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ABSTRACT: The meta-cleavage product (MCP) hydrolases
utilize a Ser−His−Asp triad to hydrolyze a carbon−carbon
bond. Hydrolysis of the MCP substrate has been proposed to
proceed via an enol-to-keto tautomerization followed by a
nucleophilic mechanism of catalysis. Ketonization involves an
intermediate, ESred, which possesses a remarkable bath-
ochromically shifted absorption spectrum. We investigated
the catalytic mechanism of the MCP hydrolases using DxnB2
from Sphingomonas wittichii RW1. Pre-steady-state kinetic and LC ESI/MS evaluation of the DxnB2-mediated hydrolysis of 2-
hydroxy-6-oxo-6-phenylhexa-2,4-dienoic acid to 2-hydroxy-2,4-pentadienoic acid and benzoate support a nucleophilic mechanism
catalysis. In DxnB2, the rate of ESred decay and product formation showed a solvent kinetic isotope effect of 2.5, indicating that a
proton transfer reaction, assigned here to substrate ketonization, limits the rate of acylation. For a series of substituted MCPs, this
rate was linearly dependent on MCP pKa2 (βnuc ∼ 1). Structural characterization of DxnB2 S105A:MCP complexes revealed that
the catalytic histidine is displaced upon substrate-binding. The results provide evidence for enzyme-catalyzed ketonization in
which the catalytic His−Asp pair does not play an essential role. The data further suggest that ESred represents a dianionic
intermediate that acts as a general base to activate the serine nucleophile. This substrate-assisted mechanism of nucleophilic
catalysis distinguishes MCP hydrolases from other serine hydrolases.

The meta-cleavage product (MCP) hydrolases are involved in
the aerobic catabolism of aromatic compounds by bacteria,1

hydrolyzing a C−C bond of MCPs produced from the extradiol
ring cleavage of catechols. These α/β-hydrolase superfamily
members possess the canonical elements of serine hydrolases
including a Ser−His−Asp catalytic triad and an “oxyanion
hole”. However, studies on BphD, a biphenyl-degrading
enzyme from Burkholderia xenovorans LB400 that hydrolyzes
2-hydroxy-6-oxo-6-phenylhexa-2,4-dienoic acid (HOPDA),
have revealed a fundamental difference in how the catalytic
machinery of MCP hydrolases functions. Thus, in the
hydrolysis of HOPDA, acylation of BphD is independent of
the catalytic histidine.2 Interestingly, the esterase activity of
BphD was histidine-dependent, suggesting alternative mecha-
nisms for nucleophile activation and acylation in each of the
C−C and C−O bond hydrolysis reactions.3 More particularly,
nucleophile activation appears to be catalyzed by the His−Asp
pair for C−O bond cleavage, as in prototypical serine
hydrolases. In contrast, a substrate-assisted nucleophilic
mechanism of catalysis has been proposed for MCP hydrolysis2

in which the electron-rich substrate acts as a general base
(Scheme 1).
The difference in nucleophile activation for the acylation

reaction in MCP and ester hydrolysis, respectively, highlights

the profound effect of the distinct chemical nature of carbon-
heteroatom (C−X, where X = N, O, or S) and C−C bonds on
their enzyme-catalyzed hydrolysis. Common obstacles to C−X
and C−C bond hydrolysis include activation of the scissile
bond and a water molecule, which are performed by a general
acid and general base. The generally accepted mechanisms of
α/β-hydrolases and serine proteases have been reviewed.4−6 Of
interest here is the identity of the atom in the leaving group,
which contributes greatly to the chemical and kinetic
mechanism of bond cleavage. The ability of the catalytic
histidine to act as a general acid to protonate the leaving group
during the collapse of the first tetrahedral oxyanion
intermediate facilitates C−X bond cleavage. In contrast, carbon
centers are typically nonbasic, precluding the aforementioned
role of the histidine as an acid and necessitating an alternative
electron sink for C−C bond cleavage.
The MCP hydrolases and at least two other enzyme families

exploit a diketone or diketone-like functionality for C−C bond
hydrolysis. First, the serine nucleophile-dependent and
independent β-ketolases transform substrates that contain a
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β-diketone electron sink.7 Another group of C−C bond
hydrolases, exemplified by kynureninases are cofactor depend-
ent, generating a β-ketiminium moiety using pyridoxal 5′-
phosphate.8 The MCP hydrolases are proposed to catalyze a
substrate enol-to-keto tautomerization prior to C−C bond
cleavage, generating an α,β-unsaturated δ-diketone.9 Common
to all these enzymatic reactions is the generation of an electron
sink that is capable of stabilizing a leaving carbanion by charge
delocalization. In contrast to each of these examples,
mechanistic proposals for orotidine 5′-monophosphate decar-
boxylase invoke protonation during10 or after11 C−C bond
fragmentation.
Two related aspects of the mechanism of MCP hydrolysis

remain of high interest: the proposed substrate tautomerization
and the nature of ESred, an intermediate formed during the
proposed tautomerization that is characterized by a bath-
ochromically shifted absorption spectrum.12 With respect to
tautomerization, generation of an α,β-unsaturated δ-diketone is
dependent on protonation of the dienoate moiety at C5.
Product analyses of reactions performed in 2H2O demonstrated
that MhpC, the MCP hydrolase from the phenylpropionate
catabolic pathway of Escherichia coli, catalyzed the stereospecific
incorporation of deuterium into the H-5E position of 2-
hydroxy-2,4-pentadienoic acid (HPD).13 Stereospecific deute-
rium incorporation was also observed from 1H NMR studies of
the BphD-mediated hydrolysis of HOPDA.12 Finally, the ability
of BphD to catalyze the tautomerization of HPD to (E)-2-oxo-
3-pentenoate was also cited as evidence for the electron-sink-
generating enol-to-keto tautomerase activity.12,14

