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ABSTRACT: The hotdog-fold enzyme 4-hydroxybenzoyl-
coenzyme A (4-HB-CoA) thioesterase from Arthrobacter sp.
strain AU catalyzes the hydrolysis of 4-HB-CoA to form 4-
hydroxybenzoate (4-HB) and coenzyme A (CoA) in the final
step of the 4-chlorobenzoate dehalogenation pathway. Guided
by the published X-ray structures of the liganded enzyme
(Thoden, J. B., Zhuang, Z., Dunaway-Mariano, D., and Holden
H. M. (2003) J. Biol. Chem. 278, 43709—43716), a series of
site-directed mutants were prepared for testing the roles of
active site residues in substrate binding and catalysis. The
mutant thioesterases were subjected to X-ray structure
determination to confirm retention of the native fold, and in
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some cases, to reveal changes in the active site configuration. In parallel, the wild-type and mutant thioesterases were subjected to
transient and steady-state kinetic analysis, and to '*O-solvent labeling experiments. Evidence is provided that suggests that Glu73
functions in nucleophilic catalysis, that Gly6S and GIn58 contribute to transition-state stabilization via hydrogen bond formation
with the thioester moiety and that Thr77 orients the water nucleophile for attack at the 4-hydroxybenzoyl carbon of the enzyme-
anhydride intermediate. The replacement of Glu73 with Asp was shown to switch the function of the carboxylate residue from
nucleophilic catalysis to base catalysis and thus, the reaction from a two-step process involving a covalent enzyme intermediate to
a single-step hydrolysis reaction. The E73D/T77A double mutant regained most of the catalytic efficiency lost in the E73D single
mutant. The results from *'P NMR experiments indicate that the substrate nucleotide unit is bound to the enzyme surface.
Kinetic analysis of site-directed mutants was carried out to determine the contributions made by Argl02, ArglS0, Ser120, and
Thrl21 in binding the nucleotide unit. Lastly, we show by kinetic and X-ray analyses of Asp31, His64, and Glu78 site-directed
mutants that these three active site residues are important for productive binding of the substrate 4-hydroxybenzoyl ring.

rganic acids comprise ~20% of the Escherichia coli
metabolome." The carboxylate group increases the
solubility of the metabolite in the aqueous environment of
the cell, and it provides a source of binding energy needed for
metabolite—protein association. Organic acids are activated for
acyl transfer, Claisen condensation, Michael addition, and f-
elimination reactions by conversion to the corresponding
thioester,” ™ a reaction that is catalyzed by ATP-dependent
synthetases or ligases.” The most common thiol unit used for
thioester formation is the pantetheine phosphate moiety of
coenzyme A (CoA) or holo-acyl carrier proteins (holo-ACP).
Thioesterases catalyze the hydrolysis of the thioester
metabolite as needed to release the chemically transformed
organic acid. Thioesterases also function in a housekeeping
mode to release the CoA or holo-ACP from pathway
intermediates that accumulate in stalled pathways (for
examples, see refs 6—10). Thioesterases have primarily evolved
within two large enzyme superfamilies families: the a/f-
hydrolase-fold'" family and the hotdog-fold family'* (for recent
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reviews see refs 13 and 14). The well-studied a/f-hydrolase-
fold family employs an Asp/Glu-His-Ser catalytic triad to
catalyze the hydrolysis of amides and oxygen esters in addition
to the comparatively less challenging thioester substrates."> The
hotdog-fold family contributes more than half of the cellular
thioesterases, but hotdog-fold amidases or O-esterases have yet
to be discovered.

