models is given
in Table 1. Docking of 1 and 2 in the active sites of cis-CaaD
and CaaD, respectively, was carried out manually using the
program XtalView (20).

Construction, Expression, and Characterization of the H28A,
YI103F, and Y103F/E114Q Mutants of cis-CaaD—The three
mutant genes were generated by overlap extension PCR (23)
using the plasmid pCC5 (1) as the template. The oligonucleo-
tides, 5'-ATACATATGCCGGTTTATATGGTTTAC-3" and
5'-CATGGATCCCTAGGTGCGAGAGACGTCCACGTT-3’
were used as the forward and reverse external primers, respec-
tively. The forward primer contains an Ndel restriction site (in
bold), and the reverse primer has a BamHI restriction site (in
bold). For the H28A mutant, the internal PCR primers were
oligonucleotides 5'-ATCACCGACGCGGCCAGGGGACTG-3’
and 5'-CAGTCCCCTGGCCGCGTCGGTGAT-3'. For the
Y103F mutant, the internal PCR primers were oligonucleotides
5'-CACATCTGGGTCTTCTTCGGCAGA-3’ and 5'-CTCGC-
CGAAGAAGACCCAGATGTG-3'. For the YI103F/E114Q
mutant, the internal PCR primers were oligonucleotides 5'-TGG-
GTCTTCTTCGGCGAGATGCCCGCCCAGCAGATGGTG-
CAGTACGGCC-3' and 5'-GGCCGTACTGCACCATCTGCT-
GGGCGGGCATCTCGCCGAAGAAGACCCA-3'. The codons
used to introduce the mutations are underlined. The amplifica-
tion mixtures contained the appropriate synthetic primers, the
deoxynucleotide triphosphates, the appropriate template DNA
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FIGURE 1. Stereo views of (A) the monomeric and (B) the trimeric structure of cis-CaaD. The catalytic Pro-1
is shown in ball-and-stick (A) and Corey-Pauling-Koltun (B) representation. The figures were made using MOL-

SCRIPT and RASTER3D (24, 25).

(~100 ng), and the PCR reagents supplied in either the Taq
DNA polymerase system (H28A and Y103F) or the Expand
High Fidelity PCR system (Y103F/E114Q, F. Hoffmann-La-
Roche Ltd., Basel, Switzerland). The restriction sites Ndel and
BamH]I, introduced during the amplification reaction, were
used to clone the purified PCR products into plasmid pET-3b or
pET-3c for overexpression of the mutant proteins. The
cloned genes were sequenced to verify that only the desired
mutation had been introduced during the PCR. Subse-
quently, the mutant enzymes were expressed in Escherichia
coli strain BL21-Gold(DE3) and purified to homogeneity (as
assessed by SDS-PAGE) using the protocol described for
wild type (1). The yields (ranging from 10 to 40 mg of homo-
geneous protein per liter of cell culture) were slightly dimin-
ished from those typically obtained for wild type (~50-70
mg/liter). The elution times for the three mutant proteins
and the wild-type cis-CaaD are comparable (~34 min at a
flow rate of 0.4 ml/min) during gel-filtration chromatogra-
phy, indicating that the homotrimeric structures of the
mutant proteins are intact and that global structural changes
had not occurred as a result of the mutations.

Mass Spectrometric Characterization of the Mutant Proteins—
The masses of the three cis-CaaD mutants were determined
using an LCQ electrospray ion trap mass spectrometer (Ther-
moFinnigan, San Jose, CA), housed in the Analytical Instru-
mentation Facility Core in the College of Pharmacy at the Uni-
versity of Texas at Austin. The protein samples were made up as
described elsewhere (3). The observed monomer masses were
16,556 Da (calc. 16,556 Da) for H28A, 16,606 Da (calc. 16,606
Da) for Y103F, and 16,605 Da (calc. 16,605 Da) for Y103F/

JANUARY 26, 2007 «VOLUME 282+NUMBER 4
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E114Q. Electrospray ionization
mass spectrometry analysis indi-
cated that the subunit had the
expected mass and was not blocked
by the initiating formylmethionine.

