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ABSTRACT: Meta-cleavage product (MCP) hydrolases are
members of the @/f-hydrolase superfamily that utilize a Ser-
His-Asp triad to catalyze the hydrolysis of a C—C bond. BphD,
the MCP hydrolase from the biphenyl degradation pathway,
hydrolyzes 2-hydroxy-6-oxo-6-phenylhexa-2,4-dienoic acid
(HOPDA) to 2-hydroxypenta-2,4-dienocic acid (HPD) and
benzoate. A 1.6 A resolution crystal structure of BphD H265Q
incubated with HOPDA revealed that the enzyme’s catalytic
serine was benzoylated. The acyl-enzyme is stabilized by
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hydrogen bonding from the amide backbone of ‘oxyanion hole’ residues, consistent with formation of a tetrahedral oxyanion
during nucleophilic attack by Ser112. Chemical quench and mass spectrometry studies substantiated the formation and decay of a
Ser112-benzoyl species in wild-type BphD on a time scale consistent with turnover and incorporation of a single equivalent of
80 into the benzoate produced during hydrolysis in H,'®O. Rapid-scanning kinetic studies indicated that the catalytic histidine

contributes to the rate of acylation by only an order of magnitude, but affects the rate of deacylation by over 5 orders of
magnitude. The orange-colored catalytic intermediate, ES™, previously detected in the wild-type enzyme and proposed herein to
be a carbanion, was not observed during hydrolysis by H265Q. In the newly proposed mechanism, the carbanion abstracts a
proton from Ser112, thereby completing tautomerization and generating a serinate for nucleophilic attack on the C6-carbonyl.
Finally, quantification of an observed pre-steady-state kinetic burst suggests that BphD is a half-site reactive enzyme. While the
updated catalytic mechanism shares features with the serine proteases, MCP hydrolase-specific chemistry highlights the versatility

of the Ser-His-Asp triad.

B INTRODUCTION

The a/f-hydrolase superfamily possesses one of the most
widespread folds in nature and uses a conserved nucleophile—
histidine—acid triad to catalyze a range of chemistries." These
enzymes also possess an ‘oxyanion hole’ and share a mirror
image relationship with serine protease families’ active site
architecture, suggesting a conserved nucleophilic mechanism of
catalysis.” Accordingly, covalent catalysis has been postulated in
several a/f-hydrolases despite a lack of direct evidence.> ™% A
notable exception is an acetyltransferase, DAC-AT, responsible
for the last step in the biosynthesis of the p-lactam
cephalosporin C, for which crystallographic data established
the occurrence of an acyl-enzyme intermediate.” Despite
housing the necessary machinery to perform covalent catalysis,
many a/f-hydrolases utilize a general base mechanism whereby
the catalytic triad activates a small molecule, such as H,O,
H,0,, or HCN.® Family specific structural features, including
various insertions and the orientation of active-site loops,
contribute significantly to the catalytic mechanism of each a/f-
hydrolase family.”"°
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The meta-cleavage product (MCP) hydrolases utilize a Ser-
His-Asp triad to catalyze the hydrolysis of a C—C bond of a 2-
hydroxy-6-oxo-dienoate formed by the dioxygenase-mediated
meta-ring cleavage of catechols. Two of the most well-
characterized MCP hydrolases are 2-hydroxy-6-oxo-nona-2,4-
diene-1,9-dioic acid 5,6-hydrolase, MhpC, a dimeric enzyme
from Escherichia coli, and 2-hydroxy-6-oxo-6-phenylhexa-2,4-
dienoic acid (HOPDA) S5,6-hydrolase, BphD, a tetrameric
enzyme from Burkholderia xenovorans LB400, whose catalytic
triad is Ser112-His265-Asp237. In these enzymes, the active site
lies between the a/f-hydrolase core and MCP hydrolase lid
domains'"'* (Supporting Information Figure SI1A). In BphD,
the active site has polar (P-) and nonpolar (NP-) subsites that
bind the MCP’s dienoate and phenyl moieties, respectively.
Five active site residues are conserved in MCP hydrolases but
not other a/f-hydrolases: Argl90, Asnlll, Phel75, Cys263,
and Trp266 in BphD." Interestingly, all but Cys263 contact
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the productively bound dienoate,"* and substitution of any one
of the five reduces the rate of C—C bond hydrolysis."

The active site of MCP hydrolases reflects the difficulty of
hydrolyzing a C—C bond compared to carbon—heteroatom
bonds. Hydrolysis of the latter is typically facilitated by
protonation of the leaving heteroatom to generate a positively
charged electron sink. The MCP hydrolases cannot access such
an electron sink as the leaving carbon cannot be protonated.
Instead, the difficulty of hydrolysis at a carbonyl carbon of an
a/f-unsaturated system is overcome by an enol-to-keto
tautomerization of the dienoate moiety, generating a 2,6-
dioxo isomer that acts as the electron sink for a leaving
carbanion'¥'® (Scheme 1). Moreover, substrate destabilization

Scheme 1. Simplified Mechanisms Proposed for C—C Bond
Hydrolysis by MCP hydrolases

0,60 “0,_OH
| o]
N i
= e
H,O H" R, R
2/ O"H/O Ry HPD !
SerJ
“0,C._OH 0,60
= 2 GENERAL BASE MECHANISM
—~— N
] NUCLEOPHILIC MECHANISM
R O Oy R
1 1
RZ RZ
ser's 0,60
LN wo o 9
O g O Re Ry” “OH
O R, "5

Ser

preceding tautomerization has been observed during BphD-
catalyzed hydrolysis of HOPDA."? Accordingly, the appearance
of two distinct absorbing species (Ao 473 and 492 nm) with
39 and 58 nm bathochromic-shifts were together named ES™.
The lifetime of this intermediate was extended by substitution
of the catalytic serine in BphD (S112A)'* and HsaD from
Mycobacterium tuberculosis (S114A)."” Crystallographic charac-
terization of these ES complexes revealed that the presumably
productive conformation of the MCP is nonplanar and includes
a gauche+ torsion angle around the C4—CS bond, represented
in the two-dimensional Scheme 1 as a (3E)-2,6-dioxo isomer.
In these complexes, the C2-oxo approaches the -catalytic
histidine, which may contribute to substrate destabilization.
Nevertheless, the identity of ES™ is unknown, although double
bond strain has most recently been proposed as the source of
the spectral shift.">'” In contrast, the S112A/H26SA double
variant did not trap the red-shifted intermediate, consistent
with crystallographic characterization of a S112A/
H265A:HOPDA complex, which revealed a planar binding
mod1e4 with the C2-substituent orientated away from residue
2685.