ESred can be detected under single turnover conditions,12 and
serine-to-alanine variants of MCP hydrolases trap a species
whose visible spectrum resembles that of ESred.14,15 The visible
spectrum of the red-shifted intermediate is more consistent
with a dianionic species. Thus, the HOPDA dianion or enolate
has a λmax at 434 nm in solution whereas the monoanionic enol
possesses a λmax at 345 nm. Accordingly, these features argue
for substrate ketonization involving protonation of a dianionic
species rather than the early proposal of an enol-to-keto
tautomerization by the MCP hydrolases. A crystalline BphD
S112A:HOPDA complex correlated ESred to a nonplanar
dienoate-binding mode that included a gauche+ conformation
about the C4−C5 bond.14 Single crystal spectroscopy revealed
that the observed, presumably productive, binding mode was
remarkably similar to that of ESred in solution. These structural
studies represent the greatest insight into the nature of ESred to
date and have revealed an astonishing suite of interactions
between enzyme and substrate, occurring within two
specialized substrate-binding subsites. These polar (P) and

nonpolar (NP) subsites, named for their physicochemical
properties, converge at the catalytic serine and oxyanion hole.12

Due to the distinctive electronic absorption spectrum of
ESred, stopped-flow spectrophotometry has provided important
insights into the mechanism of MCP hydrolases. The turnover
of BphD is defined by three detectable steps: (i) ESred

formation, (ii) ESred decay commensurate with formation of a
species that absorbs at 270 nm, either the ketonized substrate
or HPD,16 and (iii) deacylation, measured under steady-state
conditions as kcat. Step ii is typically only detected under single
turnover conditions, and both steps ii and iii have been used as
indirect measures of acylation. However, the interpretation of
the transients has been complicated by the half-site reactive
BphD,2 a tetrameric enzyme. More specifically, ESred decay is
biphasic in BphD: both steps ii and iii are associated with the
dissipation of a spectroscopic signal at ∼490 nm. Furthermore,
amplitude analysis of a stopped-flow experiment using a 2:1
BphD protomer-to-HOPDA ratio was initially used to suggest a
two-conformation model of catalysis.12 This model has since
been supported by investigating the steady-state rate of
HOPDA methanolysis by BphD, which is limited by half-site
reactivity.3 Interestingly, the hydrolysis of inhibitory poly-
chlorinated biphenyl (PCB) metabolites by DxnB2, a dimeric
MCP hydrolase from Sphingomonas wittichii RW1 that shares
23% amino acid sequence identity with BphD, was charac-
terized by only two observable kinetic phases: (i) alternative ES
complex formation and (ii) decay, which matched kcat. This
suggests that DxnB2 may be full-site reactive with respect to
certain substrates17 and may therefore be more amenable to
transient state kinetic analyses than BphD.
In this work, we investigated the MCP hydrolase catalytic

mechanism using DxnB2. Reactions of DxnB2 and HOPDA
were monitored using stopped-flow spectrophotometry. Sol-
vent viscosity and isotope effects were measured to better
define the kinetic and chemical mechanism. An extended
Brønsted analysis using a series of HOPDA analogs was
performed to relate substrate basicity to the reactivity of ESred.
Substrate binding modes correlated to ESred were characterized
in crystalline DxnB2 S105A:MCP binary complexes. The
catalytic mechanism of the MCP hydrolases, specifically
substrate and nucleophile activation, are discussed.

■ MATERIALS AND METHODS

Chemicals and Reagents. All HOPDAs were produced
according to published protocols18 with the exception of 5,8-
diF HOPDA (vide inf ra). The remaining chemicals were of
analytical grade. DxnB2 wild type (WT) and S105A were
produced as previously described.17

Scheme 1. Proposed Substrate-Assisted Nucleophilic Mechanism of Catalysis for MCP Hydrolases, Emphasizing Substrate
Ketonization, and Nucleophile Activationa

aThe substrate is drawn as (3E,5E)-2-oxo-6-oxido-6-phenylhexa-3,5-dienoate at the right due to susceptibility of HOPDA to oxygen exchange into
C2 from H2O.

2 The conformation(s) of the predominant HOPDA isomer(s) in aqueous solution are not known. The dashed gray arrow indicates a
binding-induced rotation about the C4−C5 bond of the substrate.
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Preparation of 5,8-diF HOPDA. 2′,6-diF dihydroxybi-
phenyl (DHB) was generated from whole cell biotransforma-
tion of 2,2′-difluorobiphenyl by using Pandoraea pnomenusa B-
356 in the presence of 3-chlorocatechol. A 1 L culture of P.
pnomenusa B-356 was grown on M9 + Goodies + 100 mg of
biphenyl until an OD600nm of 0.5. These cells were then
harvested and washed three times with phosphate buffer saline
(PBS, pH 7.3) to remove residual biphenyl. The harvested cells
were divided into two flasks containing 500 mL of PBS + 8 mg
of 2,2′-diF biphenyl + 8 mg of 3-chlorocatechol, an inhibitor of
2,3-DHB dioxygenase, the extradiol dioxygenase that produces
MCPs. These flasks were then incubated at 30 °C for 90 min
with shaking at 200 rpm. The two samples were pooled,
acidified to pH 2.5, centrifuged, and the supernatant was
filtered to remove any insoluble 2,2′-difluorobiphenyl. The
filtrate was extracted with three 200 mL volumes of ethyl
acetate, dried with MgSO4, and concentrated by rotary
evaporation. Dry samples from each biotransformation were
stored under nitrogen gas in an M.Braun Labmaster glovebox
(Stratham, NH) until further purification.
A Waters 2695 HPLC system (Waters Corp., Milford, MA)

was used for the purification of DHBs. The dry samples were
dissolved in a solution of 0.5% formic acid (v/v), 50% methanol
(v/v). Residual precipitate was removed by centrifugation and
filtration (0.45 μm). The mixtures were injected into a 250 ×
10 mm Luna 5 μm C18(2) column (Phenomenex, Torrence,
CA), equilibrated at a 50:50 ratio of eluents A and B, and
operating at a flow rate of 3.5 mL/min. Eluent A was 0.5%
formic acid (v/v), and eluent B was methanol. Isocratic elution
of 2′,6-diF DHB was achieved after 25.5 min. Pure fractions
were collected, pooled, and partially dried under a stream of N2
gas to remove excess methanol, and the expected mass was
confirmed using EI GC/MS.
The resulting solution containing fluorinated DHB was

diluted in 200 mL of water, and the pH was adjusted to 7.5 with
1 M NaOH prior to HOPDA preparation. HOPDAs were
generated by enzymatic transformations of the corresponding
DHB by 2,3-DHB dioxygenase.18 5,8-diF HOPDA, charac-
terized as described for other MCPs,18 has an extinction
coefficient ε405nm = 31.2 mM−1 cm−1 (potassium phosphate
buffer (I = 0.1 M), pH 7.5, 25 °C) and a pKa2 of 5.0 ± 0.2.
Steady-State Kinetics. Steady-state kinetic parameters for

