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ABSTRACT: cis-3-Chloroacrylic acid dehalogenase (cis-
CaaD) from Pseudomonas pavonaceae 170 and a homologue
from Corynebacterium glutamicum designated Cg10062 are
34% identical in sequence (54% similar). The former catalyzes
a key step in a bacterial catabolic pathway for the nematocide
1,3-dichloropropene, whereas the latter has no known
biological activity. Although Cg10062 has the six active site
residues (Pro-1, His-28, Arg-70, Arg-73, Tyr-103, and Glu-
114) that are critical for cis-CaaD activity, it shows only a low
level cis-CaaD activity and lacks the specificity of cis-CaaD:
Cg10062 processes both isomers of 3-chloroacrylate with a preference for the cis isomer. The basis for these differences is
unknown, but a comparison of the crystal structures of the enzymes covalently modified by an adduct resulting from their
incubation with the same inhibitor offers a possible explanation. A six-residue active site loop in cis-CaaD shows a conformation
strikingly different from that observed in Cg10062: the loop closes down on the active site of cis-CaaD, but not on that of
Cg10062. To examine what this loop might contribute to cis-CaaD catalysis and specificity, the residues were changed
individually to those found in Cg10062. Subsequent kinetic and mechanistic analysis suggests that the T34A mutant of cis-CaaD
is more Cg10062-like. The mutant enzyme shows a 4-fold increase in Km (using cis-3-bromoacrylate), but not to the degree
observed for Cg10062 (687-fold). The mutation also causes a 4-fold decrease in the burst rate (compared to that of wild-type cis-
CaaD), whereas Cg10062 shows no burst rate. More telling is the reaction of the T34A mutant of cis-CaaD with the alternate
substrate, 2,3-butadienoate. In the presence of NaBH4 and the allene, cis-CaaD is completely inactivated after one turnover
because of the covalent modification of Pro-1. The same experiment with Cg10062 does not result in the covalent modification
of Pro-1. The different outcomes are attributed to covalent catalysis (using Pro-1) followed by hydrolysis of the enamine or imine
tautomer in cis-CaaD versus direct hydration of the allene to yield acetoacetate in the case of Cg10062. The T34A mutant shows
partial inactivation, requiring five turnovers of the substrate per monomer, which suggests that the direct hydration route is
favored 80% of the time. However, the mutation does not alter the stereochemistry at C-2 of [2-D]acetoacetate when the
reaction is conducted in D2O. Both cis-CaaD and the T34 mutant generate (2R)-[2-D]acetoacetate, whereas Cg10062 generates
mostly the 2S isomer. The combined observations are consistent with a role for the loop region in cis-CaaD specificity and
catalysis, but the precise role remains to be determined.

cis-3-Chloroacrylic acid dehalogenase (cis-CaaD) in Pseudomo-
nas pavonaceae 170 is part of a catabolic pathway for the cis
isomer of the nematocide 1,3-dichloropropene [1 (Scheme
1)].1−3 The enzyme catalyzes the conversion of the cis-3-
chloro- or 3-bromoacrylate (2 or 3, respectively) to malonate
semialdehyde (4).4 An enzyme-catalyzed decarboxylation
follows to yield acetaldehyde (5), which can feed into the

Krebs cycle.5 cis-CaaD is a member of the tautomerase
superfamily, exhibiting the characteristic β−α−β fold and the
catalytic amino-terminal proline.4,6−8

Kinetic, mechanistic, mutagenic, and structural studies have
delineated the key elements of the mechanism for the cis-CaaD-
catalyzed reaction (Scheme 2).4,9−13 In this mechanism, Glu-
114 activates a water molecule for attack at C-3 of the
substrate.9 The position of Tyr-103 near Glu-114 in the crystal
structure suggests that it might assist Glu-114 in the activation
of water. Arg-70, Arg-73, and His-28 are proposed to interact
with the C-1 carboxylate group (in an unknown manner). This
interaction binds the substrate and polarizes the α,β-
unsaturated acid to facilitate the addition of water to C-3.
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Scheme 1. Last Two Steps in the Catabolic Pathway for cis-
1,3-Dichloropropene in P. pavonaceae 170
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Addition of water at C-3 produces aci-carboxylate 6, which can
generate product 4 by one of two plausible routes. In one route,
the aci-carboxylate collapses and picks up a proton from Pro-1
at C-2 to yield the halohydrin 7 (Scheme 2, route A). Expulsion
of the halide results in 4. Alternatively, 6 can eliminate HX in
an α,β-elimination reaction to afford enol 8, which ketonizes to
generate 4 (Scheme 2, route B). Again, Pro-1, functioning as a
general acid, provides the proton at C-2. Both routes are
possible and, thus far, indistinguishable.
The Corynebacterium glutamicum enzyme designated

Cg10062 belongs to the cis-CaaD family based on sequence
analysis (34% pairwise sequence identity and 54% similarity)
and the conservation of Pro-1, His-28, Arg-70, Arg-73, Tyr-103,
and Glu-114.14 Although Cg10062 processes 2 and 3, it does
not convert them to 4 very efficiently (as assessed by the kcat/
Km values).14−16 The activity might also not be biologically
relevant because the surrounding genes do not encode the
enzymes in the 1,3-dichloropropene catabolic pathway or
homologues of these enzymes. Cg10062 catalyzes the
dehalogenation of 2 and 3 with kcat values comparable to
those of cis-CaaD, but it exhibits very poor substrate affinity, as
indicated by the ∼102-fold increase in the Km value (using 2).
Moreover, it processes both the cis and trans isomers of 2,
whereas cis-CaaD exhibits a high degree of specificity,
completely excluding the trans isomer.
The basis for the differences between Cg10062 and cis-CaaD

is not known. A comparison of the crystal structures of the
“native” forms (bound sulfate or phosphate) for both enzymes
does not show any obvious differences in the active site regions
or elsewhere.9,10,12 Indeed, the proteins are very similar and
align with a root-mean-square deviation (rmsd) of <1 Å.
However, a comparison of the crystal structures of the two
enzymes following their covalent modification at Pro-1 by the
adduct resulting from the incubation of enzyme and the
irreversible inhibitor, (R)-oxirane-2-carboxylate, is much more
informative. The native and inhibited structures of Cg10062 do
not show significant structural differences [Protein Data Bank
(PDB) entries 3N4G and 3N4D, respectively].12 However, an
active site six-residue loop in cis-CaaD, (Thr-32−Phe-37),
exhibits a striking shift following covalent modification,
adopting a more “closed” conformation (Figure 1A,B) (PDB
entries 3MF8 and 3MF7).9,10 Moreover, a pre-steady-state
kinetic analysis of cis-CaaD suggests that substrate binding is
accompanied by a concomitant isomerization of the enzyme,
which could correspond to the closed state of the enzyme and
the movement of the loop.12 These observations suggest that
this loop is flexible and could play a role in the specificity and
mechanism of cis-CaaD.