Several experiments probing the mechanism of C—C bond
hydrolysis in MCP hydrolases have led to the proposal that
these enzymes are among the a@/f-hydrolases that utilize a
general base mechanism of catalysis (Scheme 1). Specifically,
the catalytic triad has been proposed to activate H,O, which
attacks the substrate to form a gem-diolate intermediate. The
strongest arguments for this intermediate have been based on
two studies. First, studies of MhpC in H,'®O resulted in 3—6%
incorporation of a second '*O equivalent into the succinic acid
product during turnover of the enzyme’s natural substrate, as
well as an enzyme-dependent '®O exchange into a non-
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hydrolyzable substrate analogue.'® Second, a broad *C NMR
signal at 128 ppm observed during the turnover of 6-"C-
labeled HOPDA by each of three catalytically impaired MCP
hydrolases (BphD H265A, BphD S112A, and MhpC H114A)
was assigned to a gem-diolate.'” However, the report on the
incorporation of 2 equivalents of *O into the succinic acid
product did not test for turnover-independent exchange into
product. Moreover, the assignment of the putative gem-diol
intermediate to the signal at 128 ppm is complicated by poor
signal-to-noise as well as the presence of a signal with the same
chemical shift in the substrate sample. The NMR studies are
further complicated by the fact that the S112A and H265A
variants accumulate spectroscopically distinct intermediates.'*
Overall, the catalytic mechanism of the MCP hydrolases has
not been definitively established.

Herein, the catalytic mechanism of MCP hydrolases has been
investigated using BphD from B. xenovorans LB400 with a
combination of rapid-scanning UV/visible absorption spec-
trophotometry, X-ray crystallography, positive ion electrospray
tandem mass spectrometry (ESI/MS/MS) for peptide
matching, and electron ionization gas chromatography—mass
spectrometry (EI/GC/MS). An updated mechanism for the
MCP hydrolases has been proposed. The mechanism is
discussed within the context of C—C bond hydrolysis, and
the chemical capabilities of the a/f-hydrolase triad are
compared to those of the serine proteases. The versatility of
the Ser-His-Asp triad is highlighted through discussion of its
nucleophilic and general base-associated properties.

B RESULTS

Identification of an Acyl-Enzyme Intermediate. To
further investigate the role of the catalytic His in MCP
hydrolases, His265 of BphD was substituted with glutamine, a
relatively isosteric residue, as a single-point mutation or in
tandem with an S112A mutation. The variants were purified
and crystallized using microseeding, and X-ray diffraction data
were obtained with and without exposing crystals to excess
HOPDA. A 1.6 A resolution crystal structure of H265Q
incubated with HOPDA revealed clear electron density
extending from the catalytic serine, which was unambiguously
fit with a benzoyl moiety at full occupancy (Figure 1A). The
benzoyl-oxo forms hydrogen (H-) bonds with the amides of
each of the ‘oxyanion hole’ residues, Met113 and Gly42. The
side chain of GIn26S is also oriented by polar contacts,
including an H-bond between the GIn265 N and O” of
Asp237 of the catalytic triad. Additional H-bonding linking
GIn265 O' and Asnlll N* is also possible. Gln-Asp
effectively constitute a dyad, with no apparent interactions
with the Ser-benzoyl moiety, which is located more than 4.5 A
from the N°? of GIn26S. Interestingly, a HOPDA molecule was
bound at reduced occupancy in a secondary site, adjacent to the
active site, and may represent an entry/exit pathway for the
substrate and/or products (Figure S1A). This latter HOPDA
was refined as a (3E,5Z)-2-ox0-6-oxido dianionic species (Table
S2). The molecule is bound at the periphery of the P-subsite,
and makes contacts with Gly41, Gly47, Ser50, Argl90, and a
water molecule that is H-bonded to Gly43 (Figure S1B).

To investigate whether acylation also occurs in solution,
chemical quench experiments were performed during turnover
of a S-fold excess of HOPDA by the wild-type (WT) and
H265Q variant. LC ESI/MS analyses of the quenched reactions
indicated that ~40% of the variant was benzoylated (M + 104)
after 600 ms while ~45% of the WT was benzoylated after 200
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Figure 1. (A) Ball-and-stick representation of the H265Q:HOPDA
complex active-site, including the unbiased F, — F, density (green) for
the benzoyl adduct, contoured at 36. Hydrogen bonding is indicated
between the oxyanion hole residues and benzoyl moiety. (B) ESI/MS/
MS of a modified and an unmodified peptide isolated from the wild-
type sample. For simplicity, the high m/z range is shown, highlighting

the differences in large b-series ions.

ms (Figure S2A,B). In WT-catalyzed reactions, ~30% of the
enzyme was acylated after 1 s and no acylated enzyme was
detected after 10 s (Figure S2C,D). The observed decay of the
acylated species in WT BphD is consistent with the kg, of 3.2

s™' measured in kinetic burst experiments performed under
similar conditions (vide infra).

Peptide matching from ESI/MS/MS of pepsin-digested
reaction mixtures substantiated the acyl-enzyme intermediate
identified in the H265Q_crystal structure. The benzoylation of
Ser112 was confirmed from a hydrophobic peptide spanning
residues 102—120 (DIDRAHLVGNSMGGATALNEF), which
contained several missed pepsin cleavage sites. Peptide
fragment ions, matched in both the H265Q and WT samples,
indicated modification of Ser112. In total, 6 ion fragments from
the H265Q reaction mixture and 15 ion fragments from the
WT sample were matched to b-series ions that could be
explained only by benzoylation at Ser112 (Figure 1B, Table
S3). The apparent stoichiometry of modified to unmodified
peptide was consistent with the amount of benzoylation
observed in the intact enzyme samples. Importantly, the X-
ray diffraction and mass spectrometry data demonstrate that
the Serll2-benzoyl intermediate forms under a variety of
conditions. Together with the time-course data, this indicates
that an acylated enzyme occurs on the reaction coordinate of
BphD and perhaps other MCP hydrolases.