DxnB2-catalyzed hydrolysis of 5,8-diF HOPDA were obtained
by monitoring the decay of the enolate (A405 nm) in
potassium phosphate buffer (I = 0.1M), pH 7.5 at 25 °C. All
reactions were carried out in a 1 mL volume, and the initial
velocities were determined by a least-squares linear fit to each
individual progress curve within the Cary WinUV Software.
Triplicate initial velocity measurements were plotted against
substrate concentration (0.5−10 μM), and curve fitting was
performed by using dynamic weighting least-squares analysis in
LEONORA.19

Stopped-Flow Experiments. An SX.18MV stopped-flow
reaction analyzer (Applied Photophysics Ltd., Leatherhead,
U.K.) was used to perform transient-state kinetic measure-
ments. The temperature of the optical cell and drive syringe
chamber was maintained at 25 °C by using circulating water.
The concentration of reactants and specific buffer conditions
are stated in the Results section, as they depended on the aim
of the specific experiment. In general, single turnover reactions
were performed at either a ∼2:1 or 4:1 enzyme to substrate
ratio, whereas multiple turnover reactions were performed at 1
or 2.5 μM enzyme in the presence of 20 μM substrate. Multiple

wavelength data were collected using the system’s photodiode
array (PDA) detector and Xe light source. A monochromator
(4.96 nm/mm bandpass) open to 0.5 mm was employed to
collect single wavelength data.
All reported values are derived from at least three replicates.

Each replicate refers to an average of at least five shots from the
stopped-flow syringes containing freshly prepared reactants.
For each experiment, the errors are reported as the standard
deviation between replicates. The values were determined by
using the fitting options within the Applied Photophysics Pro-
Data Software.

LC ESI/MS. The reaction of 4 μM DxnB2 and 20 μM
HOPDA was allowed to age for 10 s before quenching with
acetic acid 5% final (v/v). Samples were concentrated 10-fold
and subject to LC ESI/MS as previously described for
BphDLB400.

2 The error reported for the MS data represents
the standard deviation observed between three MS experi-
ments. The fraction of acylated enzyme was estimated using the
peak area of each of the three major observed species.

Crystallization, Structure Determination, and Refine-
ment. Crystals of DxnB2 S105A were prepared as previously
described.17 Diffraction experiments were performed under
cryogenic conditions (∼100 K) at SER-CAT beamline 22-ID-D
(for the S105A:5,8-diF HOPDA complex) or BIO-CARS
beamline 14-BM-C (for the S105A:HOPDA complex) at the
Advanced Photon Source (Argonne National Laboratory,
Argonne, IL, USA). Typical data sets included 200−300 frames
at 0.5° intervals each exposed for 5−6 s at an X-ray wavelength
of 1.0 Å. Software within the HKL2000 suite was utilized to
process the images and scale and merge intensities.20

Programs within the CCP4 program package21 were
employed to determine the structures of the DxnB2
S105A:HOPDA and DxnB2 S105A:5,8-diF HOPDA com-
plexes. Initial phases were obtained by molecular replacement
using the structures of DxnB2 WT (for the S105A:5,8-diF
HOPDA) or the DxnB2 S105A:3Cl HOPDA complex (for the
S105A:HOPDA complex) as search models. The search models
were modified prior to use by removal of all water molecules,
ligands and secondary conformations of residues. After
obtaining the initial phases, rigid body refinement was followed
by iterative cycles of atomic model refinement and model
building performed using REFMAC22 and COOT.23 Substrates
were manually built into the electron density by using the
molecular graphics programs O24 and COOT, or transformed
from the coordinates of the BphD S112A:HOPDA complex.14

Coordinates of the 5,8-diF HOPDA were generated by
PRODRG.25 The stereochemical properties of the models
and hydrogen bonding were analyzed by programs PRO-
CHECK26 and REDUCE.27

Electronic Absorption Spectroscopy. Electronic absorp-
tion spectra of HOPDAs alone or in complexes with the DxnB2
S105A variant were recorded using a Cary5000 spectropho-
tometer equipped with a thermostatted cuvette holder that was
maintained at 25 °C. Each enzyme−substrate (ES) complex
was formed by mixing 40 μM DxnB2 S105A with 10 μM
substrate in potassium phosphate buffer (I = 0.1 M), pH 7.5.
The half-life of the DxnB2 S105A:HOPDA complex was
determined by measuring spectra of three samples at 20 min
intervals over 20 h, and a single exponential equation was fit to
the observed decay.
Absorption spectra of the crystalline DxnB2 S105A:HOPDA

complex were obtained at 100 K before and after X-ray
exposure and diffraction measurements using an online 4DX

Biochemistry Article

dx.doi.org/10.1021/bi401156a | Biochemistry 2013, 52, 7428−74387430



microspectrophotometer (4DX-ray Systems AB, Uppsala,
Sweden) at BIO-CARS beamline 14-BM-C. The spectrum of
the light source and that of the mount solution (obtained by
passing light through the loop at a position avoiding the protein
crystal) have been subtracted from the reported spectrum.
Low-temperature measurements were performed using

Cary6000I spectrophotometer (Agilent) equipped with a
closed-cycle Omniplex OM-8 He cryostat (ARS Inc., Macungi,
PA). A sample consisting of 2 mM DxnB2 S105A and 1 mM
HOPDA was mixed with an equal volume of glycerol before
being deposited between two quartz windows separated by a
polycarbonate spacer (∼25 μm). The assembly was mounted
on a sample rod and frozen rapidly to ∼10 K. Data were
collected at a 0.6 nm bandwidth between 1000 and 200 nm. A
background correction was performed manually using Origin
8.0 (OriginLab Corporation, Northampton, MA), and the
spectrum is reported between 600 and 300 nm.