The hotdog-fold thioesterase is a small (~19 kDa) protein
comprised of a five- or six-stranded f-sheet that wraps a long a-
helix'® (hence, the name hotdog-foldw). Two subunits
associate to form the minimal catalytic unit. The active site is
located at the subunit interface and is a composite of residues
from each subunit. The thioesterase catalytic scaffold appears to
have been invented at least twice during the evolution of the
hotdog-fold family as evidenced by the 4-hydroxybenzoyl-CoA
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Scheme 1. Three Chemical Steps of the 4-Chlorobenzoate Dehalogenation Pathway Catalyzed by 4-Chlorobenzoate: CoA
Ligase, 4-Chlorobenzoy1—CoA Dehalogenase and 4-Hydrobenzoyl-CoA Thioesterase, Respectively
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(4-HB-CoA) thioesterases from Pseudomonas sp. strain CBS3
and Arthrobacter sp. strain AU (UniProt accession # Q04416),
which are the archetypes of two distinct clades of the
family.'®'®' Both thioesterases function in the final step of
the 4-chlorobenzoate dehalogenation pathway (see Scheme 1),
which is operative in specialized strains of soil-dwelling
bacteria.”® Remarkably, these two 4-HB-CoA thioesterases are
not homologous in sequence and they do not use the same
catalytic machinery, yet their tertiary structures are highly
similar.

The Arthrobacter sp. strain AU 4-hydroxybenzoyl-CoA
thioesterase clade, which is comprised of a wide variety of
aryl- and acyl-CoA and aryl- and acyl-ACP thioesterases, is by-
far the largest and most diversified of the two clades. The goal
of the work reported herein was to determine the mechanisms
by which the Arthrobacter sp. strain AU 4-HB-CoA thioesterase
binds 4-HB-CoA and catalyzes its hydrolysis. This particular
thioesterase was selected as the mechanistic prototype because
it proved to be an ideal system for structure determination,
transient kinetic studies, '®O-solvent labeling experiments, and
site-directed mutagenesis.

The starting point for our studies was the examination of the
reported X-ray structures of the thioesterase bound with its
products 4-hydroxybenzoate (4-HB) and CoA, with the inert
substrate analogue 4-hydroxybenzyl-CoA (CH,—S replaces
O=C-S) or with the inert substrate analog 4-hydroxyphe-
nacyl-CoA (4-HP-CoA; O=C—CH,—S replaces O=C—S)"®
(PDB accession codes 1Q4S, 1Q4U, 1Q4T, respectively). The
thioesterase catalytic site is comprised of invariant residues
contributed from the central a-helix N-terminus (His64,
Gly65) and connecting loop (GInS8) from one subunit
(subunit A) and the midsection of the central a-helix from
the opposing subunit (subunit B) (Glu73*, Thr77%, Glu78%*)
(Figure 1A). The back wall of the 4-hydroxybenzoyl binding
pocket is formed by the N-terminal region of subunit A
(Asp31). The 4-HB-CoA pantetheine arm snakes through a
narrow hydrophobic tunnel that links the catalytic site to the
protein surface. The nucleotide unit is located on the protein
surface where subunits A (Argl02) and B (Arg150*) join and it
is also positioned to interact with subunit C (Ser120** and
Thr121%**) (Figure 1B). In this paper, we report on an in depth
experimental investigation of the roles played by the key active
site residues (depicted in Figure 1C) in substrate recognition
and catalysis. We provide evidence that Argl02, ArglSO,
Ser120, and Thr121 contribute to the substrate binding energy
through favorable electrostatic interaction with the phosphoryl
groups, that Asp31, His64, and Glu78 assist in orienting the 4-
hydroxybenzoyl ring, that Glu73 functions in nucleophilic
catalysis, that Gly6S and GInS8 contribute to transition-state
stabilization via hydrogen bond formation with the thioester
moiety and that Thr77 orients the water nucleophile for attack
at the 4-hydroxybenzoyl carbon of the anhydride intermediate.
We also report that the replacement of Glu73 with Asp
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switches the function of the carboxylate residue from
nucleophilic catalysis to base catalysis and thus, the reaction
from a two-step process involving a covalent enzyme
intermediate to a single-step hydrolysis reaction.”