Stoichiometric 0 Incorporation from H,'0 Is
Consistent with Nucleophilic Catalysis. Identification of
an acyl-enzyme intermediate during the catalytic cycle of BphD
conflicts with solvent '®O exchange experiments performed
using MhpC, which were used to infer a general base
mechanism.'® To test whether BphD behaves similarly, 200
uM HOPDA was turned over using 20 uM BphD WT in
potassium phosphate (I = 0.1 M), pH 7.5 at 92% H,'®*0O and
the resulting benzoate was analyzed using EI/GC/MS. The
observed distribution of ion fragments reflects both the extent
of 80 incorporation and the isotopic abundance of silicon in
the derivatization agent. Therefore, the average distribution of
ion fragments observed in control reactions performed using
H,0 was used to calculate the extent of '*O incorporation into
benzoate observed in reactions performed in H,"O (Figure
S3). In these calculations, two models were fit to the observed
benzoate fragment ion distributions: a two-species model,
representing a single 'O incorporation event; and a three-
species model, representing single and double incorporation
events (Table S4). In turnover experiments performed using
H,'%0, the two-species model best fit the data. The result for
the most abundant fragment, summarized in Table 1, indicates
85 + 1% incorporation of a single '®O equivalent. Similar
results were observed in all other oxygen-containing fragments

Table 1. Enzymatic and Nonenzymatic Incorporation of *0 from H,'®O into Benzoate and HOPDA”

relative abundance (%) of benzoate base peak ions (m/z)

sample and incubation time 179 [M] 180 [M+1] 181 [M+2] 182 [M+3] 183 [M+4] 184 [M +5] 'O incorporation
benzoate H,0 83.2 12.9 3.4 0.44
WT + benzoate 300 min H,'*0 83 12.3 43 0.4 ND*
WT + HOPDA 20 min H,'*0 12 2.7 71 10.7 3.6 0.3 85 + 1%
WT + HOPDA 20 min PI¢ H,'*0 16.7 33 65 10 4 0.5 79 + 2%
20 min rxn
relative abundance (%) of HOPDA base peak ions (m/z)
sample and incubation time 245 [M] 246 [M+1] 247 [M+2] 248 [M+3] 249 [M+4] 250 [M+5] 80 incorporation
HOPDA 20 min H,0 78 16 5 0.5
H,'*0 65 12.7 17.9 32 1.0 0.12 18 + 1%

“A complete table of GC/MS results including additional fragments is available in the Supporting Information (Figure S3 and Table SS). Errors for
'80 incorporation represent the rms error from fitting the experimentally observed data to a single '*O incorporation event. “ND: not detected. “PI:
HOPDA was preincubated in '3O-buffer for the stated time prior to initiating the reaction (rxn).
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Table 2. Kinetic Data for Wild-Type BphD and Its His26S Variants®

enzyme 4 (nm) ki (s7') [% Amp] ky (s7') [% Amp] ks (s7) [% Amp] ky (s7)" [% Amp]
WT* 270 48 + 12 [89] 83 + 0.7 [11]

492 ~500 54 + 4 [64] 5.8 + 0.7 [32]
H265A7 434 78 [82] 1.3 [18] 0.0058
H265Q 270 10.8 + 0.6 [28] 0.08 + 0.02 [72]° 3x107°

434 130 + 10 [16] 10.3 + 0.1 [21] 0.022 + 0.001 [64}

“Enzymes were reacted in 2:1 molar excess to HOPDA based on protomer concentration. “k, values were measured using a CaryS000
spectrophotometer. . “From ref 12. “From ref 14. “The error associated with the % Amp of k; is ~28% for H265Q at 270 nm, likely due to the

competing process associated with enzymatic enolization, k ~ 0.6 s~

1

, a faster process than HPD formation/release (k;).The end point of the

reaction was fixed at A434 nm = 0.006, consistent with the measured end point.

(Table SS), with approximately 85% of benzoate containing a
single '®O equivalent. Importantly, this experiment provided no
evidence for the enzymatic incorporation of a second '*O
equivalent into the benzoic product: in no case were ions at M
+ 6 and M + 7 observed, and modeling incorporation of a
second '®O equivalent into even a small percentage of the
benzoate increased the error associated with the overall relative
abundance of the singly exchanged species. For example, using
the data presented in Table 1, modeling incorporation of a
second '®O equivalent into 3% of the benzoate increased the
error associated with the overall relative abundance of the single
exchanged species by S-fold (Table S4). Although BphD
catalyzed the incorporation of a single equivalent of '*O into
benzoate during hydrolysis of HOPDA, the enzyme did not
catalyze any detectable solvent exchange into benzoate, even
over 300 min (Table 1). However, nonenzymatic '*O exchange
from solvent into HOPDA was observed at 18% over 20 min
(Table 1). Interestingly, this exchange occurred exclusively at
the C2-substituent (Figure S3E) suggesting that HOPDA exists
predominantly as a 2-oxo-6-oxido-3,5-dienoate in solution. The
preincubation of HOPDA in *O-buffer for up to 20 min did
not increase the stoichiometry of incorporation observed into
the benzoic acid product, consistent with the finding that the
nonenzymatic exchange into HOPDA was at the C2-oxo.
Overall, the results are consistent with the occurrence of an
acyl-enzyme intermediate.

The Role of the Catalytic His in Acylation and
Deacylation. Identification of the acyl-enzyme substantiates
the proposed assignment of rates observed during the turnover
of HOPDA by WT BphD (Table 2)."* Thus, the biphasic decay
of ES™, which initially forms at a rate of approximately 500 s
(k,, a measurement limited by the instrument dead time at 25
°C), could be unambiguously assigned to acylation (k, and k;).
The biphasic decay of ES™ is mirrored by an increase in
absorbance at 270 nm due to the formation of HPD, which has
been previously attributed to a two-conformation model of
catalysis'> (Scheme 2).