■ RESULTS

A Pre-Steady-State Kinetic Burst of HPD Formation.
Mechanistic investigation of the MCP hydrolases has focused
on tetrameric homologues that show half-site reactivity.
Because DxnB2 is dimeric and was full-site reactive with 3-Cl
HOPDA, we began our investigation by probing the enzyme’s
pre-steady-state kinetic behavior by using stopped-flow
spectrophotometry. The hydrolysis of 20 μM HOPDA or 9-
Cl HOPDA by 1 and/or 2.5 μM DxnB2 was measured in
potassium phosphate buffer (I = 0.1 M), pH 7.5 at 25 °C.
These two substrates were selected on the basis of distinct
steady-state kinetic behavior: kcat values measured for the
DxnB2-mediated hydrolysis of HOPDA and all other tested
monochlorinated substrates ranged between 0.25 and 0.88 s−1,
whereas kcat was 5.1 s−1 for 9-Cl HOPDA.28 Reactions were
monitored at 270 nm to follow the progress of HPD
formation16 (Figure 1), and the values derived from fitting
the stopped-flow measurements to a burst equation are
summarized in Table 1. For HOPDA, a pre-steady-state burst
occurred with a rate constant of ∼62 s−1. Quantification of the
amount of HPD produced during each burst phase indicated
that hydrolysis was a full-site event, suggesting that half-site
reactivity may not be a universal feature of the MCP hydrolases.

The observed steady-state rate constant for the subsequent
hydrolysis (kss) was ∼0.4 s−1, similar to the previously reported
kcat ∼0.47 s−1 for the hydrolysis of HOPDA.28

In contrast to HOPDA, quantification of HPD formed
during the burst from the first turnover of 9-Cl HOPDA
indicated that only ∼67% of the enzyme was reactive. The
measured pre-steady-state rate for HPD formation was ∼3.5-
fold slower for 9-Cl HOPDA than for HOPDA and the kss ∼
4.3 s−1 was similar to the reported kcat value. Although half-site
reactivity has been reported for BphD, the mechanism
underlying the less-than-full-sites burst for 9-Cl HOPDA is
unclear. The observed kinetic behavior more closely resembles
the reaction of BphD and p-nitrophenyl benzoate in which
∼70% reactivity was modeled.3 In spite of the unexplained
nature of the burst of HPD from the hydrolysis of 9-Cl
HOPDA, the observation of pre-steady-state bursts from both
HOPDA and 9-Cl HOPDA is consistent with a proposal that
DxnB2 utilizes a covalent mechanism of catalysis.

Evidence for an Acyl-Enzyme Intermediate in DxnB2
by LC ESI/MS. To more confidently assign a nucleophilic
mechanism of catalysis to DxnB2, chemical quench experiments
were carried out, and intact enzyme samples were analyzed by
LC ESI/MS. Reactions of 4 μM DxnB2 and 20 μM HOPDA
were aged for 10 s before quenching with a final volume of 5%
acetic acid (v/v). LC ESI/MS analyses of the reaction mixture
revealed acylation of ∼85% of the DxnB2 sample (Figure 2).
The observed mass of DxnB2 was 30 198 ± 7 Da (∼220 ppm),
which was within error of the predicted mass of 30 194 Da.
Upon reaction with HOPDA, two additional signals were
observed at M+104 and M+324. Both signals were interpreted
as a benzoylated species with the second representing an acyl-
enzyme in complex with an additional substrate molecule. The
observation of additional noncovalent binding is consistent
with the Ksi of ∼36 μM reported for the steady-state turnover
of HOPDA by DxnB2.28 Moreover, an additional substrate
molecule was observed in the crystalline BphD H265Q acyl-
enzyme.2 Overall, the fraction of acylated enzyme observed was
significantly greater than the ∼45% detected in BphD,2

reflecting full rather than half-site reactivity of DxnB2 toward
HOPDA.

Solvent Kinetic Isotope Effect on ESred Decay. The
apparent full-site turnover of DxnB2 afforded further evaluation
of the kinetic mechanism. Single turnover experiments were
initially performed by stopped-flow using 16 μM DxnB2 and 4
μM HOPDA in potassium phosphate buffer (I = 0.1 M), pH
7.5 at 25 °C. ESred formation was characterized by a 53 nm
bathochromic shift of the substrate’s absorption spectrum that
occurred within the dead time of the stopped-flow apparatus
(1/τ1 > 500 s−1; Figure 3A). Its decay at 487 nm and formation
of the species absorbing at 270 nm both proceeded with rate
constants of ∼69 s−1 (1/τ2, Figure 3B). This step was
insensitive to the addition of viscogens to the reaction media,
either 30% sucrose (w/v) or 30% glycerol (v/v), and identical
rate constants were measured at a ∼2:1 ratio of DxnB2 to
HOPDA (Table 2), indicating that the observed events are
intramolecular. Following the hydrolysis of HOPDA, a spectral
feature attributed to HPD rebinding and decay was also
observed in the visible region, accounting for ∼1% of the total
change in amplitude (Figure S1, Supporting Information).
Likewise, the ketonization of HPD was also detectable at 270
nm (Figure 3B), a postcatalytic event that was previously
reported for BphDLB400.