B MATERIALS AND METHODS

Materials. Wild-type recombinant Arthrobacter sp. strain SU
4-HB-CoA thioesterase was prepared as previously reported.”
The thioesterase site-directed mutants were prepared by using a
PCR based strategy as is detailed in the Supporting
Information. The substrates 4-HB-CoA** and the 4-hydroxy-
dithiobenzoyl-CoA* were prepared according to published
procedures, as were the inhibitors 4-hydroxybenzyl-CoA and 4-
HP-CoA'® and the radiolabeled substrate ['*C]4-HB-CoA
(benzoyl ring “c=0)2

Steady-State k., K, and K; Determinations. The initial
velocity of the 4-HB-CoA thioesterase-catalyzed hydrolysis of
4-HB-CoA was measured by monitoring the decrease in
solution absorption at 300 nm (Ae 11.8 mM™ cm™).
Reactions were carried out in S0 mM K'HEPES (pH 7.5, 25
°C) containing wild-type or mutant 4-HB-CoA thioesterase
and varying concentrations of 4-HB-CoA (K, — 10K,,). The
inhibition data were measured using 200 and 400 uM 4-HB, 18
and 36 uM CoA or 2K; concentration of 4-hydoxybenzyl-CoA
and 4-hydoxyphenacyl-CoA (for which linear inhibition was
previously demonstrated'®). For all measurements, the initial
velocity data were analyzed using eqs 1, 2, or 3 and the
computer program KinetAsyst (IntelliKinetics, PA):

V =V, [S]/([S] + K,,) 1
V=V [S1/(K,(1 + [1]/K,) + [S]) 2)
V = Vo SI/(Kn(1 + [T11/Ky) + [SI(1 + [1I/Ky)  (3)
where V = initial velocity, V,,,, = maximum velocity, [S] =

substrate concentration, K, Michaelis constant, [I]
inhibitor concentration, K, = the slope inhibition constant,
and K; = the intercept inhibition constant. The k., was
calculated from V__/[E] where [E] is the enzyme concen-
tration (determined using the Bradford method®®).
Stopped-Flow UV-vis Transient Kinetic Determma-
tions of Multiple and Single Turnover Reactions. A
DX.17MV sequential stopped-flow spectrometer (Applied
Photophysics, Leatherhead, U. K.) with a light path of 10
mm and a mixing time of 3 ms was used to mix buffered wild-
type or mutant thioesterase with 4-HB-CoA and to monitor the
hydrolysis reaction at 300 nm (Ae = 11.8 mM ™' cm™). For the
wild-type thioesterase-catalyzed multiple turnover reactions, the
reaction solutions initially contained 115 yM 4-HB-CoA and
16, 21, or 31 uM enzyme (in 0.15 M KCl/50 mM K'HEPES
(pH 7.5, 25 °C). For the mutant thioesterase-catalyzed multiple
turnover reactions, the reaction solutions initially contained 80
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Figure 1. (A) The catalytic site of the Arthrobacter sp. strain SU 4-HB-
CoA thioesterase bound with 4-HB and CoA (PDB accession 1Q4S).
Only the AB dimer is shown. The nitrogen atoms are colored blue, the
oxygen atoms red and the sulfur atom yellow. The subunit A carbon
atoms are colored gray, whereas the subunit B carbon atoms are
colored cyan. (B) The nucleotide binding site of the Arthrobacter sp.
strain SU 4-HB-CoA thioesterase bound with 4-hydroxybenzyl-CoA
(PDB accession 1Q4U). The ABCD tetramer is shown. The coloring
scheme is the same as that stated in (A) but also includes the green-
colored carbon atoms of subunit C and wheat colored-carbon atoms of
subunit D. (C) The ChemDraw depiction of the proposed binding
interactions between the thioesterase and the 4-HB-CoA substrate.
The residues from subunits B and C are marked with * and *%,
respectively, and the hydrogen bonds are represented with dashed
lines.
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or 100 yM 4-HB-CoA and 20 or 30 uM enzyme (in 0.15 M
KCl/50 mM K'HEPES (pH 7.5, 25 °C).