To evaluate the role of the catalytic His in these steps, we
monitored turnover of HOPDA by a 2-fold excess of the

Scheme 2. A Two-Conformation Model of Catalysis Showing
the Order of Product Release, HPD and Benzoate (B)“
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“The rate constants denoted by alphabetical subscripts distinguish
equivalent sites within an MCP hydrolase tetramer.
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H265Q_variant. As in the previously characterized H265A
variant, H265Q_ did not accumulate ES™ (Figure S4A,B).
Instead, the first observable phase during the turnover of
HOPDA was a hyper- and small hypsochromic shift to 430 nm.
The observed changes to the absorption spectrum are
consistent with binding of a dianionic enolate substrate.
Thereafter, the absorbance centered near 430 nm decayed in
two phases as in the wild type, both of which were assigned to
acylation. The first phase proceeded at a rate of 10.3 s/,
approximately 5-fold slower than the first phase of ES™ decay
for the wild type and 8-fold faster than enolate decay in the
H265A variant (Figure S4C,E). The assignment of the first
phase to acylation was corroborated by (a) monitoring HPD
formation at 270 nm, which initially proceeded at a nearly
equivalent rate of 10.6 s™' (Figure S4F), and (b) chemical
quenching, which established that close to half of the enzyme
was acylated after this step. Inspection of the reaction for a
longer time period suggested the conversion was complete but
slowed by 2 orders of magnitude to a rate of 0.08 s™' (Figure
S4D). A corresponding k; was observed by monitoring the
decay of the enolate. This rate, 0.022 s, is approximately 4-
fold faster than that reported for the H265A variant, and is 2
orders of magnitude slower than wild-type catalysis. This slower
phase presumably corresponds to acylation at active sites that
require deacylation or product release dependent on a change
in conformation. H265Q_(2—4 uM) catalyzed the turnover of
saturating amounts of HOPDA (S0 uM) at a rate
corresponding to a kg, of ~3 X 107 s™". This slow rate was
not detected under single turnover conditions. Overall, these
data indicate that the catalytic histidine plays a more important
role in deacylation than in acylation. Moreover, this
interpretation corroborates the assignment of the two phases
of ES™ decay during WT turnover to acylation events.

The Role of the Catalytic His in Forming ES™, As noted
above, the H265Q variant did not accumulate ES™® during the
turnover of HOPDA. The effect of glutamine substitution on
HOPDA binding was further probed using the catalytically
inactive S112A/H265Q_variant. Upon mixing HOPDA with a
2-fold excess of enzyme in potassium phosphate (I = 0.1 M),
pH 7.5, a hyper- and slight hypochromatic shift to 432 nm was
observed (Table S6). The resulting ES complex accumulated
over approximately 20 min until reaching 125.0 + 0.9% of the
initial absorptivity, €434 pm = 32.1 = 0.2 mM ™' cm™ (Figure
SSB,C). These changes to the absorption spectra suggest
preferential binding of a dianion, which was initially present as
only 63% of the sample (pK,, HOPDA = 7.3). Curiously, the
hyperchromic shift accounted for only half of that expected for
a complete conversion to an all enolate sample, €434 ,m = 40.1
mM™ em™' at pH 9.5 (>99% HOPDA™). Incubation of
HOPDA with a 2-fold excess of S112A/H265Q in Na-CHES (I

dx.doi.org/10.1021/ja208544g | J. Am. Chem. Soc. 2012, 134, 4615—4624
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= 0.1 M), pH 9.5, shifted the enolate band to 432 nm with no
significant change in the intensity. At pH 7.5 a lower bound for
the half-life of the S112A/H265Q-bound HOPDA was
estimated at 31 + 2 h.

An X-ray structure of an S112A/H265Q:HOPDA complex
was obtained and refined to 1.9 A resolution with the HOPDA
modeled at 60% occupancy. Refinements in the absence of
planarity restraints affecting the C2—C3, C3—C4, C4—-CS, or
C5—C6 bonds indicated a (3E,5Z)-2-oxo-6-oxido-dienoate was
compatible with the X-ray data (Table S2), although refine-
ments in the presence of planarity restraints and analysis of
electron density maps could not eliminate the binding of a
(2E4E)-2-hydroxy-6-oxo- or a (3E)-2,6-dioxo isomer. The
latter isomers were disfavored in light of visible absorption
spectra observed in solution and the results of refinements
without planarity restraints. This conclusion was validated by
observations of solvent '*O exchange into the substrate.

The observed binding mode, in which the dienoate carbons,
C1 to C6, are coplanar, is stabilized in part by a number of
polar contacts (Figure SSA). In particular, the 6-oxido group is
H-bonded to both the ‘oxyanion hole’ amides. At the P-subsite,
the HOPDA carboxylate hydrogen bonds with Gly43, Arg190,
Trp266 and a water molecule that can also H-bond with Gly41,
AsnS1, and Asnl111. In the absence of HOPDA, a second water
molecule (not shown) replaces the interactions of a carboxylate
oxo-group in the P-subsite. The orientation of the planar
(3E,5Z)-2-0x0-6-oxido isomer and its interaction with the
active site differ significantly from the observed binding mode
in the S112A:HOPDA complex, which has been fit to a
nonplanar (3E)-2,6-dioxo isomer. The most significant differ-
ences are at the P-subsite, wherein the double variant features
an H-bond between the C2-oxo and Arg190 and an additional
water molecule anchoring the carboxylate, as described above
(Figure 2). Two (F, — F.) difference electron density features
approximately the size and shape of a phenylalanine side chain
are also observed in a nonpolar surface pocket bounded largely
by the side chains of Ile153, Phel57, Phe204, and Leu20S near
the periphery of the NP subsite. These features approach within
5 and 7 A of the active site HOPDA'’s phenyl group and may
represent the phenyl groups of additional HOPDA molecules
with disordered dienoate groups, although this interpretation is
not incorporated into the refined atomic model. Coupled with
the additional HOPDA density observed at the opposite side of
the active site in the H265Q:HOPDA structure, it appears that
BphD may have two routes for substrate/product entry/egress.