To determine whether one or more loop residues are
responsible for the observed differences in substrate specificity
(for 3) and catalysis, the effects of the individual replacements
of six amino acids of the cis-CaaD active site loop (Thr-Gly-
Thr-Gln-His-Phe) with those of Cg10062 (Ala-His-Ala-Pro-
Lys-Tyr) were examined. Steady-state kinetic parameters and
the dissociation constants (KD) of product bromide, for each
mutant, were determined. One mutant (T34A-cis-CaaD)
showed higher Km (3) and KD (bromide) values. In light of
the increased Km value, additional mechanistic studies were
conducted with the T34A mutant of cis-CaaD, including pre-
steady-state burst (rapid quench) experiments with 3 and
trapping experiments utilizing an alternative substrate, 2,3-
butadienoate [9 (Scheme 3)]. A stereochemical analysis of the
reaction was also conducted. The results are compared to those
obtained with both wild-type cis-CaaD and Cg10062. Finally, in
silico docking studies (Autodock Vina) for substrate 2 with both

Scheme 2. Proposed Mechanism for cis-CaaD with the Key Amino Acids Identified

Figure 1. Active site loop of cis-CaaD (green, Thr-32−Phe-37) for the
apoenzyme (A) that adopts (gray arrows) a more closed conformation
following covalent modification of the active site Pro-1 residue (B)
(PDB entries 3MF8 and 3MF7, respectively). Loop residue Gln-35 is
shown for comparative purposes.
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cis-CaaD and Cg10062 were conducted to provide further
insight into possible roles of this residue in binding.

■ EXPERIMENTAL PROCEDURES

Materials. Chemicals, biochemicals, Luria-Bertani (LB)
medium components, and molecular biology reagents were
obtained from sources reported elsewhere17,18 or as indicated
below. Sodium bromide and sodium phosphate buffer salts
were at least 99.99% pure, as indicated by the manufacturer.
2,3-Butadienoate (9) was synthesized according to published
methods.19 The DEAE-Sepharose and Phenyl-Sepharose 6 Fast
Flow resins used for protein purification were obtained from
Sigma-Aldrich Chemical Co. (St. Louis, MO). The Econo-
Column chromatography columns were obtained from Bio-Rad
(Hercules, CA). The Amicon stirred cell concentrators and the
YM10 ultrafiltration membranes were purchased from Millipore
Corp. (Billerica, MA). Malonate semialdehyde decarboxylase
(MSAD) was purified as described previously.5

Bacterial Strains, Plasmids, and Growth Conditions.
Escherichia coli strain BL21-Gold(DE3) was obtained from
Agilent Technologies (Santa Clara, CA). E. coli DH5α cells
were obtained from Invitrogen (Carlsbad, CA). The con-
struction of the pET-24a(+) vector containing the gene for cis-
CaaD and the pET3b vector containing the gene for Cg10062
is described elsewhere.14,16

General Methods. Techniques for restriction enzyme
digestion, ligation, transformation, and other standard molec-
ular biology manipulations were based on methods described
elsewhere.20 PCR amplifications were conducted in a GeneAmp
2700 thermocycler (Applied Biosystems, Carlsbad, CA). DNA
sequencing was performed by the DNA Core Facility in the
Institute for Cellular and Molecular Biology (ICMB) at the
University of Texas at Austin. Mass spectral data were collected
in the ICMB Protein and Metabolite Analysis Facility at the
University of Texas at Austin on an LCQ electrospray ion-trap
mass spectrometer (Thermo, San Jose, CA). Steady-state
kinetic assays were performed on an Agilent 8453 diode-array
spectrophotometer at 22 °C. Nonlinear regression analysis was
performed using Grafit (Erithacus Software Ltd., Staines, U.K.).
Protein concentrations were determined according to the
method of Waddell.21 Sodium dodecyl sulfate−polyacrylamide
gel electrophoresis (SDS−PAGE) was conducted on denatur-
ing gels (12%).22

Site-Directed Mutagenesis of cis-CaaD. cis-CaaD
mutants were constructed using a pET-24a(+) vector
containing the cis-CaaD gene as the template. Mutations were
introduced with the QuikChange Site-Directed Mutagenesis Kit
(Agilent Technologies) following the manufacturer’s specifica-

tions. Mutagenic oligonucleotide primers (coding and comple-
mentary) for the T32A-, G33H-, T34A-, Q35P-, H36K-, and
F37Y-cis-CaaD mutants were obtained from Invitrogen. The
forward and reverse primers for these mutants were GACG-
CGCACAGGGGACTGGCTGGAACCCAGCACTTCCTG-
GCC and GGCCAGGAAGTGCTGGGTTCCAGCCAGTC-
CCCTGTGCGCGTC for the T32A mutant, GCGCACAGG-
GGACTGACTCATACCCAGCACTTCCTGGCC and
GGCCAGGAAGTGCTGGGTATGAGTCAGTCCCCTGT-
GCGC for the G33H mutant, GGACTGACTGGAGCCCAG-
CACTTCC and GGAAGTGCTGGGCTCCAGTCAGTCC
for the T34A mutant, GACTGGAACCCCGCACTTCCTG-
GC and GCCAGGAAGTGCGGGGTTCCAGTC for the
Q35P mutant, GGAACCCAGAAATTCCTGGCCC and GG-
GCCAGGAATTTCTGGGTTCC for the H36K mutant, and
CCCAGCACTACCTGGCCCAGG and CCTGGGCCAG-
GTAGTGCTGGG for the F37Y mutant, respectively. The
mutation is underlined in each primer. The DNA products
were purified using the MinElute PCR Purification Kit (Qiagen,
Valencia, CA) and transformed into E. coli DH5α cells for
plasmid preparation. Single colonies were used to inoculate 20
mL of LB medium containing kanamycin (30 μg/mL). The
cultures were grown overnight at 37 °C, and plasmids were
isolated using the GenElute Plasmid Miniprep Kit (Sigma-
Aldrich).

Expression and Purification of cis-CaaD Mutants.
Plasmids containing the genes for the cis-CaaD mutants were
transformed into E. coli BL21-Gold (DE3) competent cells. LB
medium (2 L) containing kanamycin (30 μg/mL) was
inoculated using ∼24 mL of an overnight culture (37 °C)
from a single colony and incubated for ∼2 h at 37 °C. Protein
expression was induced with isopropyl β-D-thiogalactoside
(final concentration of 1 mM), followed by a 4 h induction
period (37 °C). Cells were harvested by centrifugation (4000g),
with yields ranging from 3.5 to 5.5 g, and stored overnight at
−80 °C. Cells were suspended in 10 mM Na2HPO4 buffer (pH
8) (buffer A) and lysed by sonication.4 The resulting solution
was centrifuged for 30 min (23500g), and the supernatant was
subjected to centrifugation (330000g) for an additional 30 min.
The clarified supernatant was filtered (0.2 μM pore) and loaded
onto a DEAE-Sepharose column (1 cm × 10 cm, ∼8 mL of
resin) pre-equilibrated with buffer A. The column was washed
(∼1 mL/min) with 20 mL of buffer A followed by a linear salt
gradient (0 to 0.5 M Na2SO4, 100 mL). Protein typically elutes
from 18 to 30 min after initiation of the salt gradient. Protein
purity in the individual fractions was evaluated by SDS−PAGE
and activity assays. Fractions with the highest purity and activity
were pooled, and (NH4)2SO4 (final concentration of 1 M) was