For single turnover reactions, the thioesterase and 4-HB-CoA
were present at 40 yM and 20 uM, respectively. The data were
fitted to a single (eq 4) or double exponential equation (eq S)

Y, = Y, + A exp(—kt) 4)

©)

Y, and Y|, are the absorbance at time ¢ and zero, A, A;, and A,
are amplitudes, and k, k,;, and k, are rate constants.

Rapid Quench Transient Kinetic Determinations. A
Rapid-quench instrument from KinTek Instruments was used
to mix buffered wild-type or mutant thioesterase with [**C]4-
HB-CoA and then with 0.2 M HCI to terminate the reaction.
For the multiple turnover reactions, mixtures initially contained
10 uM enzyme and 50 uM [**C]4-HB-CoA in 0.15 M KCl1/50
mM K'HEPES (pH 7.5, 25 °C), whereas for the single
turnover reactions, enzyme and [14C]4—HB—C0A concentrations
were S0 puM and S uM, respectively. The enzyme was
precipitated from the quenched reaction solution by vigorous
mixing with 200 yL CCl, using a Vortex mixer, and then
collected by (micro)centrifugation of the mixture (14000 rpm
for 1 min). The (upper) water phase was injected into an
HPLC for separation of the ['*C]4-HB-CoA and [**C]4-HB as
described previously.”” The eluent was collected using a
fraction collector and analyzed by liquid scintillation counting.
Control reactions (lacking enzyme) were carried out in parallel
to establish the background radioactivity associated with the
['*C]4-HB fraction. The background radioactivity (~2%) was
taken into account when calculating the concentrations of
substrate and product remaining in each quenched reaction
mixture.

The single turnover time course data were fitted to a single
(eq 4) or double exponential equation (eq S). Y, and Y,
represent the concentrations of ['*C]4-HB-CoA or [**C]4-HB
at time t and zero, respectively.

K4 Determination. A FluoroMax-2 fluorometer (290 nm
excitation; 334 nm emission) was used to monitor intrinsic
protein fluorescence quenching for 50 mM K'HEPES/0.2 M
KCl/1 mM DTT (pH 7.5, 25 °C) solutions containing wild-
type or mutant 4-HB-CoA thioesterase and varying concen-
trations of 4-HB-CoA or 4-HP-CoA ligand. For a typical
titration experiment, 1 yL aliquots of ligand were added to a 1
mL solution of 1 uM thioesterase, and the fluorescence
intensity at 334 nm was measured following each addition. The
fluorescence data, collected at ligand concentrations ranging
from 0 to 12 uM, were fitted to eq 6 using the Kaleida Graph
computer program for nonlinear regression analysis.

Y, =Yy + A exp(—kit) + A, exp(—k,t)

AF = (A, [ED{(Ky + [E] + [S])
— J(K; + [E] + [S))? — 4[E]}/2 ©)

where [S] is the total ligand concentration, [E] is the total
enzyme concentration, Ky is the apparent dissociation constant
of the enzyme—ligand complex, AF is the observed change in
fluorescence intensity, and AF,,, is the maximum change in
fluorescence intensity.

Determination of k_,; pH Rate Profile in H,0 and D,0.
The k., pH rate profiles for Arthrobacter sp. strain 4-HB-CoA
thioesterase-catalyzed hydrolysis of 4-HB-CoA in H,0 and
D,0 were measured by using a dual buffer system consisting of
50 mM acetate and SO mM MES (pH 4.0—5.6); SO mM MES
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and 50 mM HEPES (pH 5.6—8.0); SO mM HEPES and 50 mM
TAPS (pH 8.0—9.1); SO mM TAPS and 50 mM CAPSO (pH
9.1-9.6). The enzyme activity at overlapping pH values was
tested to ensure equal enzyme activity in the different buffer
systems. The stability of the thioesterase at the acidic and basic
pH values was verified by carrying out preincubation test
experiments.