The Pre-Steady-State Kinetic Burst Suggests BphD Is
Half-Site Reactive. The observation of an acyl-enzyme
prompted us to investigate the occurrence of burst kinetics
using stopped flow spectrophotometry. Multiple turnover
reactions, monitored at 270 nm, were performed using 1, 2,
or 4 uM WT BphD and a saturating amount of HOPDA (40
uM). The resulting pre-steady-state kinetic burst was ascribed
to HPD formation, and quantified (€,79 ym ppp = 192 mM ™!
cm™) as previously reported.*® Values derived from fitting the
measurements to a burst equation are summarized in Table 3
(Figure S6). The presence of a burst phase is consistent with a
covalent mechanism in which acylation is not rate-limiting. The
pre-steady burst rate, ky, ~S55 s7', is in agreement with the
faster phase of ES™ decay, assigned to acylation, k, ~50 s™'.
Interestingly, the magnitude of the burst accounted for only
half the enzyme used in each assay, suggesting that BphD may
be a half-site reactive enzyme.
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Figure 2. Ball-and-stick representations of the stable HOPDA binding
modes observed in crystalline ES complexes. Polar contacts equal to or
less than 3.4 A are drawn as dashed lines. (A) The planar dienoate,
ESPI“‘“’, bound to BphD S112A/H265Q_showing an additional water
molecule in the P-subsite, below the dienoate plane. (B) The
nonplanar, electronically excited species, ES™?, bound by BphD S112A
(PDB ID: 2PUH)."*

B DISCUSSION

The presented chemical quench data provide direct evidence
for the occurrence of a covalent catalytic intermediate in a wild-
type MCP hydrolase: not only was the Ser112-benzoyl species
observed by mass spectrometry, but it formed and decayed on a
time scale consistent with turnover. A weak NMR signal has
been attributed to a gem-diol intermediate, but has only been
reported in catalytically impaired variant enzymes.'® The direct
observation of a covalent intermediate reported herein is
substantiated by three independent lines of evidence: (i) the
observation of an acyl-enzyme in crystallo using the H265Q
variant, (ii) the existence of a pre-steady-state kinetic burst, and
(iiii) incorporation of a single equivalent of '®O into benzoate
when HOPDA was hydrolyzed by BphD WT in H,'®O.

The stoichiometric incorporation of '*O from solvent into
benzoate by BphD contrasts to a study of MhpC, in which 3—
6% of its MCP acid product, succinate, contained two 'O
equivalents.'® The MhpC study did not report on the
possibility that MhpC catalyzes 'O incorporation into
succinate. Significantly, aspartyl and serine proteases both
exchange '*O into their acid products despite using different
catalytic mechanisms for hydrolysis.>>~>> While BphD did not
catalyze solvent exchange into benzoate, differences between

dx.doi.org/10.1021/ja208544g | J. Am. Chem. Soc. 2012, 134, 4615—4624
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Table 3. Pre-Steady-State Kinetic Parameters Derived from Monitoring HPD Formation at 270 nm

[E] (uM) kourse (1) Amppyee (AAyzg om) [Plourse (M) ki (AAyzg o s71) ks (s7)
1 52+5S 0.0098 + 0.0007 0.51 + 0.04 0.081 + 0.007 42 + 04
2 S§+5 0.0199 + 0.0008 1.04 + 0.04 0.150 + 0.003 3.91 + 0.08
4 62 +1 0.0376 + 0.0007 1.96 + 0.04 0.243 + 0.004 3.16 + 0.05
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Figure 3. An updated mechanism for the MCP hydrolases. A complete catalytic cycle is shown, beginning with binding of a HOPDA dianion of
undefined electronic and geometric structure. Rotation about C4—CS is indicated using a red arrow. The intermediate ES™ shown in red, is
hypothesized as a carbanion. The proposed fate of H,O is shown in blue, and the observed acyl-enzyme intermediate is colored green.

the systems may account for the differential incorporation of
180 into the carboxylates. First, several distinct binding modes
have been observed for succinate and malonate in complex with
MhpC H263A"* and BphD,*" respectively, indicating that small
diacids interact with the hydrolase active site differently than
monoacids such as benzoate. Furthermore, MhpC contains an
additional active site histidine, His114, which contributes® to
catalysis and coordinates succinate in crystallo.”> This residue,
which corresponds to Alallé in BphD, may influence the
reactivity of small diacids with MhpC.

On the basis of the evidence presented herein, an updated
mechanism of catalysis, illustrated using BphD as the reference
MCP hydrolase, is proposed in Figure 3. The active site
architecture and observed binding phenomena suggest
preferential binding of a dianionic HOPDA isomer. Proximity
of the lone pair of electrons on the His265 N to the
substrate’s C2-carbonyl is likely to favor localization of negative
charge away from the C2-carbonyl group. Importantly, a gauche
conformation around the C4—CS bond is required to maintain
all interactions with the NP- and P-subsites, implying
generation of an sp>-hybridized carbon at CS, consistent with
an enol-to-keto tautomerization. As presented below, we
propose that ES™ is an sp*>-hybridized C$ carbanion and that
tautomerization is completed via protonation at CS by the
nearby Ser112. This tautomerization generates the requisite
electron sink for C—C bond cleavage. The resulting serinate
then attacks the C6-carbonyl, generating the first tetrahedral
oxyanion intermediate that collapses to a Ser112 benzoyl-ester
and HPD. Presumably, the His265 N** lone pair also serves a
role in destabilizing binding of the resulting HPD to accelerate
its release. Upon binding of H,O to the acyl-enzyme, the His-
Asp dyad acts as a general base to activate water. Attack on the
acyl-enzyme then generates the second tetrahedral oxyanion
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intermediate, which ultimately leads to benzoate production. At
the end of the catalytic cycle, protonation of Ser112 regenerates
the resting state enzyme. For the MCP hydrolases, it is unclear
whether the rate-limiting step, k., or k;, represents deacylation
or a conformational change preceding final product release.