Scheme 3. Conversion of 9 to [2-D]10 by Cg10062 and the T34A Mutant of cis-CaaD in D2O and the Subsequent Analysis of
the Stereochemistry at C-2
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added. After the resulting solution had been stirred on ice for 1
h, it was filtered (0.2 μM pore) and loaded onto a Phenyl-
Sepharose 6 Fast Flow column (0.5 cm × 10 cm, ∼3.5 mL of
resin) pre-equilibrated with buffer A containing 1 M
(NH4)2SO4 (buffer B). The column was washed with buffer
B to elute the remaining protein. Protein typically elutes during
sample loading (after 2 column volumes) with the highest
protein concentrations in the next four fractions (2 mL each).
The appropriate fractions were pooled, exchanged into buffer
A, concentrated to ∼20 mg/mL using an Amicon concentrator
[10000 molecular weight (MW) cutoff], and stored at 4 °C.
Yields were typically ∼150 mg of pure protein from 2 L of
culture. The molecular masses of the mutant proteins were also
determined by mass spectral analysis and are reported in Table
S1 of the Supporting Information, along with the calculated
masses.
Expression and Purification of Cg10062. The pET3b

vector containing the gene for Cg10062 was transformed into
E. coli BL21-Gold (DE3) competent cells. LB medium (2 L)
containing ampicillin (100 μg/mL) was inoculated using ∼24
mL of an overnight culture (37 °C) from a single colony and
incubated for ∼8 h at 37 °C. Cells were harvested by
centrifugation (4000g), with a yield of 10.5 g, and stored
overnight at −80 °C. Cell lysis and protein purification were
conducted using the procedures described above for the cis-
CaaD mutants, with the following modifications. The pooled
fractions from the DEAE column purification were treated with
(NH4)2SO4 (1.5 M), and the phenyl column was pre-
equilibrated with buffer A containing 1.5 M (NH4)2SO4 (buffer
C). After protein had been loaded, the column was washed with
10 mL of buffer C. Protein typically elutes during sample
loading (after 3 column volumes) with the highest protein
concentrations in the next four fractions (2 mL each). The
appropriate fractions were pooled, exchanged into buffer A,
concentrated to ∼19 mg/mL using an Amicon concentrator
(10000 MW cutoff), and stored at 4 °C. The purification
yielded ∼100−300 mg of pure protein from 2 L of culture.
Typically, the molecular subunit mass ranged from 17098.0 to
17100.0 Da (calcd, 17097.2 Da), which is within experimental
error of those found previously.14,15

Steady-State Kinetic Parameters. Purified proteins were
exchanged into 100 mM Na2HPO4 buffer (pH 8) using an
Amicon concentrator (10000 MW cutoff) for kinetic analysis.
For all steady-state assays, protein was diluted to 2 μM (based
on monomer mass) and allowed to equilibrate for ∼1 h. Stocks
of cis-3-bromoacrylic acid (3, 20 or 50 mM) were made using
appropriate ratios of dibasic (100 mM) and tribasic (100 mM)
phosphate buffer at a final pH of 8. Assays (1 mL) were
initiated by the addition of 0−12 μL of a concentrated stock
solution (final concentrations of 0−500 μM). The decrease in
UV absorbance (ε224 = 3600 M−1 cm−1) was monitored for the
first 40 s of the reaction. Initial rates were determined from the
first 16 s of the reaction, plotted versus substrate concentration,
and fit to the Michaelis−Menten equation to calculate the
steady-state parameters kcat and Km. The full kinetic time course
was also monitored over a 5 min period (data not shown).
The steady-state kinetic rate parameters for the T32A (final

concentration of 1.4 μM) and T34A (final concentration of 0.2
μM) mutants of cis-CaaD were determined using a coupled
assay14,15 containing MSAD, aldehyde dehydrogenase, and
NAD+. Assays (1 mL) were conducted in 100 mM phosphate
buffer (pH 8, 22 °C) using various concentrations of 3 (0−
10000 μM). Steady-state kinetic parameters for Cg10062 (2

μM) with 3 were also determined using a coupled assay
containing MSAD (0.07 mg, 4 μL of an 18 mg/mL stock
solution), alcohol dehydrogenase (0.12 mg, 20 μL of a 6 mg/
mL stock solution), and NADH (160 μM, 20 μL of a 6 mg/mL
stock solution, ε340 = 6220 M−1 cm−1) in 100 mM phosphate
buffer (pH 8).
The steady-state kinetic parameters for Cg10062 (final

concentration of 0.175 μM) and the T34A mutant of cis-CaaD
(final concentration of 1.6 μM) with 2,3-butadienoate (9) were
determined [100 mM phosphate buffer (pH 8)] by following
the decrease in UV absorbance at 224 nm (ε224 = 1125 M−1

cm−1)13 and 255 nm (ε255 = 160 M−1 cm−1), respectively.
Because the T34A mutant of cis-CaaD has a higher Km value
using 9, the reaction was followed at 255 nm where the
absorbance of 9 remained linear at higher concentrations.

Determination of the Bromide Dissociation Constants
(KD). Stopped-flow fluorescence experiments were previously
conducted using the intrinsic protein fluorescence of cis-CaaD
to monitor pre-steady-state substrate turnover.12 Here, the
change in enzyme fluorescence was monitored (duration of 1 s)
as a function of increasing product bromide concentration in
phosphate buffer (100 mM) at pH 8. Enzyme (20 μM before
mixing, equilibrated for 1 h) and NaBr solutions (0−100 mM
before mixing) were mixed in a 1:1 ratio in the stopped-flow
instrument (dead time of 1.3 ms). All experiments were
conducted on an SF 2004 series stopped-flow apparatus
(Kintek Corp., Austin, TX) at 22 °C. The fluorescence was
excited at 280 nm with the monochromator and light filter slit
widths set at 0.28 mm. Emission was observed using a 340 nm
band-pass filter (Semrock, Rochester, NY). Fluorescent traces
represent an average of at least five individual runs (1000 data
points each). To determine the dissociation constant (KD) for
bromide, the steady-state fluorescence end points of each
transient were plotted versus bromide concentration [X] and fit
to eq 1

= + Δ
+

⎛
⎝⎜

⎞
⎠⎟F F F

K
[X]

[X]0
D (1)

where F is the observed fluorescence, F0 is the initial
fluorescence, and ΔF is the total change in fluorescence
intensity. The stopped-flow data were also fit by simulation
with KinTek Explorer23 using the fitted constants from eq 1 as
constraints.
The bromide dissociation constant for wild-type cis-CaaD

was also determined by equilibrium fluorescence titration using
the TMX-1000 Titration Module on the SF 2004 series
stopped-flow apparatus (Kintek Corp.) at 22 °C. A 100 mM
bromide solution was slowly added (total volume of 0.035 mL)
from a 0.05 mL Hamilton syringe to 0.24 mL of a stirred
solution containing cis-CaaD (10 mM) over 5 min. All solutions
were created in 100 mM phosphate buffer (pH 8). The
experiment was repeated five times; each trace was fit to eq 1,
and the fitted parameter values were averaged.