Kinetic Characterization and 'H
NMR Spectroscopic Detection of cis-
CaaD Activity—cis-CaaD activity
was determined at 22 °C by follow-
ing the absorbance decrease at 224
nm, corresponding to the hydration
of 1 (e =2900 M 'cm™ 1), for 1 min
(wild type and Y103F) or 10 min
(E114Q and H28A) (1). Absorbance
data were obtained on a Hewlett
Packard 8452A Diode Array spec-
trophotometer. The reported ki-
netic parameters are a numerical
average of multiple runs. For the
NMR samples, an amount of 1 (4
mg, ~0.04 mmol) dissolved in
Me,SO-d, (30 nl) was added to 100
mm Na,HPO, buffer (0.6 ml, pH
~9) and placed in an NMR tube.
The pH of the reaction mixture
was adjusted to 9.5. Subsequently,
enzyme (~1.2 mg made up in 20 mm
Na,HPO, buffer, pH 8.0) was added
to the reaction mixture. The reaction mixture was examined at
17 or 22 h (as noted in the text), and the amount of product was
estimated by integration of the signals corresponding to 1, 5,7,
and the corresponding hydrates (1). NMR spectra were
recorded in 100% H,O on a Varian Unity INOVA-500 spec-
trometer as described previously (1).

RESULTS AND DISCUSSION

Structure of the Native cis-CaaD—The native cis-CaaD crys-
tal structure was solved to 2.75-A resolution by molecular
replacement methods and refined to R and Ry,.. values of
23.3% and 26.3%, respectively. The asymmetric unit contains
three monomers. Each monomer consists of a four-stranded
B-sheet that is formed by the anti-parallel interaction of a
pair of two-stranded parallel B-sheets (Fig. 14). Two a-hel-
ices, each spanning the two strands of the parallel B-sheets,
lie anti-parallel to each other in the concave side of the
B-sheet plane. Hence, each monomer is made up of two
B-a-B structural motifs that are characteristic of the tau-
tomerase superfamily (7-9).

The three monomers in the asymmetric unit superimpose
with root-mean-square deviation (r.m.s.d.) values of ~0.4 A
for 129 equivalent C_, atoms (out of a total of 149 amino
acids). Each of the three monomers forms an independent
barrel-like trimer by rotation around one of the crystallo-
graphic 3-fold rotation axes in the crystal (Fig. 1B). Interac-
tions between the monomers are mediated by the edges of
the four-stranded B-sheets and are mainly hydrophobic in
nature. Each B-sheet further contributes polar residues that
interact with each other and with three water molecules in
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FIGURE 2. Detailed overview of the structure of native cis-CaaD and the final electron density of the
covalent adduct in the structure of inactivated cis-CaaD. A, close-up stereo view of the active site of the
native enzyme showing the interactions between the phosphate/sulfate ion and the two arginines (Arg-70 and
Arg-73) and histidine (His-28). Residues are labeled by their chain color, except Pro-1, which is labeled in black.
B, stereo view of the final 2F, — F_ electron-density map contoured at 1.0 o from XtalView (20) covering the
proline and the covalently bound (R)-2-hydroxypropanoate adduct, clearly showing the tetrahedral conforma-
tions at the prolyl nitrogen and C2 of the adduct. The figures were prepared with MOLSCRIPT (A) (24) and

RASTER3D (A and B) (24, 25).

the central cavity of the trimer. Additional monomer-mono-
mer interactions are provided by two small 8-hairpin struc-
tures near the termini of the central B-sheet and the two
C-terminal a-helices (Fig. 1, A and B).