Despite sharing catalytic machinery and an acyl-enzyme
intermediate, the MCP hydrolases and serine proteases are
strikingly different with respect to the mechanism of
nucleophile activation. Kinetic characterization of the H265Q
and H265A"* BphD variants suggests that the rate of acylation
is only affected 5- to 40-fold by substitution of the catalytic
histidine. In the case of H265Q, this was confirmed by mass
spectrometry of a chemically quenched reaction mixture.
Moreover, a BphD D237N variant behaved similarly to
His26S variants during single turnover experiments, exhibiting
a hyperchromic-shifted enolate spectrum and a slower rate of
acylation." This indicates that the catalytic histidine contrib-
utes little to serine activation in MCP hydrolases, in contrast to
what has been proposed for serine proteases.”**” In the MCP
hydrolases, activation of the serine appears to be substrate-
assisted. Thus, an accumulation of negative charge on CS
facilitates the rotation about the C4—CS bond in order to
satisfy the full suite of enzyme—substrate interactions, and in
turn activates Serl12 by a proton transfer that completes
substrate tautomerization. Overall, the results suggest that the
acylation reaction in the MCP hydrolases does not depend on
the ‘charge relay system,” originally described in the context of
the serine protease, and instead depends on exploiting the
ability of the substrate’s conjugated system to reposition charge
throughout the course of the reaction.

The tautomerization catalyzed by the MCP hydrolases is a
two-step process in which the substrate is destabilized to form
ES™ prior to protonation by the serine. Disruption of the His-
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Asp dyad dramatically affects the substrate destabilization that
leads to production of ES™ although the histidine is not
absolutely required for tautomerization. If we consider the
S112A variant as a good model of the wild-type enzyme due to
its ability to stabilize the activated substrate, then the binding
mode of HOPDA in S112A is expected to mimic that of the
wild type. Binding of the HOPDA as a (3E)-2,6-dioxo- isomer
positions the C2-carbonyl ~3 A from the His265 N** lone pair,
which likely contributes to electronic destabilization. In the ES
complexes of H265X/S112A variants, the HOPDA binding
mode differs remarkably in that it is probably a fully planar,
(3E,5Z)-2-0x0-6-0oxido isomer, in which the Cé6-oxido is
positioned directly between the ‘oxyanion hole’ amides. The
HOPDA is also accompanied by an additional water molecule
that facilitates different contacts with P-site residues. Disruption
of the binding mode is reflected in the spectrophotometric
experiments by the absence of ES™. It is therefore conceivable
that ES™ is formed at a much slower rate in the His-Asp dyad
variants. Reduction of the rate constant by at least 2 orders of
magnitude relative to wild-type turnover (where k; ~500 s™")
would be consistent with the inability to detect the
intermediate spectrophotometrically, and suggests that ES™
formation may limit the rate of acylation in these variants.
Thus, the rate constant denoted as k, for the His variants may
represent generation of ES™. Accordingly, any signal from
ES™ would be quenched through rapid protonation by Ser112.

The proposal that ES™ represents an enzyme-stabilized CS$
carbanion is more consistent with the available experimental
data than either of two previous proposals. In one of these,
ES™ was assigned as a strained (2E4E)-2-oxido-6-oxo-
dienoate."” Nevertheless, crystallographic analyses of ES
complexes suggest that the intermediate is more consistent
with the (3E)-2,6-dioxo isomer. A second hypothesis acknowl-
edging the results of restrained refinements of the dienoate is
polarization of the 7 electrons of an a,f-unsaturated ketone. In
fact, binding of an inhibitor to crotonase resulted in a 90 nm
bathochromic shift.”® Nevertheless, such a polarization in MCP
hydrolases would represent a red-shift greater than 220 nm
from the expected A, of HPD, raising the energy of the
system by ~48 kcal/mol. An enzyme-stabilized C$ carbanion is
compatible with the results of the restrained refinements of
MCPs to (3E)-2,6-dioxo isomers. Mechanistically, such a
carbanion is consistent with the negative charge that must
accumulate on CS for substrate tautomerization. While
enzymatic carbanion formation is typically energetically
unfavorable, it is only ~9 kcal/mol for an enolate,” and
delocalization into a carbonyl stabilized by coordination to a
Lewis acid, such as an ‘oxyanion hole’, is a common catalytic
motif>° Additionally, the requisite energy could be easily
supported by the large number of polar and nonpolar contacts
in the active site (Table S7). The theoretical change in energy
associated with a 58 nm transition is ~7.8 kcal/mol,
comparable to the energy required to stabilize an enolate
carbanion. Finally, the spectrophotometric contribution of a
carbanion is also consistent with a red-shifted intermediate,
explained by an n to #* transition. A similar, S0 nm
bathochromic shift was observed between different species of
triphenylmethyl lithium: the contact ion pair exhibited a 4,,,, at
446 nm, whereas the absorption spectra of the solvent
separated ion pair was centered around 496 nm.*! Despite
consistency with the observed data, the absence of any direct
evidence makes any assignment of ES™ provisional.
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Assignment of the observable catalytic steps implicates
His265 as a general base required for efficient breakdown of
the acyl-enzyme intermediate. The role of the catalytic histidine
in activating water for hydrolysis of the ester bond further
establishes the versatility of the a/f-hydrolase superfamily’s
catalytic triad to activate small molecules. Similarly, an alcohol
is activated during the reaction catalyzed by DAC-AT. Indeed, a
structure of the acetylated DAC-AT:deacetyl-cephalosporin
complex provides significant insight into the mechanism of
deacylation of MCPs (Figure S7). Superposition of a wild-type
structure of BphD (PDB ID: 20G1, chain B'?) and the H265Q
acyl-enzyme revealed that the His is positioned ~3.3 A from
the ester, comparable to the distance in the DAC-AT structure.
In both structures, the ‘oxyanion hole’ residues are well-
positioned for stabilization of a tetrahedral oxyanion
intermediate during breakdown of the acyl-enzyme. An
apparently short hydrogen bond between His265 and Asp237
(~2.5 A) in this structure of wild-type BphD is analogous to
structures observed in the serine proteases. Interestingly, the
His-Asp pair is required for deprotonation of the nucleophilic
serine in the serine proteases, which proceeds in the MCP
hydrolases even upon disruption of the dyad chemistry.