Rapid Quench Experiments. Rapid quench experiments
(22 °C) were conducted in phosphate buffer (100 mM, pH 8)
on a KinTek RQF-3 Rapid Quench Flow apparatus, according
to previously published methods.12 In brief, excess substrate 3
(10 mM after mixing) was mixed in a 1:1 ratio with enzyme
(0.125 and 0.15 mM after mixing for wild-type and T34A-cis-
CaaD, respectively), and the reaction was quenched with
H2SO4 (0.6 M) after varying periods of time (0.006−1.5 s). A
minimum of 25 time points were collected for each experiment.
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Additional rapid quench experiments were also conducted with
Cg10062 (0.5 mM after mixing) and 3 (10 mM after mixing) at
15 different time points between 0.1 and 2.4 s. Product
bromide concentrations were determined by ion chromatog-
raphy (IC) on an ICS-1500 ion chromatography system
(Dionex Corp., Bannockburn, IL), as described previously.12

The data were fit to the burst equation (eq 2),

= + +λ−A k t C[P] e t
obs ss (2)

where [P]obs is the observed concentration of product bromide,
A is the burst amplitude (A0) multiplied by the active enzyme
concentration ([E]0), λ is the burst rate constant, kss is the
steady-state turnover rate (which approaches kcat at saturating
substrate concentrations) multiplied by the active enzyme
concentration ([E]0), and C is a constant.12,24

Stereochemical Analysis of [2-D]10. The stereochemical
analysis of [2-D]acetoacetate ([2-D]10), generated by the
reaction of Cg10062 or the T34A mutant of cis-CaaD with 2,3-
butadienoate or allene 9, was conducted as described previously
for cis-CaaD,13 with the following modifications. A solution of 9
(40 mg, 0.48 mmol), dissolved in 100 mM Na3PO4 buffer made
up in D2O, was processed as described to exchange protons
with deuterons. The resulting residue was dissolved in 2 mL of
D2O to generate a stock solution. A 200 μL aliquot of this
solution was mixed with a 200 μL aliquot of a 100 mM
Na2DPO4 buffer solution (in D2O) to maintain a neutral pH.
The mixture was then combined with 200 μL of an enzyme
solution (Cg10062 or the T34A mutant of cis-CaaD),
previously exchanged in D2O. The final concentrations were
as follows: 79.4 mM allene 9 (4 mg), 0.14 mM Cg10062, and
0.37 mM T34A-cis-CaaD. A total of five reaction mixtures were
made for each enzyme. After 3 min, a 50 μL aliquot of NaBH4
(2.6 M solution made up in D2O) was added to the individual
reaction mixtures. The procedure then followed the one used
for the stereochemical analysis of cis-CaaD.13 Accordingly, the
diastereomeric mixture of the corresponding alcohol [2-D]-3-
hydroxybutyate (11) was recovered by anion exchange
chromatography, and the 3R isomer of [2-D]11 was removed
by enzymatic means (D-β-hydroxybutyrate dehydrogenase and
acetoacetate decarboxylase). The remaining isomer, (3S)-[2-D]
11, was isolated and analyzed by 1H nuclear magnetic
resonance (NMR) spectroscopy. Comparison to the known
spectra for (2S,3S)- or (2R,3S)-[2-D]11 was used to assign the
stereochemistry at C-2 of [2-D]10.13

Reaction of the T34A Mutant of cis-CaaD with 9 and
NaCNBH3. Reaction mixtures (100 μL) contained NaCNBH3
[20 μL of a 1.6 M stock solution in 100 mM Na2HPO4 buffer
(pH 8)] and the T34A mutant of cis-CaaD (30 μL of a 0.34

mM stock solution, 0.56 mg total) in 100 mM Na2HPO4 buffer
(pH 8). The addition of varying amounts of 9 [0−50 μL of a 10
mM stock solution in 100 mM Na2HPO4 buffer (pH 8)]
initiated the reactions. To ensure completion of the reaction,
the mixtures were incubated overnight and the remaining
enzymatic activity was determined using 2, as described
previously.13 Assay mixtures (1 mL) contained 5 μL of the
incubation mixture and 10 μL of 2 [100 mM, made up in 100
mM phosphate buffer (pH 8)]. Initial rates for substrate loss
(ε224 = 3600 M−1 cm−1), monitored for increasing periods of
time (1−15 min) depending on the amount of 9, were
determined (in triplicate) by linear regression. The number of
equivalents of 9 required for complete inhibition was estimated
by fitting a plot of percent activity versus equivalents of 9 (per
enzyme monomer) to a modified form of the quadratic
equation (Text S1 of the Supporting Information).
The number of equivalents of 9 processed by the T34A

mutant of cis-CaaD prior to complete inhibition in the presence
of NaBH4 was also determined by 1H NMR spectroscopy. A 10
mL solution of T34A-cis-CaaD (780 μM based on the
monomer molecular mass, 130 mg total) was exchanged into
10 mM phosphate buffer (pH 8) using an Amicon concentrator
(10000 MW cutoff). This process was repeated five times. An
aliquot (66.7 μL) of a NaBH4 stock solution [2.6 M made up in
100 mM phosphate buffer (pH 8)] was added to the enzyme
solution followed by a 5 min incubation period. A total of 0.6
mL of a stock solution containing 9 [79.4 mM made up in 100
mM phosphate buffer (pH 8)] was then added to the reaction
mixture in 100 μL aliquots (with stirring) over 2 min (final
concentration of 4760 μM). The enzymatic activity of the
solution was monitored using 1 μL aliquots (using the assay
described above) until <5% activity remained. The enzyme was
removed by filtration (Amicon concentrator, 10000 MW
cutoff), and the filtrate was evaporated to dryness. The
resulting sample was reconstituted with D2O and evaporated
to dryness. This process was repeated three times to completely
exchange the sample into D2O. The

1H NMR spectrum (400
MHz) was obtained in D2O, and the final ratio of 11 (from the
reduction of 10 to alcohol 11)13 to remaining starting material
(9) was determined. Control experiments with 9 alone under
identical conditions did not show the presence of any alcohol,
11 (or 10), by 1H NMR spectroscopy, following an overnight
incubation period. Additional control experiments with wild-
type cis-CaaD and 9 (identical conditions) were also conducted
as described above.

In Silico Docking Studies. Docking studies were
performed using Autodock Vina25 and PyMOL26 version 1.2
with an Autodock plugin27 for PyMOL, an interface (developed

Figure 2. Sequence alignment of cis-CaaD with five selected homologues containing all six catalytically critical residues and >40% similar sequences:
Cg10062 from C. glutamicum (NP_599314.1), DiOT from Desulfurispirillum indicum S5 [YP_004113436.1 (putative 4-OT)], MaCCD from
Marinobacter adhaerens HP15 (ADP98628.1), MsCCD from Mycobacterium smegmatis strain MC2 155 [YP_887666.1 (OrfY4/MsCCH128)], and
MiCCD from Mycobacterium intracellulare ATCC 13950 (ZP_05227338.1). The last three entries are annotated as putative cis-3-chloroacrylic acid
dehalogenases. For the sake of clarity, only partial sequences are are shown and only two of the six catalytically critical residues are found in the first
60 residues shown.
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on Linux) that utilizes MGLTools version 1.5.4 and NumPy
version 1.3. The crystal structures for cis-CaaD and Cg10062
(PDB entries 2FLZ and 3N4G, respectively) were used as rigid
receptors, following the removal of all water molecules. A
structural alignment of both receptors was executed in PyMOL.
Marvin (version 5.4.1.1, 2010, ChemAxon, http://www.
chemaxon.com) was used to generate the flexible ligand, cis-
3-chloroacrylate (2), in the mol2 (3D) file format. Search space
for docking was a 15 Å box centered about the Pro-1 residue of
each active site. In addition to the energy scoring function of
Vina, results were evaluated by the goodness of fit of the
docked ligand within the active site volume.