Active Site of Native cis-CaaD—cis-CaaD contains three
active sites with the catalytically important N-terminal pro-
line buried in the interior of a monomer on one side of the
trimer (Fig. 1B). The Pro-1 nitrogen interacts with one of the
oxygen atoms of a sulfate ion, or possibly a phosphate ion,
that is bound in the active site cavity (Fig. 2A). Both ions
were present in the crystallization solution. The prolyl nitro-
gen atom interacts with one of the sulfate/phosphate oxygen
atoms. The other three oxygen atoms of the sulfate/phos-
phate ion have electrostatic and hydrogen-bonding interac-
tions with two arginines, Arg-70 and Arg-73, a positively
charged histidine, His-28, and Thr-34 (not shown). The
prolyl nitrogen atom further interacts with one of the side-

2444  JOURNAL OF BIOLOGICAL CHEMISTRY

chain oxygen atoms of the catalytic
base, Glu-114, which is stacked
between Leu-119 and Trp-101’
from a neighboring monomer.” The
same oxygen atom of Glu-114 inter-
acts with the side-chain hydroxyl
group of Tyr-103’, also from a
neighboring monomer. The other
carboxylate oxygen of Glu-114
interacts with the backbone car-
bonyl oxygen of Leu-38, suggesting
that the side chain of Glu-114 is pro-
tonated. As such, Glu-114 cannot
function as the water-activating cat-
alytic base in the hydration reaction
catalyzed by cis-CaaD. Such a pro-
tonation state of the glutamate,
however, could be an artifact of the
low pH at which the native enzyme
was crystallized.

Comparison of cis-CaaD with Tau-
tomerase Superfamily Members—
cis-CaaD represents one of the five
presently known families identi-
fied as constituents of the tau-
tomerase superfamily (1, 2, 7-9,
26, 27). The other four families,
represented by their title enzymes,
are the 5-(carboxymethyl)-2-hy-
droxymuconate isomerase (28),
4-oxalocrotonate tautomerase (26,
29), macrophage migration inhibi-
tory factor (30), and malonate
semialdehyde decarboxylase (MSAD)
families (27). cis-CaaD has been
classified in a separate tautomer-
ase family, the cis-CaaD family,
because of the absence of signifi-
cant sequence identity with
known members of the other
four families (1). The trans-specific
CaaD, however, belongs to the 4-oxalocrotonate tautomerase
family.

Like 5-(carboxymethyl)-2-hydroxymuconate isomerase,
macrophage migration inhibitory factor, and MSAD, cis-CaaD
is a trimer constructed from monomers containing two adja-
cent 3-a-B structural motifs, which run in opposite directions
(31-33). A structural alignment shows that the monomer
structures of the four enzymes superimpose with r.m.s.d. values
of 1.2 A for 39 C,, atoms out of a total of 114 —147 amino acids.
These C, atoms are located in the four 3-strands and the sec-
ond a-helix that build the central core of the monomers. The
low number of matching C,, atoms reflects the structural dif-
ferences found in the loop that connects the first and second
B-a-B structural motif, and the C terminus. Of the four, the

> The unprimed and primed residues come from different monomers of
cis-CaaD.
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Tyr103

Trpid

Phe39

FIGURE 3. Detailed overviews of the active sites of inactivated cis-CaaD and CaaD. A, close-up stereo view
of the active site of inactivated cis-CaaD showing the interaction of the carboxylate of the (R)-2-hydroxypro-
panoate adduct with the two arginines (Arg-70 and Arg-73) and histidine (His-28). B, close-up stereo view of the
active site of inactivated CaaD (5) showing the interaction of the carboxylate group of the 3-oxopropanoate
adduct with the two arginines (aArg-8 and aArg-11). Dark-colored chains represent the B-chains of the hetero-
hexameric CaaD, whereas the light-colored chains represent the a-chains. In both figures, residues are labeled
by their chain color, except Pro-1, which is labeled in black. The figures were made using MOLSCRIPT and

RASTER3D (24, 25).

monomers of cis-CaaD and MSAD are structurally the most
similar: in a pairwise alignment 97 out of 129 (MSAD) and 147
(cis-CaaD) C,, atoms align with an r.m.s.d. value of 1.3 A. A

structural alignment further shows that the two connected
B-a-B structural motifs in cis-CaaD, and the «- and 3-chains of
CaaD align with r.m.s.d. values of 0.9 A for 50 C,_, atoms out of a
total of 55— 62 amino acids. Thus, even though CaaD and cis-
CaaD belong to different families of the tautomerase superfam-
ily, cis-CaaD and CaaD are structurally very similar.