The magnitude of the pre-steady-state burst in BphD is
consistent with a mechanism of covalent catalysis in which a
process subsequent to acylation is rate-limiting. Thus,
quantification of HPD produced during the burst corresponded
to only half of the available hydrolase active sites. Moreover, the
relative ratio of modified to unmodified enzyme and peptides
was also more consistent with half-site reactivity, a feature of
MCP hydrolases first proposed by Bugg and his co-workers
based on the half-site occupancy of an MhpC tetramer
complexed with an inhibitor.'" This phenomena has since
been observed in two HsaD:MCP complexes.'” Unfortunately,
crystallographic symmetry of all BphD—substrate complexes
requires equivalence across all active sites, which limits
information regarding differential active site binding affin-
ities.'>'*?! Nevertheless, even in cases where substrate binding
is stoichiometric, reactivity may not be concomitant. Most
recently, this has been demonstrated in LuxG, a full-site
binding, half-site reactive flavin reductases.>* For BphD, the
two-conformation model provides a more satisfactory explan-
ation for the biphasic formation of HPD, in which benzoate
release coupled with subunit communication is described as the
rate determinant during hydrolysis."*

B CONCLUSION

The current study establishes that the MCP hydrolases utilize a
covalent mechanism of catalysis to hydrolyze a C—C bond at a
carbonyl carbon of an a/f-unsaturated system. Furthermore,
the quantification of the kinetic burst associated with acylation
indicates that BphD is half-site reactive, a rarely observed
phenomenon. While MCP hydrolases represent another
example of the convergent evolution of the catalytic Ser-His-
Asp triad in nature, their chemistry deviates from the classical
serine protease mechanism. Indeed, family specific enzyme—
substrate interactions dictate the family specific mechanism. In
the case of MCP hydrolases, tautomerization of the dienoate
substrate serves dual functions: generating an electron sink for
hydrolysis and activating the nucleophile, replacing the catalytic
triad’s ‘charge-relay system’ in this role. More specifically, the
His-Asp dyad catalyzes this first half-reaction to generate an
intermediate with a bathochromically shifted spectrum, which
in turn activates the serine for nucleophilic attack on the
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substrate’s carbonyl. To the best of our knowledge, the
proposal of this carbanion as the source of the spectral shift in
the intermediate is biologically unprecedented. Current studies
are aimed at substantiating the nature of this intermediate.

B EXPERIMENTAL SECTION

Preparation of Enzymes and Substrate. BphD variants were
generated using a broad host range plasmid carrying bphD (pSS184)
or bphD S112A (pSS184)."* Substitution of His265 to glutamine
(H265Q) was performed using a 5-phosphorylated primer (H265Q:
PO,—~CTCCAAGTGCGGCCAGTGGGCGCAATGG) and the
QuikChange Multi Site-Directed Mutagenesis Kit (Stratgene, La
Jolla, CA). All enzyme concentrations reported refer to the monomer
concentration, which was calculated using an extinction coefficient
determined by amino acid analysis, €55 pm = 554 mM™' cm™.
HOPDA was enzymatically generated from 2,3-dihydroxybiphenyl
(DHB) using dihydroxybiphenyl dioxygenase as previously de-
scribed.®® All other chemical were of reagent grade.

Crystallization and Manipulation of Crystals. Crystals of BphD
S112A/H265Q and H265Q were obtained at 20 °C via the vapor
diffusion method using 24-well Cryschem sitting drop plates
(Hampton Research, Aliso Viejo, CA). Initial crystallization experi-
ments explored a grid of sodium malonate (2.4—3.3 M) against pH
(6.0—7.0). Diffraction quality crystals of S112A/H265Q_were first
obtained at 2.4 M malonate after microseeding. Droplets containing
protein (~4 mg/mL in 20 mM HEPES, pH 7.5) and reservoir
solutions, 1 uL each, were equilibrated against reservoirs for 9 days
prior to the addition of 1 L of a seeding solution. A crystal of BphD
S112A/H265A, grown as previously described,"* was crushed in 200
uL of its reservoir solution to prepare the seeding stock, which was
serially diluted with reservoir solution by 10, 10%, 10° and 10* to
prepare seeding solutions. Needle-like crystals of H265Q were
obtained in a parallel experiment using 1.4 mg/mL protein in 20
mM HEPES, pH 7.5. Reagents from the Hampton Research Additive
Screen (HR2-428) were tested with both mutants. Addition of either
ethylene glycol, 3% (v/v) in the crystallization droplet, or calcium
chloride, 10 mM in the droplet, proved beneficial. Diffraction quality
crystals of H265Q were obtained with either additive using 2.4 mg/mL
protein without seeding. Table S1 characterizes the crystallization
conditions for crystals used in the structure determinations reported
below. Crystals were exposed to HOPDA in their original droplet of
mother liquor by addition of 30 uL of 10—15 mM HOPDA dissolved
in the crystal’s reservoir solution and incubating for 60—150 min. Prior
to flash-freezing by immersion in liquid nitrogen, substrate free crystals
were passed rapidly through a reservoir wash, a 1:1 reservoir/
cryoprotectant wash, and finally into the cryoprotectant (3.5 M
sodium malonate, pH 6.3). Crystals exposed to HOPDA were
harvested into a drop containing equal volumes of the HOPDA stock
solution and the cryoprotectant and transferred into the cryoproctec-
tant.

Structure Determination and Analysis. All diffraction experi-
ments were performed under cryogenic conditions (100 K). The
resolution and other qualities of the diffraction patterns were first
assessed using an R-axis IV++ diffractometer (Rigaku) and Cu—Ka
radiation prior to acquisition of complete patterns using synchrotron
radiation at the Advanced Photon Source (APS) of Argonne National
Laboratory. The diffraction images were processed using HKL2000:
indexing and integration by XDisplayF and DENZO, scaling and
averaging by SCALEPACK.** Programs from the CCP4 suite were
used for most crystallographic calculations.® Initial atomic models
were obtained by molecular replacement using modified versions of
previously determined structures of BphD (e.g, PDB entry 2PUS,
chain A). To prepare search models, COOT> was used to: remove all
nonprotein atoms, adjust the occupancies of side chain atoms in
residues with alternative conformations to 0.02 beyond Cp, and set all
B-factors to 20.0 A . Iterative cycles of model building and refinement
utilized COOT and REFMAC.*

4622

All other PDB files were downloaded from the RCSB Protein Data
Bank, and pairwise superposition of structures was performed using
the SSM Superposition tool*” in COOT.*®