■ RESULTS
Loop Analysis. The six-residue loop in cis-CaaD connects

the α-helix (α) and the second β-sheet (β2) of the tautomerase
superfamily common β−α−β building block.9 A sequence
alignment of cis-CaaD and Cg10062 (first two entries, Figure 2)
shows a high degree of sequence conservation in the leading
helix (α) and the trailing β-sheet (β2), but no common amino
acids in the loop region (boxed area, Figure 2). A BLAST
search using the cis-CaaD sequence identified several additional
putative family members,28 with representative sequences
(from different species) for the most significant hits shown in
Figure 2. A comparison of the loop region sequences (shaded
portion) indicates that Ala-32 and His-33 in Cg10062 and Thr-
34 and Gln-35 in cis-CaaD appear to be unique to these two
enzymes. Moreover, the otherwise strict conservation of a
proline residue at position 35 (caret, Figure 2) extends
throughout the tautomerase superfamily, including trans-3-
chloroacrylic acid dehalogenase (CaaD),29,30 4-oxalocrotonate
tautomerase (4-OT),31 macrophage migration inhibitory factor
(MIF),32 5-(carboxymethyl)-2-hydroxymuconate isomerase
(CHMI),31 and MSAD.5 In addition, a structural alignment
of the apo forms of cis-CaaD and Cg10062 reveals that the
backbone traces of the two loop regions are very similar, with
only a slight deviation near residues 32 and 33 (Figure 3A).
This may reflect the fact that the side chain hydroxyl moiety of
Thr-32 in cis-CaaD is within hydrogen bonding distance of the
backbone carbonyl of His-28.
Steady-State Kinetic Parameters Using 3. The steady-

state kinetic parameters (with 3) for wild-type cis-CaaD, the
corresponding loop mutants, and Cg10062 are summarized in
Table 1 and shown graphically in Figure 3B. On this basis, the
most significantly impaired mutants compared with the wild
type are the T32A and T34A mutants. The value of Km
increases ∼19-fold for the T32A mutant and ∼4-fold for the
T34A mutant, whereas the kcat values decrease by ∼3- and 1.4-
fold, respectively. The kcat and Km values for the Q35P mutant
were also significantly altered (reduced by ∼9- and ∼10-fold,
respectively), but the overall efficiency is comparable to that of
the wild type (as assessed by the kcat/Km values).
Bromide Dissociation Constant (KD). The addition of

bromide (P) to free enzyme (E) resulted in the formation of a
new enzyme state with reduced fluorescence intensity (FP).
The dissociation constants for wild-type cis-CaaD, the
corresponding loop mutants, and Cg10062 are reported in
Table 1 and represented graphically in Figure 3B (light gray).
Binding of bromide was weaker for the T32A, G33H, T34A,
and H36K mutants of cis-CaaD, whereas the Q35P and F37Y
mutants of cis-CaaD exhibited stronger affinity for bromide.
Interestingly, Cg10062 exhibits an equivalent KD value for
bromide (vs cis-CaaD), but with a significantly reduced (6-fold)

ΔF value (Table 1). The stopped-flow data for wild-type cis-
CaaD and bromide (Figure 4A) and a plot of the
corresponding steady-state fluorescence end points (shaded
area) versus bromide concentration (Figure 4B, fit to eq 1, solid
line) are shown in Figure 4. The stopped-flow traces are
characterized by a rapid initial decrease in fluorescence (faster
than the instrument dead time of 1.3 ms), indicative of a rapid
equilibrium binding event. In addition, the traces begin to
exhibit some curvature as the bromide concentration is
increased, although this effect is not significantly expressed
with small amounts of bromide. A similar trend was observed
for each of the loop mutant enzymes, except for the T32A
mutant, which did not exhibit any initial curvature (data not
shown). The data were also fit by simulation (KinTek
Explorer) to Scheme 4 (Figure 4A, solid lines), where E is
the enzyme, F is a second fluorescent form of the enzyme, and
P is product bromide. Development of the final simple model
shown in Scheme 4 was guided by conventional analysis,
utilizing a fit of each kinetic trace to a single exponential and
plotting the resulting amplitude versus bromide concentration
(Figure S1 of the Supporting Information) and the first-order
rate constants versus bromide concentration (data not shown).
The concentration dependence of both terms exhibited an
initial lag phase, consistent with the increase in curvature
observed in the raw kinetic traces as a function of increasing
bromide concentration. All attempts to fit the data by
simulation using models incorporating a direct isomerization
step following an initial binding event (i.e., E + P = EP = EP*)
were unsuccessful (data not shown), predicting excessive
curvature at low bromide concentrations. Moreover, such
models do not predict any lag in the concentration dependence

Figure 3. Graphical summary of loop mutations and corresponding
kinetic parameters. (A) Structural overlay of the active site loop
regions of Cg10062 (brown) and cis-CaaD (green) (PDB entries
3N4G and 2FLZ, respectively). (B) Bar graph delineating kcat (green),
Km (dark gray), and KD

Br (light gray) for wild-type cis-CaaD and the
mutants implied in panel A.
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of the amplitude or rate terms resulting from fitting to a single
exponential, as is observed for the data. To account for the
observed nonlinear dependence, we propose that the enzyme
exhibits a weak affinity (K2) for a second molecule of bromide
and used the model shown in Scheme 4 to successfully fit the

data (Figure 4A, solid lines). Subjecting the simulated traces to
conventional analysis yielded results very similar to those
observed for the raw data (Figure S1 of the Supporting
Information). Therefore, the kinetic model shown in Scheme 4
represents the simplest model that completely accounts for all
of the data.
Because of the relatively small overall amplitude of the

second step, FitSpace analysis indicated that the values for
individual parameters k2 and k−2 were not as well resolved.33

Table 1. Steady-State Kinetic Parameters for the Hydrolytic Dehalogenation of 3 and Bromide Dissociation Constants
Determined for Wild-Type cis-CaaD, cis-CaaD Mutants, and Cg10062

kcat (s
−1) Km (μM) kcat/Km (M−1 s−1) KD

Br (μM) ΔFc

cis-CaaDa 4.3 ± 0.1 160 ± 10 2.7 × 104 3700 ± 200 −1.8 ± 0.05
T32Ab 1.5 ± 0.1 3100 ± 200 3.9 × 102 6600 ± 1800 −0.8 ± 0.08
G33Ha 4.6 ± 0.3 415 ± 30 1.1 × 104 7300 ± 1700 −1.3 ± 0.10
T34Ab 3.0 ± 0.1 700 ± 40 4.3 × 103 11000 ± 3000 −0.6 ± 0.07
Q35Pa 0.5 ± 0.01 16 ± 2 3.1 × 104 2600 ± 150 −2.5 ± 0.04
H36Ka 2.6 ± 0.1 90 ± 5 2.9 × 104 5000 ± 900 −2.4 ± 0.13
F37Ya 1.5 ± 0.1 115 ± 10 1.3 × 104 1100 ± 200 −1.2 ± 0.05
Cg10062b 3.0 ± 0.5 110000 ± 20000 2.7 × 10 3800 ± 400 −0.3 ± 0.02

aSteady-state kinetic parameters were determined by following the decrease in UV absorbance at 224 nm (see the text). bSteady-state kinetic
parameters were determined by the coupled assay (see the text). cDifference between the initial fluorescence and the final predicted fluorescence
saturation value (see eq 1).