12 Again, DxnB2 revealed no trace of
half-site reactivity with respect to the hydrolysis of HOPDA,

Figure 1. Results from representative stopped-flow experiments
demonstrating the pre-steady-state kinetic burst of HPD formation
from HOPDA (black) and 9 Cl HOPDA (gray) by DxnB2. For clarity,
not all data points are shown.
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and the observed event was ∼150-fold faster than that for kcat,
consistent with a mechanism in which deacylation is rate-
limiting.
The reactivity of ESred was further probed by measuring a

solvent kinetic isotope effect (SKIE). Stopped-flow was used to
monitor reactions of 8.2 μM DxnB2 and 4 μM HOPDA in a
95% (v/v) deuterated potassium phosphate buffer (I = 0.1 M,
pD 7.5, Figure 4). Reactants were incubated for 2 h prior to
reaction to allow uniform H/D exchange into the substrate
(Figure S2, Supporting Information) and catalytically relevant
residues. Two equivalents of deuterium was incorporated into
∼63% of the sample. This exchange was previously detected at
positions H-3 and H-5 of 2-hydroxy-6-keto-nona-2,4-diene-1,9-
dioic acid9 and HOPDA12 by 1H NMR. Deuteration of the
substrate at these positions is not suspected to significantly
perturb the kinetics of the reaction. Theoretically, an inverse α-

secondary deuterium KIE would be expected for the transition
of the fully conjugated substrate (C5 sp2) to the (3E)-2,6-
dioxo-6-phenylhexa-3-enoic acid (C5 sp3) during substrate
activation. Interestingly, reaction measurements in the deu-
terated buffer revealed an SKIE of 2.5 for 1/τ2, which slowed to
∼28 s−1 (Figure 4 and Table 2). This significant SKIE on 1/τ2
indicates a rate-determining proton transfer, ultimately
affording the explicit assignment of this transient kinetic
phase to substrate ketonization. As expected, the rate of
acylation and HPD formation is limited by substrate activation
to generate an electron sink that can support bond cleavage.

Extended Brønsted Analysis of Substrate Tautomeri-
zation. To further explore this ketonization reaction, we
examined single turnover reactions for DxnB2 with a series of
substituted HOPDAs. Specifically, 4 μM of each substrate,
including 5-Cl, 8-Cl, 9-Cl, and 5,8-diF HOPDA, was hydro-
lyzed by 16 μM DxnB2 in a potassium phosphate buffer (I =
0.1 M) pH 7.5 at 25 °C (Figure 5 and Table 3). Each reaction
proceeded through an intermediate characterized by a red-

Table 1. Pre-Steady-State Kinetic Parameters Derived from Monitoring HPD Formation at 270 nm

[E] (μM) substrate kburst (s
−1) Ampburst (ΔA270nm) [P]burst (μM) vss (ΔA270nm s−1) kss (s

−1)

1 HOPDA 63 ± 1 0.019 ± 0.002 1.01 ± 0.09 0.0079 ± 0.0002 0.41 ± 0.01
2.5 HOPDA 61.7 ± 0.7 0.048 ± 0.002 2.5 ± 0.1 0.0173 ± 0.0009 0.36 ± 0.02
2.5 9CH 20.0 ± 0.5 0.032 ± 0.004 1.67 ± 0.02 0.208 ± 0.003 4.34 ± 0.06

Figure 2. LC ESI/MS analysis of a reaction mixture of DxnB2 with 5-
fold excess HOPDA, quenched with 5% acetic acid (v/v) after 10 s.
The M+104 and M+324 represent acylated species.

Figure 3. Results from representative stopped-flow experiments showing the single turnover of 4 μM HOPDA by 16 μM DxnB2. (A) Reaction
monitored using a PDA detector. (B) Reaction monitored at single wavelengths: ESred decay at 487 nm (black) and A270 nm (gray).

Table 2. Solvent Viscosity and Isotope Effects on DxnB2-
Mediated HOPDA Hydrolysisa

[DxnB2] λ (nm) 1/τ2 (s
−1)

16 μM 270 69 ± 2
487 68 ± 1

+30% sucrose (w/v) 270 67 ± 5
487 69 ± 1

+30% glycerol (v/v) 270 64 ± 5
487 72.7 ± 0.5

8.2 μM 270 71 ± 2
487 67.7 ± 0.7

95% D2O (v/v) 270 28 ± 1
487 27.0 ± 0.3

aFor all reactions, ESred was formed within the dead time of the
stopped-flow apparatus: 1/τ1 > 500 s−1.
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shifted absorption spectrum for which λmax ranged between
∼470 and 490 nm. In line with the 67% pre-steady-state kinetic
burst of HPD formation observed during the reaction of DxnB2
and 9-Cl HOPDA, the presence of a phenyl ring substituent
altered the number of observable steps during a single DxnB2
turnover. In particular, an additional transient step suggested
nonequivalence among DxnB2 active sites.
As described for HOPDA and 3-Cl HOPDA,29 two

detectable transient kinetic steps were observed during the
single turnover of 5-Cl HOPDA. First, ESred formation
occurred with a slower and thus measurable rate constant of
∼310 s−1, and the intermediate was characterized by a λmax at
472 nm. The subsequent ketonization of 5-Cl HOPDA,
measured at both 472 and 270 nm, proceeded with a rate
constant of ∼2.8 s−1. In contrast to HOPDA and 5-Cl HOPDA,
the DxnB2-mediated cleavage of 5,8-diF HOPDA occurred
with three detectable steps. Specifically, upon ESred formation,
1/τ1 ∼ 500 s−1 at 485 nm, an additional spectral change was
observed prior to ketonization. A small decrease in the signal at
485 nm, accounting for only 2.3% of the total change in
amplitude, suggested that the two initial processes correspond
to 5,8-diF HOPDA destabilization. The final observable phase,
1/τ3 ∼ 0.13 s−1, was also detected at 270 nm and matched the
kcat value, which was determined independently by monitoring
enolate decay at 405 nm (kcat = 0.13 ± 0.01 s−1, kcat/Km = 9.4 ±
0.8 × 104 M−1 s−1, Km = 1.3 ± 0.1). Remarkably, ketonization
rather than deacylation represented the rate-limiting step of the
DxnB2-catalyzed hydrolysis of 5,8-diF HOPDA.
Three steps were also detected during the turnover of 8-Cl