Structure of cis-CaaD Inactivated by (R)-8—It has previously
been shown that cis-CaaD is inactivated by the active site-di-
rected irreversible inhibitor, (R)-8 (10). In contrast, the (S)-en-
antiomer of 8 is only a weak competitive inhibitor with a K;
value of 9.2 = 0.8 mm (10). Mass spectral analysis of cis-CaaD
inactivated by (R)-8 showed that the sole site of modification on
the enzyme is Pro-1, and that the increase in molecular mass
for the inactivated cis-CaaD is consistent with covalent modi-
fication by a 2-hydroxypropanoate species. The crystal struc-
ture of the inactivated cis-CaaD was determined to 2.1-A reso-
lution by the molecular replacement method using the atomic
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coordinates for one heterodimer
subunit in the heterohexameric
CaaD and refined to R and R, val-
ues 0f 20.2% and 23.0%, respectively.

The electron-density map of the
inactivated cis-CaaD clearly estab-
lished a covalent linkage between
the Pro-1 nitrogen and C3 of the
ring opened (R)-8 and allowed an
unambiguous determination of the
nature of the covalent adduct (Fig.
2B). Electron density extends from
Pro-1 with an angle that is consist-
ent with a tetrahedral conformation
at the prolyl nitrogen, indicating a
single bond between the prolyl
nitrogen and the C3 atom of the
adduct. The prolyl nitrogen is
within hydrogen bonding distance
(2.8 A) of the backbone carbonyl
oxygen of Leu-38, showing that the
prolyl nitrogen is protonated and
thus positively charged. Attack at
C3 of (R)-8 by Pro-1 places a
hydroxyl group at C2 (10). Accord-
ingly, the electron-density map
shows electron density consistent
with an oxygen atom attached to the
second carbon atom (C2) of the
adduct, that is at hydrogen bonding
distance (3.0 A) from a water mole-
cule bound to Arg-70. Additional
electron density, consistent with a
carboxylate group, extends toward
the side chains of His-28 and Arg-
73. On the basis of these observa-
tions, it is concluded that Pro-1
attacked the C3 position of (R)-8 to
result in the attachment of (R)-2-hydroxypropanoate to the
prolyl nitrogen.

The Active Site of cis-CaaD Inactivated by (R)-8—The (R)-2-
hydroxypropanoate carboxylate group occupies a similar posi-
tion as the sulfate/phosphate ion in the native structure and
makes similar interactions (Figs. 24 and 3A). It makes two
hydrogen bonds (~3.0 A) with the side-chain guanidinium
group of Arg-73 and one hydrogen bond with the backbone
nitrogen of Arg-70. In addition, it forms a hydrogen bond (2.7
A) with the e-nitrogen of His-28. The 2-hydroxyl group of the
adduct interacts with the water molecule bound to the side
chain of Arg-70 and the hydroxyl group of Thr-34 (not shown).
The catalytic base Glu-114 makes a hydrogen bond (2.5 A) with
the side-chain hydroxyl group of Tyr-103" (Fig. 3A) and is
rotated with respect to its position in the native structure of
cis-CaaD. As a result, the other carboxylate oxygen atom of
Glu-114 does not interact anymore with the backbone carbonyl
group of Leu-38 but instead interacts with a water molecule
located approximately at the position of Leu-119 in the native
structure. Leu-119 is one of the 22 C-terminal residues that are
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Arg70
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His28
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FIGURE 4. Detailed overviews of modeled substrates bound in the active sites of cis-CaaD and CaaD.
A, close-up stereo view of the active site of cis-CaaD with a modeled cis-3-chloroacrylate substrate (i.e. 1) bound
by the two arginines (Arg-70 and Arg-73) and histidine (His-28). The orientation of 1 suggests that the 3-chloro
substituent interacts with a hydrophobic patch formed by Thr-34, Leu-38, and Leu-119. B, close-up stereo view
of the active site of CaaD (5) with a modeled trans-3-chloroacrylate substrate (i.e. 2) bound by the two arginines
(aArg-8 and aArg-11). In this orientation, the 3-chloro substituent interacts with a hydrophobic patch formed
by aPhe-39 and aPhe-50. In the figure, the dark-colored residues belong to the B-chains of CaaD, whereas the
light-colored residues belong to the a-chains. In both figures, residues are labeled by their chain color. The