Steady-State Multiple Turnover Time Courses. The
time courses for 0.003 uM thioesterase-catalyzed 4-HB-CoA
hydrolysis of 4-HB-CoA (1.5, 2.7, and 5.7 uM) in 50 mM
K'HEPES (pH 7.5, 25 °C) were monitored at 300 nm (Ae =
11.8 mM™" s7!) to completion. The data were fitted by curve
simulation using the KinTek Corporation Global Kinetic
Explorer (www.kintek-corp.com/KGExplorer/index.php).”®

Solvent '80-Labeling Experiments. Stock solutions of
wild-type or mutant thioesterase in 97% H,'®O (Spectra)
containing 0.15 M KCl/10 mM K'HEPES (pH 7.5) were
prepared by lyophilizing 2 mM or 0.02 mM thioesterase in 0.15
M KCl/10 mM K'HEPES (pH 7.5) and then dissolving the
resulting powder with the desired volume of H,'O. The
thioesterase activity was measured to ensure that full activity
was retained. The enzyme stock solution was combined with 4-
HB-CoA in 97% H,'®O to generate a 200—400 uL reaction
solution that for a typical experiment contained 2.0 mM
thioesterase and 0.2 mM 4-HB-CoA (test reaction) or 0.02 mM
thioesterase and 0.2 mM 4-HB-CoA thioesterase (control
reaction), in 0.15 M KCl/10 mM K*HEPES (pH 7.5) at 25 °C.
Following a 15 min incubation period the reaction solution was
filtered using a 10 kDa micro separation filter (Pall Filtron).
The filtrate was acidified by adding S uL of 6 N HCI and
extracted four times with 1 mL portions of ethyl acetate. The
ethyl acetate extracts were combined, dried over anhydrous
sodium sulfate and the solvent was evaporated in vacuo. The
solid was dissolved in 100 uL of absolute methanol and
subjected to GC-MS analysis using a Saturn GC-MS
spectrometer equipped with a Restek XTI-S column.

31P NMR Spectral Determinations. The 3'P NMR spectra
were recorded on a Bruker AC-F 500 NMR spectrometer at
202.5 MHz. Samples were contained in 5 mm NMR tubes, and
spectra were recorded at S5 °C under conditions of proton
decoupling. The sample solution contained 10% D,O for use in
signal locking. The instrument was calibrated using an 85%
phosphoric acid standard.

X-ray Structure Determinations. Arthrobacter sp. strain 4-
HB-CoA thioesterase crystals were grown as reported
previously.'® Briefly, the mutant proteins were concentrated
to approximately 17—20 mg/mL at pH 7 (10 mM HEPES) in
the presence of 150 mM KCl and 1 mM DTT. Either 4-HP-
CoA or 4-HB-CoA were added to a concentration of 1 mM.
Crystals were grown at room temperature via hanging drop
vapor diffusion using 15—20% PEG-3400 and 200 mM LiCl
buffered at pH 7 with 100 mM MOPS. Crystals were
transferred to cryoprotectant solutions containing 30% PEG-
3400, 200 mM KCI, 250 mM LiCl, 15% ethylene glycol, and
100 mM MOPS at pH 7. 4-HP-CoA or 4-HB-CoA were added
to a concentration of 1 mM.

X-ray data were collected at 100 K with a BRUKER HI-Star
area detector system equipped with Goebel optics. The data
were processed and scaled with SAINT (Bruker AXS Inc.). The
structures were solved using Fourier difference techniques and
refined with REFMAC.” Iterative model building was
performed with COOT.*® When crystallized in the presence
of 4-HB-CoA, the mutant proteins E73D, E73Q, and QS8A
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were able to hydrolyze the ligand, generating the various
product complexes that were observed. Specific unit cell
parameters, data collection, and refinement statistics are
presented in Table SII.