and 9-Cl HOPDA, including the biphasic decay of ESred

commensurate with production of a species absorbing at 270
nm. The results are reminiscent of the two distinct acylation
events proposed for the half-site reactive BphDLB400.
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However, the SKIE reported for HOPDA indicate that the
initial phase of ESred decay is limited by ketonization whereas
the processes governing the nonequivalent active site behavior
are unknown. Thus, DxnB2 catalyzed the ketonization of 8-Cl-
and 9-Cl HOPDA with rate constants of 4.3 and 20 s−1,
respectively. For 8-Cl HOPDA ketonization at the second
active site, 1/τ3 ∼ 1 s−1, could be distinguished from the rate-
limiting enzyme deacylation, occurring at 0.48 s−1.28 In

contrast, 1/τ3 ∼ 7 s−1 was within error of the kcat measured
for 9-Cl HOPDA, suggesting that ketonization may be rate-
limiting even for more basic substrates. The assignment of 1/τ3
to substrate ketonization was supported by the lack of a
viscosity effect for the reaction of DxnB2 and 9-Cl HOPDA in
the presence of 30% sucrose (w/v).
Regardless of the basis of less than full-sites reactivity, an

extended Brønsted plot of the observed rate constants for
ketonization, log(1/τ2), versus the pKa2 value of each substrate
demonstrated a positive linear correlation (R2 = 0.97) and βnuc
= 1.17 ± 0.06 (Figure 6). A similar analysis of the DxnB2
specificity constants also revealed a βnuc ∼ 1 (Figure S3,
Supporting Information). These results establish that the
reactivity of the substrates toward protonation at C5 reflects
their enol:enolate equilibrium in solution.

Characterization of Crystalline ES Complexes. As
previously reported for other MCP hydrolase catalytic serine-
to-alanine variants, DxnB2 S105A stabilized a species that
resembled ESred (Figure S4, Supporting Information). In
solution, the half-life of the DxnB2 S105A:HOPDA complex
was 6.2 ± 0.1 h, whereas the stability of S105A:5,8-diF HOPDA
appeared to match that of the enzyme sample as precipitation
and loss of the orange color were concurrent and not readily
apparent until several days of incubation at room temperature.
To further probe the nature of ESred in DxnB2, crystals of
DxnB2 S105A were incubated with either HOPDA or 5,8-diF
HOPDA prior to diffraction experiments (Table 4), which
yielded structural results similar to those reported for BphD14

and HsaD,15 a tetrameric homologue from Mycobacterium
tuberculosis. For example, polar contacts between the conserved
P-subsite residues, Gly35, Asn43, Asn104, Arg180, and Trp256
were observed between the enzyme and the MCP dienoate
moiety.
The S105A:HOPDA and S105A:5,8-diF HOPDA binary

complexes were refined to 2.3 and 2.2 Å with the substrate
modeled at 80% and 100% occupancy, respectively. The lid
domain of the DxnB2 models differed markedly from
previously reported structures.17 The first difference was
observed in the NC-loop, originally defined as a variable
protein segment that connects the α/β-hydrolase core through
β6 to the N-terminus of the lid domain in the epoxide
hydrolases.30 Specifically, the NC-loop was helical in the two
binary complexes reported here. Next, the N-terminal helix α5
of the lid domain was well-ordered and defined by both
electron density maps. These differences are reflected by a large
number of enzyme−substrate contacts similar to those reported
in BphD.12,14 The resolution of the diffraction data and the
unbiased electron density maps did not permit reliable,
independent attempts to define the conformation of each
substrate at the DxnB2 S105A active site. Ultimately, the
HOPDA molecules were refined as a (3E)-2,6-dioxo-6-
phenylhexa-3-enoic acid based on the observed binding mode
and single crystal spectrum of a 1.6 Å BphD S112A:HOPDA
complex.14 However, an (3E,5E)-2-oxo-6-oxido-6-phenylhexa-
3,5-dienoaic acid could also be modeled into the electron
density.
In the crystalline DxnB2 S105A:HOPDA binary complex, a

nonplanar dienoate-binding mode that includes a cis con-
formation about the C4−C5 bond (Figure 7A,B) was
correlated to ESred by single crystal spectroscopy (Figure 8).
The electronic absorption of the crystalline complex prior to
and following X-ray exposure resembled that measured in
solution or frozen as a glass in 50% glycerol at ∼10 K. The λmax

Figure 4. Results from a representative stopped-flow experiment
demonstrating the SKIE on the rate of DxnB2-mediated HOPDA
cleavage: ESred decay was monitored at 487 nm in H2O (black) or 95%
D2O (v/v, red). Data collected at 270 nm are inset.
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values of the most bathchromically shifted signal in all three
spectra were within 10 nm of each other: λmax crystal ∼ 502 nm,
λmax solution ∼ 500 nm, λmax 10K ∼ 510 nm. The results also
indicate that the crystalline ESred is not destroyed or
significantly altered during data collection. Interestingly, the
resolution of the 10 K spectra revealed the underlying
complexity of the ESred spectrum, suggesting at least six distinct
electronic transitions contribute to the spectrum observed in
solution or in the crystalline state.

A comparison of the DxnB2 S105A:HOPDA or 5,8-diF
HOPDA binary complexes to substrate-free DxnB2 structures17

revealed that productive substrate-binding, defined here as
orange-colored crystals, was accompanied by a coordinated
displacement of His255 and Trp256 from residue 105. Instead
of H-bonding with Ser105, a polar interaction between His255
and Asn104 is evident in the MCP-bound structures (Figure
7C). Thus, during catalysis by the wild-type enzyme, the Ser105
side chain would be free to react with a carbanionic MCP

Figure 5. Results from representative stopped-flow experiments monitoring the turnover of 4 μM substrate by 16 μM DxnB2: (A/E) 5-Cl HOPDA,
(B/F) 5,8-diF HOPDA, (C/G) 8-Cl HOPDA, and (D/H) 9-Cl HOPDA. The enzymatic and nonenzymatic HPD ketonization can be observed as a
decrease in absorbance at 270 nm. The process of HPD rebinding, which accounts for ∼1% of the total change in amplitude is also visible (Figure S1,
Supporting Information).
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intermediate to complete both substrate ketonization and
enzyme nucleophile activation. Together with the kinetic
analyses, this structural data suggests a nonessential role for
the His−Asp pair in serinate formation.