figures were made using MOLSCRIPT and RASTER3D (24, 25).

0 0o o
He—=+ ——
co; HSCMCO
9 10
SCHEME 2

not visible in the electron-density maps of the inactivated cis-
CaaD structure. It remains unclear whether the unstructured C
terminus of the inactivated enzyme is due to inactivation of the
enzyme by (R)-8 or to a crystallization artifact. Despite this, and
given the pH at which the inactivated enzyme was crystallized
(pH 7.5), Glu-114 is likely not protonated and in a position to
activate the nucleophilic water molecule (see below).
Differences between the cis-CaaD and CaaD Active Sites—
The cis-CaaD active site shows two significant differences com-
pared with that of CaaD inactivated by 3-bromopropiolate
(PDB entry 1S0Y, Fig. 3B) (5). The first difference is the pres-
ence of a new residue, His-28, involved in the binding of the
carboxylate group of the covalent adduct. Significantly, His-28
is conserved in the four sequences included in the cis-CaaD
family (1). In CaaD, the equivalent position is occupied by a
threonine (BThr-27). Second, the active site of cis-CaaD has a
tyrosine residue (Tyr-103’) that directly interacts with Glu-114.

2446 JOURNAL OF BIOLOGICAL CHEMISTRY

Arg70
Thr

Although the tyrosine is not con-
served and is present in only two of
the four cis-CaaD family sequences
(1), its proximity to Glu-114 and the
Pro-1 nitrogen suggests that it may
have a catalytic role, e.g. assisting
Glu-114 in the activation of the cat-
alytic water molecule. Indeed,
mutation of Tyr-103" has an effect
Pro on enzyme activity (see below).
Moreover, the presence of His-28
and Tyr-103’ in cis-CaaD, but not in
CaaD, could account for the indi-
vidual substrate specificities.

Structural Basis for the Substrate
Specificity of cis-CaaD—A compar-
ison of the structures of cis-CaaD
and CaaD offers an explanation for
their different substrate specificities
(Fig. 4). In cis-CaaD, the carboxylate
group of the substrate is bound by
the His-28/Arg-70/Arg-73 cluster,
such that the rest of the substrate in
the active site is oriented toward the
surface of the enzyme (Fig. 4A4). In
CaaD, the carboxylate group of the
substrate is bound by the aArg-8/
aArg-11 pair, with the remainder of
the substrate projecting deeper into
the active site (Fig. 4B). Thus, the
presence of an additional carboxy-
late-binding residue (His-28) in cis-
CaaD results in differences in the
orientation of the substrate in the
active site with respect to CaaD.
The substrate-binding pockets fit the shape of their respective
substrates (cf. 1 and 2), the pocket of cis-CaaD being more
U-shaped, whereas the pocket of CaaD is more elongated in
shape. One of the residues responsible for this shape difference
is Tyr-103’ (aVal-41 in CaaD). In CaaD, aVal-41 creates a
hydrophobic region allowing the 3-chloro moiety of the sub-
strate to bind between aPhe-39 and aPhe-50. The presence of
the larger Tyr-103’ residue in cis-CaaD effectively blocks the
binding of the 3-chloro group of a trans-substrate. Instead, a
pocket formed by the side chains of Thr-34, Leu-38, Leu-119,
and Arg70 could favor the binding of the 3-chloro moiety of a
cis-substrate. Thus, His-28 and Tyr-103’ in cis-CaaD appear to
be two determinants of the specificity of the enzyme.