Figure 4. Stopped-flow fluorescence data for wild-type cis-CaaD with increasing bromide concentrations (A) globally fit by simulation () using the
kinetic model in Scheme 4. (B) Plot of the corresponding steady-state fluorescence end points (shaded area) vs bromide concentration fit to eq 1
().

Scheme 4. Kinetic Model for Binding of Product Bromide

Figure 5. Rapid quench experiments for the reaction of 3 (10 mM after mixing) with both wild-type cis-CaaD (A) and T34A-cis-CaaD (B). The solid
line represents a fit of the pre-steady-state burst of bromide formation to eq 2, yielding burst rates (λ) of 12 ± 2 and 3 ± 1 s−1, respectively.
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However, reliable upper and lower limits for the equilibrium
constant could be determined (K2 = 5−10 mM). The fitted
value for the initial equilibrium step (K1 = 3700 s−1) was well
constrained, with upper and lower limits of 3800 and 3300 s−1,
respectively [threshold limit at 5% of the lowest sum squared
error (SSE) for the best fit]. The results of the FitSpace analysis
can be found in Figure S2 of the Supporting Information.
The KD for binding of bromide to wild-type cis-CaaD was

also determined by equilibrium fluorescence titration to be
3900 ± 170 μM (Figure S3 of the Supporting Information, fit
to eq 1 shown as a solid line). This value is within experimental
error of both values determined using steady-state fluorescence
end points (3700 ± 200 μM) or direct data fitting by
simulation, as described above. The total change in fluorescence
intensity (ΔF) determined by this method was −1.4 ± 0.06,
somewhat higher than that observed by end point fluorescence
[ΔF = −1.8 ± 0.05 (see Text S2 of the Supporting
Information)].
Rapid Quench Experiments. The results of the rapid

quench experiments for the reaction of 3 (10 mM after mixing)
with both the wild type (0.125 mM after mixing) and the T34A
mutant (0.15 mM after mixing) of cis-CaaD are shown in
panels A and B of Figure 5, respectively. A pre-steady-state
burst of product (bromide) formation was observed with wild-
type cis-CaaD (Figure 5A). Fitting the data to eq 2 yielded a
burst rate (λ) of 12 ± 2 s−1 and a calculated steady-state
turnover rate of 6 ± 0.5 s−1, somewhat faster than that
determined for kcat by the UV assay (4.3 s−1). For the T34A
mutant of cis-CaaD, a relatively modest burst in product
(bromide) formation was observed (Figure 5B). Fitting the
data to eq 2 yielded a burst rate (λ) of only 3 ± 1 s−1 and a
calculated steady-state turnover rate of 8 ± 0.5 s−1. As observed
with the wild-type enzyme, the calculated steady-state turnover
rate is faster than that determined for kcat by the UV assay (3
s−1). For comparative purposes, experiments with Cg10062
(0.5 mM after mixing) and 3 (10 mM after mixing) were also
conducted (Figure S4 of the Supporting Information). Under
these conditions, there was no evidence of a pre-steady-state
burst of product formation, only the linear production of
bromide as a function of time (0.1−2.4 s).
Steady-State Kinetic Parameters Using 9. The steady-

state kinetic parameters (with 9) for wild-type cis-CaaD, T34A-
cis-CaaD, and Cg10062 are listed in Table 2. Within
experimental error, the kinetic parameters for Cg10062 and
cis-CaaD are comparable. The T34A mutant of cis-CaaD shows
an ∼11-fold increase in Km and a slight increase in kcat, to give
an ∼8-fold decrease in kcat/Km (compared to that of wild-type
cis-CaaD).

Stereochemical Assignment at C-2 of 10 in the
Cg10062- and T34A-cis-CaaD-Catalyzed Reactions. The
stereochemical analysis of [2-D]10, generated in the Cg10062-
or T34A-cis-CaaD-catalyzed reaction with 9 in D2O, relies on
the diastereotopic nature of the C-2 protons in (3S)-11
(Scheme 3).13 Each diastereotopic proton at C-2 of (3S)-11
gives a doublet of doublets centered at ∼2.17 and ∼2.28 ppm in
a 1H NMR spectrum (Figure 6A).13 The 1H NMR spectrum of

(2S,3S)-[2-D]11, isolated as described previously,13 is shown in
Figure 6B. The 1H NMR spectrum of (2R,3S)-[2-D]11,
generated in the reaction of cis-CaaD with 9 and the
subsequent degradation,13 is shown in Figure 6C. The
(2R,3S)-[2-D]11 isomer is favored by a ratio of 5:1. The 1H
NMR spectrum of (3S)-[2-D]11, isolated from the reaction of
T34A-cis-CaaD and 9 in D2O and subsequent degradation, is
shown in Figure 6D. Clearly, the (2R,3S)-[2-D]11 isomer has
been isolated, indicating that the stereochemistry at C-2 of [2-
D]10 is R. Although the (2R,3S)-[2-D]11 isomer appears to be
the sole product of the reaction, this is likely due to the shorter
incubation time (3 min for the T34A mutant vs 5 min for cis-
CaaD13). The longer incubation time allows for exchange of the
acidic C-2 protons. Finally, the 1H NMR spectrum of (3S)-[2-
D]11, isolated from the reaction of Cg10062 and 9 in D2O and
subsequent degradation, is shown in Figure 6E. In this reaction,
the (2S,3S)-[2-D]11 isomer is the predominant product
isolated indicating that the stereochemistry at C-2 of [2-D]10
is S. The (2S,3S)-[2-D]11 isomer is favored by a ratio of 4:1. (It
is not clear if this ratio has mechanistic significance or if it

Table 2. Steady-State Kinetic Parameters for Enzyme-
Catalyzed Hydration of 9a

enzyme Km (μM) kcat (s
−1) kcat/Km (M−1 s−1)

cis-CaaDb 690 ± 30 6 ± 0.1 8.7 × 103

T34A-cis-CaaDc 7500 ± 1100 8 ± 1 1.1 × 103

Cg10062d 780 ± 130 4 ± 0.3 5.1 × 103

aThe kinetic parameters were measured in 100 mM Na2HPO4 buffer
(pH 8) at 22 °C. Errors are standard deviations. bValues taken from
ref 13. cSteady-state kinetic parameters were determined by following
the decrease in UV absorbance at 255 nm (see the text). dSteady-state
kinetic parameters were determined by following the decrease in UV
absorbance at 224 nm (see the text).