■ DISCUSSION
The investigation of DxnB2 presented herein provides a more
detailed understanding of the catalytic mechanism of the MCP
hydrolases. The observation of a pre-steady-state kinetic burst
and a covalently modified enzyme sample consistent with a
benzoylation (M+104) represent the second account of a
nucleophilic mechanism by an MCP hydrolase. These addi-
tional results extend the observation of an acyl-enzyme in
BphD2 to a full-site reactive MCP hydrolase, further establish-
ing that these enzymes do not use a general base mechanism as
had been previously proposed.31 Moreover, this is the first
mechanistic study of a dimeric MCP hydrolase, and the
differences between the reactivity of DxnB2 and other
tetrameric MCP hydrolases revealed novel insight into the
early steps of catalysis.

The full-site reactivity of DxnB2 toward HOPDA afforded a
more detailed investigation of the catalytic steps preceding C−
C bond cleavage in MCP hydrolases. Prior to this study, the
interpretation of kinetic data associated with HOPDA turnover
was complicated by half-site reactivity. As an example, viscosity
effects were reported on 1/τ1 and 1/τ2 but not 1/τ3 (∼kcat) for
the BphD-mediated hydrolysis of HOPDA under single

Table 3. Kinetic Data for DxnB2-Mediated Hydrolysis of Substituted HOPDAs

substrate pKa2
a

λ
(nm) 1/τ1 (s

−1) [% Amp] 1/τ2 (s
−1) [% Amp] 1/τ3 (s

−1) [% Amp] 1/τ4 (s
−1) [% Amp]b

HOPDA 7.3 270 69 ± 2 [26 ± 0.2] 0.014 ± 0.001 [74 ± 5]

487 >500 68 ± 1 [98.9 ± 0.1] 0.6 ± 0.3 [1.1 ± 0.1]

5-Cl 6.1 270 2.9 ± 0.2 [23.9 ± 0.2] 0.05 ± 0.02 [80 ± 30]

472 312 ± 5 [43 ± 1] 2.72 ± 0.01

5,8-diF 5.0 270 0.132 ± 0.002 [20.6 ± 0.3] 0.0018 ± 0.0001 [79 ± 2]

485 520 ± 20 [46 ± 4] 2.3 ± 0.3 [2.6 ± 0.6] 0.126 ± 0.001 [51.0 ± 0.5]

8-Cl 6.5 270 4.3 ± 0.1 [43.9 ± 0.6] 1.0 ± 0.2 [52 ± 1] 0.039 ± 0.001 [52 ± 1]

472 >500 5.0 ± 0.1 73 ± 1 1.76 ± 0.08 [24 ± 1]

9-Cl 6.8 270 20 ± 1 [52 ± 7] 7 ± 1 [10 ± 5] 0.07 ± 0.02 [40 ± 10]

494 >500 18.6 ± 0.5 91 ± 5 6 ± 2 [9 ± 4]

9-Cl HOPDA
+ 30% sucrose

270 17.4 ± 0.9 43 ± 6 8 ± 3 [6 ± 5] 0.060 ± 0.005 [52 ± 4]

494 >500 17.8 ± 0.6 91 ± 6 6 ± 3 [8 ± 6]
apKa2 values for HOPDA, 5-Cl, 8-Cl and 9-Cl HOPDA were taken from ref 18. b1/τ4 is a measure of postcleavage processes: HPD rebinding and
decay at 487 nm or enzymatic and nonenzymatic HPD ketonization at 270 nm. The considerable uncertainty in these measurements (reflected in
the standard deviation between measurements) arises in part because the experiments were designed primarily to investigate pre-steady-state
catalytic events.

Figure 6. Extended Brønsted relationship of substrate basicity and the
rate of ketonization. The HOPDA enol:enolate equilibrium (inset).

Table 4. Properties of the Crystals, Diffraction Data, and
Refinement Statistics

S105A:HOPDA
S105A:5,8-diF

HOPDA

Crystal Properties and Diffraction Data
PDB ID 4LYE 4LXI
resolution rangea (Å) 56.9−2.3 57.3−2.2
space group P6522 P6522
cell dimensions (Å) a = b = 65.7, c = 339.3 a = b = 66.2, c = 342.2
unique reflections 19 907 23 287
multiplicitya 10.7 (10.2) 13.7 (7.1)
completenessa (%) 99.5 (45.9) 97.4 (88.1)
Rsymm

a (%) 9.0 (45.9) 11.0 (49.2)
meana I/σ2 26.8 (4.4) 17.3 (2.5)

Refinement
Rfactor/Rfree 0.20/0.24 0.20/0.26
model content (atoms)

non-hydrogen
atoms

2203 2197

protein 2118 2108
precipitant/
HOPDAb

0/16 1/18

water oxygens 69 70
average Bfactors (Å

2)
all atoms 43.2 48.4
protein 43.2 48.3
precipitant/
HOPDAb

0/47.2 (0.8) 61.2/66.8

waters 42.4 47.0
rmsdc bond lengths (Å) 0.011 0.013
rmsdc bond angles (deg) 1.4 1.5
aValues for the highest resolution bin are reported in parentheses.
bEach precipitant/ligand was modeled at full occupancy unless
otherwise stated in parentheses. crsmd = root-mean-square deviation
from restraint targets.
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turnover conditions.12 In DxnB2, the rate constants for ESred

formation, 1/τ1, exceeded 500 s−1 and were not detectably
slowed by the addition of a viscogen during turnover of
HOPDA and 9-Cl HOPDA. The viscosity effects reported on
1/τ1 for BphD and DxnB2 during turnover of 3-Cl HOPDAs
have been used to assign the first detectable step to a
bimolecular event.12,29 In contrast, the origin of the viscosity
effect on 1/τ2 for the reaction of BphD and HOPDA is unclear
but may be linked to half-site reactivity. In the two-
conformation model, for example, a tetramer-specific enzyme
conformational change, slowed by the addition of a viscogen,