The different shapes of the active site pockets may also be
responsible for the different efficiencies of CaaD and cis-CaaD
in hydrating 2-oxo-3-pentynoate (9, Scheme 2) (1, 3). Both
enzymes convert 9 to acetopyruvate (10), but the k_,/K,, of
CaaD is ~580-fold higher than that of cis-CaaD for this reac-
tion. The higher value is due to a ~100-fold greater k_,, com-
bined with a ~5.6-fold lower K, (1, 3). The linear acetylene
molecule is evidently accommodated more easily by the elon-
gated active site of CaaD than it is by the U-shaped active site of
cis-CaaD, as suggested by the different K, values. If 9 binds to

Met112
His28

yrio3'
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TABLE 2
Kinetic parameters for cis-CaaD and mutant proteins using 1
Enzyme Kot K, kel K,
st M sTimt
cis-CaaD” 1.7 0.1 55+ 6 3.1 X 10*
E114Q 0.020 = 0.006 43+0.2 4.6 X 10°
Y103F 0.13 £0.02 24+ 1.1 5.4 X 10*

“ The steady-state kinetic parameters were determined in 20 mm Na,HPO, buffer
(pH 9.0) at 23 °C. Errors are standard deviations. There was no detectable activity
for the H28A or the Y103F/E114Q mutant proteins.

CaaD in an orientation similar to that proposed for 2, then the
linear acetylene molecule would be directed into the active site.
In this proposed binding mode, the two arginine residues of
CaaD would interact with the 2-carbonyl oxygen as well as one
or both carboxylate oxygens of 9. If 9 binds to cis-CaaD in a
comparable mode to that proposed for 1, the linear acetylene
molecule would now be directed into the U-shaped cavity. Such
an orientation would not be a favorable one and may preclude
efficient binding and catalysis. The presence of Tyr-103" may
also interfere with the binding of 9.

Mutagenesis of His-28 and Tyr-103'—To investigate the
importance of Tyr-103’ and His-28 for the dehalogenation
reaction, the H28A, Y103F, and Y103F/E114Q mutants of cis-
CaaD were made and purified. Determination of their kinetic
parameters and comparison with the wild type and E114Q-cis-
CaaD activities showed that His-28 is essential for catalytic
activity, because the H28A mutant has no detectable activity in
the kinetic assay. Glu-114 is more important than Tyr-103’ as
assessed by their k_,, values (Table 2), but neither one is as
critical as His-28. However, the Glu-114/Tyr-103' pair is nec-
essary as indicated by the observation that the Y103F/E114Q
mutant has no detectable activity in the kinetic assay. Thus, it
can be concluded that the three residues His-28, Tyr-103’, and
Glu-114 are important for the cis-CaaD-catalyzed dehalogena-
tion of 1.

To assess the relative importance of the six active site resi-
dues identified to date (Pro-1, His-28, Arg-70, Arg-73, Tyr-
103’, and Glu-114) to cis-CaaD activity, the reactions catalyzed
by the individual mutant proteins (P1A, H28A, R70A, R73A,
Y103F, and E114Q) and the double mutant protein (Y103F/
E114Q) were examined by 'H NMR spectroscopy at 17 or 22 h,
and the amount of product was quantified. Both the Y103F-
and E114Q-catalyzed reactions were 100% complete at 17 h,
whereas the H28A-catalyzed reaction was only 85% complete at
22 h. In contrast, the R70A-catalyzed reaction showed only a
trace of product, the R73A reaction mixture generated ~1%
product, and the P1A reaction mixture yielded ~4% product at
17 h. The reaction mixture containing the double mutant pro-
tein (Y103F/E114QQ) resulted in ~6% product (at 17 h). The
NMR analysis, which is consistent with the kinetic data
reported here and elsewhere (1), suggests that Pro-1, Arg-70,
and Arg-73 are the most essential catalytic residues in cis-CaaD.
Hence, substrate activation and protonation at C2 may be more
critical for the dehalogenation reaction than the activation of
water.