Figure 6. 1H NMR spectrum (500 MHz) in D2O of (A) fully protio
(3S)-11, (B) (2S,3S)-[2-D]11 generated as described previously,13

(C) (2R,3S)-[2-D]11 derived from the cis-CaaD-catalyzed hydration
of 9 in D2O,

13 (D) (2R,3S)-[2-D]11 derived from the T34A-cis-CaaD-
catalyzed hydration of 9 in D2O (see the text), and (E) (2S,3S)-[2-D]
11 derived from the Cg10062-catalyzed hydration of 9 in D2O (see the
text). The signal at 2.275 ppm in spectrum D is generated by an
unknown contaminant. Spectra A−C were reproduced from ref 13.
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results from the reaction conditions.) In summary, cis-CaaD
and the T34A mutant generate the same isomer of [2-D]10,
whereas Cg10062 yields the opposite one.
Inhibition of the T34A Mutant of cis-CaaD by 9 in the

Presence of NaCNBH3. The T34A mutant of cis-CaaD (0.56
mg) was incubated with 9 in the presence of NaCNBH3 to
determine the number of equivalents of 9 required for complete
inactivation of the enzyme. The percent activity of the enzyme
decreases as a function of an increasing number of equivalents
of 9 (per monomer) (Figure 7). The data are fit (solid line) to

a modified form of the quadratic equation (eq S1), assuming
infinitely tight (irreversible) binding. This analysis (see Text S1
of the Supporting Information) indicates that the number of
equivalents of 9 required for complete inhibition (i.e., covalent
modification of Pro-1) is 5 ± 0.2 equiv per monomer. These
results are consistent with the predominate attack of water, as
opposed to the exclusive direct attack of 9 by Pro-1.13

The number of equivalents of 9 processed by the T34A
mutant of cis-CaaD in the presence of NaCNBH3 was also
determined by 1H NMR spectroscopy, via peak intergration of
the signals corresponding to the substrate [9 (Scheme 3)] and
reduced product (11).13 This experiment yielded results
identical to those of the inhibition experiments (i.e., 5 equiv
per monomer).
In Silico Docking Studies. Docking results representing

the best fit (lowest-energy binding orientation) for 2 to cis-

CaaD and Cg10062 are shown in panels A and B of Figure 8,
respectively. The estimated binding affinities25 of 2 for cis-CaaD
and Cg10062 were −3.9 and −2.0 kcal/mol, respectively. In
addition, both docked ligands (space-filling model) fit within
the active site volume of each enzyme, as represented by the
mesh surfaces (gray) shown in Figure 8. Moreover, 2 docked to
both enzymes in very similar orientations (best fit), with the C-
3 atom (of 2) in the proximity (∼3 Å) of the nitrogen atom of
the active site Pro-1 residue and near the putative bound water
molecule required for hydration.

■ DISCUSSION

Active site loops are well-known to play critical roles in enzyme
catalysis and substrate specificity.34 The role of the so-called
phosphodianion gripper loop in catalysis in triosephosphate
isomerase (TIM), orotidine 5′-monophosphate decarboxylase
(OMPDC), and glycerol-3-phosphate dehydrogenase has been
studied intensely.33−35 Binding of the substrate phosphate
dianion drives a conformational change that closes the loop
over the substrate, thereby sequestering it from the solvent.
The reduced active site dielectric constant and other associated
conformational changes resulting from loop closure contribute
to the catalysis of the specific reaction. In the enolase enzyme
superfamily, two loops largely define substrate specificity. These
loops (designated the 20s and 50s loops) are in the capping
domain, which along with a modified TIM barrel domain
comprise the two-domain structure of all enolase superfamily
members.36−39 The catalytic components for the generation,
stabilization, and processing of an enediolate species, the
characteristic partial reaction of the superfamily, are conserved
(or “hard-wired”)39 in the core scaffolding (i.e., the TIM barrel
domain). The capping domain loops define the volume, shape,
and polarity of the cavity, which, in turn, determine the
substrate specificity. Similar examples in which loops serve as
substrate recognition elements have been described for the
members of the haloalkanoic acid dehalogenase (HAD)
enzyme superfamily.40

In this context, the conformation adopted by the loop region
(residues 32−37) in the “inhibited” structure of cis-CaaD
(Figure 1B) and the absence of a similar conformation in the
“inhibited” structure of Cg10062 suggest that this loop might
play a role in the specificity and/or mechanism of cis-CaaD. It
appears that the loop is sufficiently flexible to adopt a new
conformation following covalent modification of the active site
with an inhibitor, whereas the same modification to Cg10062
has no structural effect. If a similar event occurs upon substrate

Figure 7. Remaining T34A-cis-CaaD activity (percent) plotted as a
function of increasing equivalents of 9 (per monomer) in the presence
of NaCNBH3 (pH 8). Data were fit () to a modified form of the
quadratic equation (see the text and Text S1 of the Supporting
Information).

Figure 8. In silico docking results representing the best fit of 2 to cis-CaaD (green) (A) and Cg10062 (brown) (B) (PDB entries 2FLZ and 3N4G,
respectively). Both docked ligands, shown as space-filling models, fit within the active site volume of each enzyme, as represented by the mesh
surfaces (gray). The loop residue at position 34 is also included for comparative purposes.
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binding, it might account for some of the differences between
cis-CaaD and Cg10062 and identify a new component of cis-
CaaD specificity and/or catalysis.
Accordingly, each loop residue of cis-CaaD was replaced with

the corresponding one in Cg10062 to probe the potential role
of these residues in specificity and catalysis. These replace-
ments, rather than alanine substitutions, assess the differences
between Cg10062 and cis-CaaD directly and, as such, better
mimic the changes that might result from natural (or directed)
selection. Moreover, each change is evaluated on an individual
basis, which, given the relatively slight thermodynamic
favorability of the folded state, minimizes the potential loss of
stability that might occur with a swap of the entire six-residue
loop.41,42 The highly analogous orientations of the amino acid
backbones of both loop regions (Figure 3A) also render it less
likely that significant structural perturbations will be introduced
at the active site.
On the basis of sequence and structural analysis, the T32A-,

G33H-, Q35P-, and T34A-cis-CaaD mutants appear to be the
most likely candidates for possible roles in substrate specificity
and/or catalysis because each represents a unique substitution
of a highly conserved residue in the cis-CaaD family (Figure 2).
The most stringently conserved residue is Pro-35, which is
replaced with Gln-35 in cis-CaaD. The presence of the rigid
proline residue in this position in Cg10062 could partially
explain the apparent lack of loop movement in the enzyme
following covalent inhibition.12 Mutations that reduce loop
flexibility could potentially impede optimization of enzyme−
substrate interactions in both the ground state and the
transition state, thereby reducing the rates of substrate binding
and chemistry. Such rigidity could also dampen product release
rates, as relaxation of the loop may be less thermodynamically
favored.
A graphical summary of the steady-state kinetic parameters

for all of the active site loop mutants of cis-CaaD is shown in
Figure 3B. Each mutation, except G33H, reduces the value of
kcat. Mutations of the first three loop residues (32−34) increase
the Km value, whereas mutations of the following three residues
(35−37) decrease the Km value. Parallel changes in the KD for
bromide were also observed. In general, mutations of residues
32−34, which are near the putative binding site for the
carboxylate moiety of the substrate (i.e., His-28, Arg-70, and
Arg-73), decrease the bromide affinity (Figure 3B and Table 1).
In contrast, the Q35P and F37Y mutants of cis-CaaD (located
closer to Glu-114 and Tyr-103 in the putative halide binding
pocket) exhibit an increase in bromide affinity (Figure 3B and
Table 1). These differences might reflect alterations in loop
mobility and/or the polarity of the putative halide binding
pocket.
Steady-state kinetic analysis of the Q35P mutant of cis-CaaD

shows a ∼10-fold reduction in both kcat and Km (vs those of the
wild-type enzyme). At first glance, the reduction suggests that
substrate binding is more favorable, which is at odds with the
preceding sequence and structural analysis, and the expectation
that this mutant of cis-CaaD would be more Cg10062-like.
However, Km is a composite of many rate constants and, as
such, is difficult to interpret.24 Additional transient-state
experiments combined with global fitting of all kinetic data
(stopped-flow, rapid quench, and steady state) to a single
mechanism can resolve the rate constant for each kinetically
significant step.13,23 The effect of the Q35P mutant on the
various steps of the reaction (e.g., binding, chemistry,
conformational changes, and/or product release) can then be