B RESULTS AND DISCUSSION

Transient Kinetic Experiments Provide Evidence For a
Two-Step Chemical Pathway. Pre-Steady-State Multiple
Turnover Reaction. The time course for pre-steady-state wild-
type thioesterase-catalyzed 4-HB-CoA hydrolysis was examined
under multiple-turnover conditions so that the rate of the first
turnover and that of subsequent turnovers might be compared.
The reaction time courses were first determined by monitoring
the decrease in solution absorbance at 300 nm (Ae = 11.8
mM ™" cm ™" for the thioester cleavage) with a stopped-flow UV-
vis spectrophotometer (Figure 2A). The stopped-flow
absorbance traces for the reaction of 115 uM 4-HB-CoA with
16, 21, and 31 uM wild-type thioesterase are biphasic and are
suggestive of a “burst” of substrate consumption approximating
a single turnover of substrate on the enzyme (ie., ~16, 21, 31
UM calculated from the amplitude derived from the fit to a
double exponential equation) followed by a slow, linear phase
that derives from the subsequent turnover events (rate
constants derived from data fitting to a double exponential
equation are reported in Table 1).

Next, the time course for the multiple turnover of ['*C]4-
HB-CoA (50 uM) catalyzed by wild-type thioesterase (10 uM)
was measured using rapid (acid) quench techniques coupled
with HPLC separation of the '*C-labeled reactant and 4-HB
product released from the denatured enzyme (Figure 2B). The
time course shown in Figure 2B is biphasic, with the fast phase
approximating a single turnover of substrate on the enzyme
(ie, ~10 uM) (rate constants derived from data fitting to a
double exponential equation are reported in Table 1)

The burst-phase kinetics could be rationalized in terms of fast
hydrolysis of the thioester in the enzyme—substrate complex
followed by slow product release.” Alternatively, the burst-
phase kinetics might reflect fast conversion of the enzyme—
substrate complex to a chemical intermediate in which the
thioester chromophore is absent (stopped-flow) and which
hydrolyzes to 4-HB in the acid quench solution (rapid quench),
followed by slow regeneration of the catalytically active form of
the enzyme.

On the basis of the X-ray structure of the thioesterase bound
with its products 4-HB and CoA (Figure 1A), a likely candidate
for a chemical intermediate is the anhydride formed by Glu73
displacement of CoA from 4-HB-CoA. Specifically, the
structure shows that the Glu73 positioned for nucleophilic
attack at the C=O and that there is no room for a water
nucleophile.'”” The enzyme-anhydride intermediate lacks the
ring-conjugated thioester group. Its formation would therefore
account for initial drop in absorbance at 300 nm as was
observed in the stopped-flow experiment (Figure 2A). In
addition, an anhydride is chemically labile, and in the acid
quench solution it is likely to undergo hydrolysis to form 4-HB,
thus accounting for the burst of ['*C]4-HB formation observed
in the rapid quench experiment (Figure 2B). Consequently, our
next experiments focused on testing the formation of this
putative thioesterase-anhydride intermediate.

Solvent Deuterium Kinetic Isotope Effect. In order to
distinguish between the posited two-step chemical pathway and
a single-step chemical pathway with rate-limiting product
release, we first tested whether the chemical reaction or product

dx.doi.org/10.1021/bi301059m | Biochemistry 2012, 51, 7000—7016
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Figure 2. (A) Stopped-flow UV-vis absorbance traces of (16, 21, and
31 uM) wild-type thioesterase-catalyzed hydrolysis of (112 yM) 4-HB-
CoA carried out under multiple turnover conditions and monitored at
300 nm (Ae = 11.8 mM™" cm™). The traces were fitted using a
double exponential equation. (B) The time course for the multiple
turnover reaction of 50 M ["*C]4-HB-CoA and 10 uM thioesterase
monitored using rapid quench/HPLC techniques. The curves were
simulated using the kinetic model shown in Scheme 3 and the
microscopic rate constants k; = 172 uM ™' s7!, k_; = 30 571, k, = 264
sk, =95 k=255 k3 =05 k,=129s, ky=5uM ' s7,
kg =368 uM ™' s™' and k_g = 5 uM ™" s7". The simulated curve-coloring
scheme is as follows: E-I(CoA) + E(4-HB)(CoA) + E(4-HB) + 4-HB
(red); E(4-HB-CoA) + 4-HB-CoA (black); E-I(CoA) (green); E(4-
HB)(CoA) + E(4-HB) + 4-HB (blue).