Mechanism of Inactivation of cis-CaaD by (R)-8—1It has pre-
viously been shown that inactivation of cis-CaaD by (R)-8
requires Pro-1, Arg-70, and Arg-73 (10). In contrast, the E114Q
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mutant protein is alkylated by (R)-8 indicating that Glu-114 is
not essential for the inactivation reaction. These observations
are consistent with a mechanism for covalent modification
involving the nucleophilic attack of Pro-1 at C2 or C3 of (R)-8
concomitant with the formation of a hydrogen bond between
the oxirane oxygen and a nearby proton donor or protonation
of the oxirane oxygen by a proton source (10).

The present crystal structure of the inactivated cis-CaaD
establishes the C3 position of (R)-8 as the site of nucleophilic
attack by Pro-1. The structure also shows that the carboxylate
group of the adduct interacts with the side chains of His-28,
Arg-73, and the backbone nitrogen atom of Arg-70 (Fig. 3A).
The side chain of Arg-70 interacts only indirectly, via a water
molecule, with the hydroxyl and carboxylate groups of the
inhibitor. These observations suggest that Arg-73 and His-28
are predominantly involved in the binding of the carboxylate
group and that Arg-70 may facilitate ring opening by direct
interaction with the epoxide oxygen or by placing a water mol-
ecule in position to interact with the epoxide oxygen. Further-
more, the interactions of Arg-70 and the His-28/Arg-73 pair
with the covalent adduct suggest that prior to inactivation (R)-8
was positioned in the active site with the oxirane oxygen near
Arg-70 and the C3 atom proximal to Pro-1 (Scheme 3A). If the
(S)-enantiomer of 8 binds to cis-CaaD with similar interactions
between the carboxylate group and Arg-73 and His-28, the C3
carbon atom would be directed away from Pro-1 and toward
Arg-70 (Scheme 3B). This binding mode precludes alkylation of
Pro-1 but could result in competitive inhibition, which has been
observed experimentally (10).

The proposed binding mode also provides a reasonable
explanation for the fact that CaaD is not inactivated by either
enantiomer of 8. CaaD lacks His-28 (or an equivalent) in the
active site so that the carboxylate group of 8 might interact with
both arginines (in this case, aArg-8 and aArg-11), similar as
observed in the crystal structure of inactivated CaaD (Fig. 3B).
Because both arginines are now involved in binding the carbox-
ylate group, this would prevent one of the arginines from func-
tioning as the required proton donor assisting in the ring open-
ing reaction of the epoxide moiety. Such a binding mode could
again lead to competitive inhibition, which has been observed
experimentally. This analysis implicates His-28 as a critical res-
idue that makes cis-CaaD, but not CaaD, subject to irreversible
inhibition.

Mechanism of the Dehalogenation of 1—The crystallographic
observations and mutagenesis results described above along
with work discussed elsewhere (1) identify and establish the
relative importance of Pro-1, His-28, Arg-70, Arg-73, Tyr-103’,
and Glu-114 in the cis-CaaD catalytic mechanism (Scheme 4).
The mechanism can be broken down into three components:

A.
Arg-70

SCHEME 3
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activation of water by Glu-114 and Tyr-103'; activation and
alignment of substrate by His-28, Arg-70, and Arg-73; and pro-
tonation at C2 by Pro-1. Our results show that the individual
contributions of the residues in substrate activation and proto-
nation are more important to catalysis than those involved in
the activation of water.