more critically evaluated. The appropriate experiments for the
Q35P mutant of cis-CaaD are underway.
The T32A and T34A mutants of cis-CaaD show higher Km

values than wild-type cis-CaaD, as does Cg10062 (although not
to the same extent). To determine whether the higher Km
values reflect a more “Cg10062-like” cis-CaaD mutant,
additional kinetic and mechanistic experiments were conducted
with the T34A mutant and compared with those performed
with Cg10062. (The T32A mutant showed the highest Km
value using 3, but mechanistic experiments with the alternative
substrate 9 are not feasible because the corresponding Km for 9
is too high to achieve saturating concentrations.)
First, a pre-steady-state kinetic analysis was conducted with

the T34A mutant of cis-CaaD. The enzyme showed a relatively
modest pre-steady-state burst of bromide formation versus that
of the wild-type enzyme (Figure 5) and corresponded to a 4-
fold reduction in the fitted burst rate (λ = 3 ± 1 s−1),
potentially reflecting a shift in mechanism or the nature of the
rate-limiting step. Rapid quench experiments conducted with
Cg10062 and 3 did not exhibit any pre-steady-state burst in
bromide production (Figure S4 of the Supporting Informa-
tion). Although this result should be interpreted cautiously
because the observed linearity could, in part, reflect difficulties
in achieving saturating substrate concentrations, it appears that
the T34A mutant of cis-CaaD is more Cg10062-like, in this
respect.
The second set of experiments involves reactions with the

alternate substrate 9. In the course of a previously reported
stereochemical analysis of cis-CaaD with 9, an alternative
mechanism versus the one shown in Scheme 2 was
implicated.13 In this analysis to determine the overall
stereochemical course of the cis-CaaD-catalyzed reaction
using 2 and 3 (syn vs anti), a strategy in which 9 and
substituted chiral allenes would be incubated with the enzyme
in the presence of NaBH4 was pursued. For 9, it was anticipated
that the presence of the NaBH4 would trap the labeled
acetoacetate, [2-D]10 (Scheme 3), as the labeled 3-
hydroxybutyrate, [2-D]11. Instead, the presence of NaBH4
resulted in the inactivation of the enzyme following a single-
turnover event due to covalent modification of the active site
Pro-1. This observation is consistent with a mechanism by
which the hydration of 9 proceeds by the formation of a
covalent intermediate between the enzyme and Pro-1 followed
by hydrolysis of the enamine or the imine tautomer to yield
acetoacetate (10) (Scheme 5).13 By analogy, the hydration of 2

(or 3) could proceed to some extent by this route. (The
incubation of cis-CaaD and 9 for 5 min followed by the addition
of NaBH4 allowed the determination of the stereochemistry at
C-2 of 10.13)
Cg10062 processes the alternative substrate 9 with kinetic

parameters very similar to those observed for 9 and cis-CaaD.13

However, a stereochemical analysis of Cg10062 and 9

Scheme 5. Alternative Mechanism for the cis-CaaD-
Catalyzed Conversion of 9 to 10 Involving a Covalent
Intermediate
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uncovered two differences between the enzymes. First,
Cg10062 does not show any loss of activity with 9 in the
presence of NaBH4. This observation implies that Cg10062
processes 9 by a direct hydration mechanism rather than via a
covalent intermediate. Second, the stereochemical analysis
using Cg10062 and 9 showed that it exhibits stereoselective
proton addition at C-2 of 9, but mostly with the opposite
stereochemistry (S).
The stereochemical analysis indicates that the transfer of a

proton to C-2 (of 9) occurs on opposite sides. Despite the
similar active sites (Figure 8) and comparable Km values, it
appears that the allene substrate (i.e., 9) binds in different
orientations in the two enzymes (if the same group provides
the proton in both enzymes). The binding mode in cis-CaaD
favors covalent catalysis, whereas the one is Cg10062 does not.
The most significant difference between the two active sites is
the composition of the active site loop regions. As such, the
loop might be responsible for the different stereochemical
results, if it closes in on the active site upon the binding of 9 in
the active site of cis-CaaD.
The mechanistic and stereochemical experiments with the

T34A mutant of cis-CaaD lend further support to loop
involvement. The mutant is irreversibly inactivated in the
presence of 9 and NaCNBH3, like that observed for cis-CaaD.
However, complete inactivation of the mutant enzyme requires
5 equiv of substrate per enzyme monomer, indicating that
multiple turnovers occur prior to the formation of a covalent
intermediate. This suggests that direct enzymatic hydration of
the substrate is favored a majority of the time (∼80%), and that
the T34A mutant is more Cg10062-like. This potential shift in
the mechanism of cis-CaaD upon mutation may also reflect the
corresponding reduction in substrate affinity (Table 2) or a
shift in the pKa value of Pro-1. The mutation does not change
the stereochemical outcome, suggesting that the allene binds in
the same orientation in the T34A mutant as it does in the wild
type.
The docking studies provide further insight. The results

indicate that 2 binds to cis-CaaD ∼2 kcal/mol more tightly than
it does to Cg10062, as assessed by the energy scoring function
of Autodock Vina.25 This result is consistent with the
significantly higher Km value determined experimentally for
the kinetically equivalent substrate 3 and Cg10062 [∼110 mM
(Table 1)] versus cis-CaaD [0.16 mM (Table 1)]. As noted
earlier, the physical significance of Km is difficult to interpret.
However, it can be described as the turnover rate divided by the
effective rate of substrate binding.24 Using this definition, the
differences in Km (between cis-CaaD and Cg10062) might be
explained by the larger active site volume of Cg10062, which
could accommodate alternative binding modes (Figure 8).
These unproductive binding modes could reduce the rate of
effective substrate binding and result in a higher value of Km. In
fact, the docking result for 2 and Cg10062 actually predicts that
there are two binding modes with equivalent affinity: one
oriented as shown in Figure 8B and the other rotated 180°,
placing the C-3 atom toward the “front” of the active site and
away from the active site Pro-1. Such a binding position would
likely be nonproductive and could account for the higher Km
observed for 3 with Cg10062. In contrast, the results with cis-
CaaD indicated that such a binding orientation would be
energetically unfavorable because of steric clashes with loop
residue Thr-34. Crystal structure inspection also indicates that
the active site volume differences between both enzymes largely
reflect the nature of the amino acid at position 34 (Figure 8). In

light of these results, it seems reasonable to propose that the
reduction in substrate affinity exhibited by the T34A-cis-CaaD
mutant could be caused by a corresponding increase in active
site volume, thus rendering it more like Cg10062 (see Table 1).
The predicted binding mode of 2 in cis-CaaD places the
carboxylate moiety of that substrate within hydrogen bonding
distance of the hydroxyl group of Thr-34. Hence, removing this
hydrogen bond could reduce the binding affinity of the
substrate.
The results for the T34A mutant of cis-CaaD are consistent

with a shift in mechanism upon mutation. An in-depth global
kinetic analysis (see ref 13) of the cis-CaaD loop mutants and
Cg10062, including both steady-state and pre-steady-state data,
is currently being pursued to resolve the remaining mechanistic
questions and more clearly define the role of the loop residues
in the mechanisms of these enzymes. The results are
forthcoming.
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