dissociation is rate—limiting.b This was accomplished by
measuring the solvent deuterium isotope effect (SKIE) on
the steady-state k.. General acid-mediated proton transfer to
the CoA thiolate leaving group and/or general base-mediated
proton abstraction from the water nucleophile will give rise to a
SKIE if, and only if, the proton transfer occurs in a rate-limiting
step. The k_,, pH profiles for wild-type thioesterase-catalyzed 4-
HB-CoA hydrolysis in H,O and D,O solvents are shown in
Figure 3A. The pH profiles are essentially flat, and therefore
determination of the pH independent C values, that one would
obtain by fitting the data to a proton ionization equation was
not possible. Consequently, the SKIE value was not calculated
from the ratio of C values derived from fitting the respective pH
profiles. Nonetheless, we took advantage of lack of k.,
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dependence on the reaction solution pH and made a direct
comparison of the respective k., values measured at pL 7.5.
The ratio of the k_, measured in the H,O solvent and the k_,
measured in the D,O solvent at pL 7.5 is 6.8 s™'/2.4 s™' = 2.8.
This normal isotope effect suggests that the transfer of a solvent
derived proton occurs in a rate-limiting step.

Next, we measured the SKIE on the rate of a single turnover
reaction so as to limit the steps queried to the chemical step(s)
of the catalyzed reaction. The SKIE on the rate constant for a
single turnover reaction was determined at the same pL = 7.5
by using stopped-flow UV-vis spectral techniques to measure
the time course for a single turnover of 20 uM 4-HB-CoA
catalyzed by 40 uM thioesterase (Figure 3B). The data were
fitted with a single exponential equation to define the apparent
rate constants 28.7 & 0.1 s™' (H,0) and 12.5 + 0.1 s (D,0)
from which the SKIE equal to 2.3 was calculated. This value
compares favorably with the SKIE of k., of 2.8, and therefore
we conclude that product release is not rate-limiting and we
attribute the burst phase observed in Figure 2A,B to the
enzyme-anhydride intermediate. Next, we set forth to trap this
intermediate.

Solvent '®0-Labeling Experiments Provide Evidence
for an Anhydride Intermediate. A priori, the putative
anhydride intermediate can undergo hydrolytic cleavage at
either one of its carbonyl carbon atoms (see Scheme 2). If a
single turnover reaction is carried out in H,"30, '*0 will not be
incorporated in the 4-HB product provided that the attack
occurs at the Glu73 carbonyl carbon. Instead, the *O derived
from the Glu73 will be incorporated. On the other hand, if the
attack occurs at the benzoyl carbon the solvent-derived '*O will
be incorporated in the 4-HB product. This labeling pattern
would also be obtained if the Glu73 functions in base catalysis
rather than in nucleophilic catalysis. The incorporation of the
Glu73-derived 'O can only occur in the event of nucleophilic
catalysis, which provided the incentive to test this pathway by
carrying out thioesterase-catalyzed single turnover reactions in
H,"0.

The oxygen transfer experiments employed reaction
solutions initially containing 2.0 mM wild-type thioesterase
and 0.2 mM 4-HB-CoA in 97% H,'®0. The acid form of the 4-
HB product was analyzed by GC-MS. The mass spectrum of
the 4-HB standard (Figure 4A) contains a parent ion (M*)
peak at 138 m/z, parent ion fragment (M*-OH) peak at 121
m/z (note that the carboxylic acid OH is lost), parent ion
fragment (M*-COOH) peak at 93 m/z and last, a parent ion
fragment peak at 65 m/z. The parent ion (M*) and parent ion
fragment (M*-OH) were used as reporters of '*O incorpo-
ration.