The structures of the native and inactivated enzyme suggest
that Tyr-103' is in a position to assist Glu-114 in the activation
of a water molecule for attack at C3 of 1. A specific role cannot
be assigned to Tyr-103’, but three possibilities exist. Tyr-103’
can position the water molecule or the carboxylate group of
Glu-114, assist in activation of the water molecule (as shown in
Scheme 4), or any possible combination. All of these roles are
consistent with the diminished &, of the Y103F mutant pro-
tein, but the function of Glu-114 is clearly more important than
that of Tyr-103’ in water activation. Removing both residues
does, however, severely compromise cis-CaaD activity.

The structures also suggest that the His-28/Arg-70/Arg-73
cluster assists in the binding and activation of the substrate by
interacting with the oxygen atoms of the C-1 carboxylate group.
The three residues likely polarize the carboxylate group, which
results in a partial positive charge at C3, which, in turn, facili-
tates the addition of water. The specific interactions between
the His-28/Arg-70/Arg-73 cluster and the carboxylate group
are not known, but they may parallel those observed in the
structure of the inactivated enzyme (Fig. 3A). The individual
contributions of Arg-70 and Arg-73 are clearly essential for
activity, while that of His-28 is less so.

After water addition, the enzyme-stabilized enediolate inter-
mediate 3 can undergo two equally plausible fates (Scheme 4, A
and B) (1, 10). As shown in Scheme 4A4, enediolate 3 can keton-
ize with protonation at C2 by Pro-1. The resulting chlorohydrin
intermediate (i.e. 4) can then undergo an enzyme-catalyzed or a
non-enzymatic process to produce 5. Alternatively, enediolate
3 can ketonize with elimination of the chloride ion (Scheme

2448 JOURNAL OF BIOLOGICAL CHEMISTRY

4B). Ketonization of 6 and protonation at C2 by Pro-1 yields 5.
The available data do not allow us to favor one pathway over the
other, but the protonation step is an essential component of
both, with a key feature being the pK, of Pro-1. The pH rate
profile of cis-CaaD implicates a group on the free enzyme with
apK,0f9.3(10), similar to what has been found for CaaD (a pK,
of 9.2). Although in CaaD the group with the pK,, of 9.2 was
assigned to B-Pro-1 by NMR titration, such an assignment has
not been done for cis-CaaD. However, like that of CaaD, the
environment of Pro-1 in cis-CaaD is consistent with such a pK,,
with the presence of the charged and polar side chains of Glu-
114 and Tyr-103’ to stabilize the positive charge on the Pro-1
nitrogen atom. Thus, the observed environment of Pro-1 is in
agreement with a role as a general acid catalyst.

Evolutionary Implications—The conservation of the B-a-f8
building block and the four essential catalytic residues suggests
that CaaD and cis-CaaD are related by divergent evolution from
a common ancestor. The different oligomer structures and low
sequence identity would further suggest that the two enzymes
diverged quite some time ago. Two scenarios can be envisioned:
in one, cis-CaaD evolved from a direct ancestor of CaaD,
whereas in the other, CaaD and cis-CaaD evolved independ-
ently. A gene duplication event of a small gene encoding the
B-a-B structural motif followed by co-evolution of the two
genes could give rise to CaaD. cis-CaaD could then have
diverged from these two genes (and thus from the direct ances-
tor of CaaD), by a second duplication event of the two genes
followed by gene fusion. In this scenario, the two enzymes have
a single evolutionary lineage. Alternatively, cis-CaaD might
have evolved from an independent gene duplication event of
the small gene followed by gene fusion. In this scenario, CaaD
and cis-CaaD evolved independently. The presence of His-28
and Tyr-103' in the cis-CaaD active site and the low sequence
identity between CaaD and cis-CaaD implicate the second sce-
nario, which is consistent with our previously reported phylo-
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genetic analysis (1). Hence, the last common ancestor of CaaD
and cis-CaaD was probably a small gene encoding the B-a-f3
structural motif.
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