Restrained Refinement of HOPDA Isomers. HOPDA may be
bound in several forms, including the keto and enol tautomers of the
monoanion and the resonance structures of the enolate dianion. At
this resolution, distinction between the possible structures relies on
identification of C—C bonds that must be single bonds with torsion
angles significantly different from 0/180° and assessment of which
multiatom groups can be planar and thus might be coupled by double
bonds. To limit initial model bias, HOPDA was fit into the density and
initially refined without enforcing strict double bond character at any
bond: in the initial fitting, no bonds were forced to torsion angles of 0/
180° and in early refinement cycles, all torsion angles were treated as
variable angles with high uncertainty and planarity was enforced only
for the carboxylate and phenyl planes. In a second stage of refinement,
the application of reduced levels of uncertainty in the torsion angles
proved ineffective for distinguishing among possible structures. The
final stage involved parallel refinements with planarity enforced about
different bonds as appropriate for the keto tautomer, the enol
tautomer, and its conjugate base (the 2-oxido-6-oxo isomer), and the
2-0x0-6-oxido form of the enolate (named HKE). The fit to the
electron density and features of the (F, — F.), a. difference electron
density maps were assessed during each stage.

Rapid-Quench Methods. Acyl-enzymes were prepared using the
sequential mixing option of an SX.18MV stopped-flow reaction
analyzer (Applied Photophysics, Ltd., Leatherhead, UXK.). The
temperature of the drive syringe chamber and optical cell were held
at 25 °C by a circulating water bath. Samples analyzed by ESI/MS/MS
originated from reactions of 4 yM enzyme and 20 uM HOPDA in
potassium phosphate (I = 0.1 M, pH 7.5) that were allowed to age for
200 or 600 ms for the wild type or H265Q variant, respectively, before
quenching 1:1 with 10% acetic acid (v/v). Quenched samples were
collected on ice, measured to be at pH 2.3, then concentrated at 4 °C.
The concentrated samples were incubated with 1:50 pepsin (w/w) for
1 h at 37 °C. Digests were halted by flash freezing with liquid N,, and
the resulting peptide mixtures were stored at —20 °C until further
analysis. Additional wild-type enzyme samples were prepared under
identical reaction conditions with aging times of 0.2, 1, or 10 s. These
samples, along with a 600 ms quench of the H265Q_variant-catalyzed
reaction, were kept intact, and analyzed by LC ESI/MS.

Mass Spectrometry of Enzyme Samples. Pepsin-digested
peptides were analyzed by liquid chromatography—tandem mass
spectrometry and identified exactly as previously described®® except
that pepsin specificity was used to limit the database search,
benzoylated Ser was allowed as a variable modification, and the
fragment spectra were searched against a library containing the BphD
sequence. Whole protein samples were analyzed by HPLC-MS. The
HPLC was equipped with a C,4 precolumn (Dionex) and the MS was
a Q-TOF hybrid instrument (QSTAR, Pulsar i, Applied Biosystems,
Foster City, CA). Briefly, reaction mixtures were loaded on to the
precolumn, and the buffer salts were washed from the samples before
elution in 80% acetonitrile, 0.1% formic acid. The modification
observed in the resulting mass spectra was estimated by comparing
peak areas calculated from a Gaussian peak fitting function in Origin
8.0 (OriginLab Corporation, Northampton, MA).

Solvent 80 Exchange and EI/GC Mass Spectrometry. For
solvent exchange experiments, 20 M BphD WT was incubated with
200 M benzoate for 300 min or used to cleave 200 uM HOPDA over
20 min in 50 uL of potassium phosphate (I = 0.1 M), pH 7.5, in 92%
H,"™0. Benzoate samples were prepared in acetone, applied to
microfuge tubes, and allowed to evaporate to dryness before
incubation in '8O-buffer with or without enzyme. Quantified samples
of HOPDA in potassium phosphate (I = 0.1 M), pH 7.5, were
lyophilized before resuspension in H,'®O with or without enzyme. In
some instances, HOPDA was preincubated with the '®O-buffer for
either S or 20 min prior to the addition of enzyme. The enzyme was
prepared in natural abundance buffer. This buffer was also added to
samples that did not contain any enzyme in order to account for the
dilution of H,"0 to 92%. After incubation (20 or 300 min), samples
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were simultaneously acidified to pH 2.3 with acetic acid (5% final v/v)
and extracted with 2 vol (100 uL) of ethyl acetate. The organic
fraction was dried under vacuum and resuspended in 25 uL of
pyridine. The products were derivatized using an equal volume of
BSTFA + TMCS (99:1) for at least 10 min. EI/GC/MS was carried
out using an HP 6890 series GC system fitted with an HP 5973 mass
selective detector and an HP 5 ms (30 m X 250 uM) column. The
operating conditions were: Tgc (injector) 280 °C; Ty (ion source)
230 °C; oven program time T iy 80 °C, Ty min 290 °C, T min 80 °C
(heating rate 5 °C min™"). The retention time of TMS-derivatized
benzoate and HOPDA were 13.2 and 35.4 min, respectively. The
relative abundance of fragment ions is reported as the percentage of a
single species and the error between two replicated is reported as a
standard deviation. The average distribution of fragment ions observed
in H,O was used to estimate the amount of '*O incorporation by
fitting the data in H,'"®O to two distinct models accounting for (i) a
single 0 incorporation event, and (i) low level of incorporation of a
second '®0 equivalent into benzoate. The root-mean-square error is
reported for each fit.

Rapid-Scanning Kinetics. The SX.18MV stopped-flow reaction
analyzer equipped with a photodiode array was utilized to generate full
spectrum scanning kinetic traces for the purpose of generating
representative figures. All kinetic measurements were performed in
potassium phosphate (I = 0.1 M, pH 7.5) at 25 °C. Experiments
performed for more accurate determination of rates were performed
using the monochromatic wavelengths stated (0.5 mm slit width).
Single turnover experiments were performed at approximately 2:1
enzyme to HOPDA ratio; 8.1 yM enzyme was reacted with 4 uM
HOPDA. Multiple turnovers were observed using the same
instrumental setup. A pre-steady-state burst was monitored at 20
#M HOPDA while varying the concentration of enzyme. All reported
biological replicates refer to an average of at least S shots from the
stopped flow, where each individual syringe, both enzyme and
substrate, was prepared fresh before each replicate. At least three
technical replicates were performed for each experiment, and errors are
reported as standard deviation between replicates.
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