may contribute to the rate of acylation (1/τ2). For DxnB2 and
HOPDA, the lack of a viscosity effect on 1/τ2 and the
monophasic decay of ESred measured for the reaction suggest
that this step represents ketonization or acylation.
By establishing that the decay of ESred involves a proton

transfer, the observation of an SKIE on the decay of the visible
absorbance signal at 487 nm provides evidence that this
intermediate represents a dianionic species and that its decay
represents its ketonization. An intriguing possibility is that the
catalytic serine protonates the MCP dianion at C5: the Ser105
hydroxyl readily exchanges with the solvent32 and, therefore,
the SKIE may reflect transfer from an O−D group. In the
substrate-assisted mechanism depicted in Scheme 1, the first
step involves a conformational equilibrium that raises the pKa2
of the incipient HOPDA dianion. Although ESred is a dianionic
intermediate, the cause of the spectral perturbations and the
electronic nature of this intermediate remain unknown. The
carbanionic intermediate in Scheme 1 reflects the position that
is protonated and its pKa2 should be compatible with the
proposed proton transfer from the Ser105 hydroxyl to C5.
Although carbanions are typically associated with high pKa
values, the MCP’s conjugated system of electrons likely has a

Figure 7. Ball-and-stick representations of the (A) HOPDA and (B)
5,8-diF HOPDA binding modes to the catalytically inactive DxnB2
S105A variant. The unbiased Fo − Fc maps (green) are shown for each
substrate contoured at 3 σ. Relevant polar contacts are drawn as
dashed lines (interatomic distances ≤3.4 Å). For clarity, the main or
side chains atoms of some residues have been removed and some
additional polar enzyme−substrate interactions have been omitted.
(C) Superposition of DxnB2 WT (yellow) and S105A:5,8-diF
HOPDA complex (light blue) active sites showing the concerted
movement of His255 and Trp265 upon substrate binding. H-bonding
is shown in gray for the WT and black for the binary complex.

Figure 8. Electronic absorption spectra of DxnB2 S105A:HOPDA
binary complexes. (A) Single crystal absorption spectra pre-exposure
(black) and postexposure (gray) to X-rays. (B) The spectra of the
S105A:HOPDA complex in a potassium phosphate (I = 0.1 M), pH
7.5 solution at 298 K (25 °C) or frozen as a glass in 50% glycerol at
∼10 K.
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stabilizing effect. Importantly, this mechanism of ketonization
would account for the His-independent nucleophile activation
in MCP hydrolysis.2 That substrate ketonization determines the
rate of acylation further highlights the importance of generating
an electron sink for the C−C bond cleavage reaction. Although
the stereochemical course of protonation of the pro-S position
of C5 has been inferred from NMR studies of deuterium
incorporation,9,12,13 this is the first definitive report on the rate
of MCP ketonization. The ability to definitively assign 1/τ2 to
substrate ketonization allowed additional studies of the process.
The relationship between substrate basicity and the rate of

ketonization supports the proposed role of the substrate acting
as a general base for nucleophile activation. Indeed, the
detection of a substituent effect indicates that nucleophile
activation and attack of the serinate on the carbonyl are not
concerted. Thus, proton transfer to C5 ultimately determines
the apparent rate constant for acylation, with nucleophilic
attack occurring at a rate faster than 70 s−1. The acylation
reaction is characterized by both ESred decay and the
concomitant production of a species that absorbs at 270 nm,
which has been assigned to HPD.16 The measured βnuc value of
∼1 reflects the expected change in charge upon protonation of
ESred, echoing the measured SKIE. White and Jencks
interpreted a similar substituent effect for the reaction of
succinyl-CoA:3-ketoacid CoA transferase as a change in charge
from −1 to 0 at the transition state.33 In the MCP hydrolases,
the correlation reflects the conversion of a dianionic
intermediate to an α/β-unsaturated δ-diketone carboxylate.
Overall, the measured βnuc and SKIE provide empirical
evidence for a proton transfer to C5 that precedes nucleophilic
attack by the MCP hydrolases.
Although substrate ketonization limits the rate of acylation,

deacylation is typically the rate-determining step in catalysis,
occurring between 0.4 and 5 s−1. Rate-limiting ketonization was
observed for two substrates: 9-Cl and 5,8-diF HOPDA. In the
former case, the ketonization of 9-Cl HOPDA limited the
turnover of only a fraction of active sites. That is, the substrate
elicited nonequivalence of the active sites in a manner that is
somewhat reminiscent of the two-conformation model
associated with the half-site reactive BphD.2,12 Beyond the
apparent dependence on a phenyl-ring substituent, the
molecular basis of the less-than-full-site reactivity of DxnB2 is
puzzling but merits further investigation considering the
environmental relevance of ring-substituted PCB metabolites.
The ability of electron-withdrawing substituents to stabilize

the dianionic ESred intermediate was most prominent for
turnover of 5,8-diF HOPDA. For this reaction, steady-state
turnover was limited by the rate of ketonization demonstrated
by the agreement of 1/τ2 and kcat values of ∼0.13 s−1. Although
the precise electronic nature of ESred remains unknown, the
proton transfer event suggests that accumulation of negative
charge at C5 is required. The strong inductive effect of a F
substituent at the reaction center is likely to stabilize the
requisite, reactive carbanionic intermediate, and the electronic
absorption spectrum of ESred is consistent with that of a
carbanionic species.
Overall, the reported SKIE and βnuc support the substrate-

assisted mechanism of catalysis proposed for the MCP
hydrolases. Furthermore, the data implicate ESred as a doubly
charged species. Indeed, the MCP hydrolases represent a
remarkable example of divergent evolution of the Ser−His−Asp
catalytic triad. Despite the capacity of the triad to effect C−O
bond cleavage using the canonical “charge-relay” system,3 the

enzyme appears to utilize the charge on the MCP substrate
postponing the direct involvement of the His−Asp dyad until
the deacylation reaction.
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