When the single turnover reaction was carried out in natural
isotopic abundance water, the product mass spectrum obtained
was identical to that of the 4-HB standard (Figure 4B). On the
other hand, the mass spectrum of the 4-HB formed in 97%
H,"®O contained parent ion peaks at 138 and 140 m/z
(corresponding to the all-'®0 parent ion and the parent ion
labeled with one 'O at the carboxylic acid group) at the
relative intensities of 1:9 (Figure 4C). The relative intensities of
the parent ion fragment peaks (M*-OH) observed at 121 m/z
and 123 m/z is S5:4. A duplicate experiment produced the same
result.

The 10% 'SO-incorporation can be interpreted as a 9:1
preference for water attack at the 4-hydroxybenzoyl carbonyl
carbon or alternatively, as the result of unanticipated
contamination by H,'O. In order to test the amount of

dx.doi.org/10.1021/bi301059m | Biochemistry 2012, 51, 7000—7016
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Table 1. The Apparent Rate Constants for the Wild-Type and Mutant Thioesterase Catalysis of Multiple and Single Turnover
Hydrolysis of 4-HB-CoA as Measured Using Stopped-Flow UV-vis Absorbance Spectroscopy (sf) and Rapid Quench (rq)

Techniques®
multiple turnover

single phase double phase single turnover
thioesterase k(s™h) fast phase k (s™) slow phase k, (s™) k(s™h)
wild-type 40 + 2 (sf)” 6.9 + 0.4 (sf)® 28.7 + 0.1 (sf)

100 = 30 (rq) 8.7 + 0.3 (xq) 36 + 2 (rq)
E73D 0.0614 + 0.0002 (sf) 0.774 + 0.001
0.0774 + 0.001 (rq)
T77A 19.7 + 02 (sf) 0.49 + 0.01(sf) 17.0 + 0.1 (sf)
47 + 8 (xq) 1.38 + 0.06 (rq) 24 + 2 (xq)

T77S 189 + 0.2 1.208 + 0.006 19s7!
T77V 0.152 + 0.002
E73D/T77A 0.705 + 0.001
E73D/T77S 0.0619 + 0.0001
QS8A 0.0842 + 0.0001
QSSE 0.288 + 0.001
E78A 0.175 + 0.001
H64A 0.0139 + 0.0001
H64Q 0.0691 + 0.0001
D31A 0.0120 + 0.0001
D3IN 0.420 + 0.002

“All entries that are not designated were measured using stopped-flow UV-vis absorbance spectroscoILy. Biphasic time courses were fitted to a double
exponential equation and single phase time courses were fitted to a single exponential equation. “These error limits are based on the standard
deviation of three individual measurements. All of the other error limits shown are based on the fit to a single representative data set.
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Figure 3. (A) A plot of log k, vs reaction solution pL measured for
wild-type thioesterase catalyzed hydrolysis of 4-HB-CoA in buffered
H,O (4) or buffered D,O (H). (B) A stopped-flow UV-vis absorbance
trace (300 nm) of (40 M) wild-type thioesterase-catalyzed hydrolysis
of (20 uM) 4-HB-CoA carried out at 25 °C in buffered H,O or
buffered D,O (pL = 7.5). The data were fitted with a single
exponential equation.
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Scheme 2. The Two Possible Regiochemistries for
Hydrolytic Cleavage of the Proposed Anhydride
Intermediate Formed in the Thioesterase Catalyzed
Hydrolysis of 4-HB-CoA Carried-out in Oxygen-18 Enriched
Water under Single Turnover Conditions”

O = oxygen-16

(o]
@ = oxygen-18 I
C.
. HO™ 138 m/z
o o /
Ié [l OH
N INAT
E73’H&L \ o) @\ \ *
a b
a H/.\H b OH b /g 140 m/z
; HO
Ho' OH
o | or
pe e
77 T77

“In “pathway a” the Thr77 directs the water nucleophile to attack the
Glu73 carbonyl carbon, and therefore the 4-hydroxybenzoate product
is not labeled with oxygen-18. In “pathway b” the Thr77 directs the
water nucleophile to attack the 4-hydroxybenzoyl carbonyl carbon, and
therefore the 4-hydroxybenzoate product is labeled with oxygen-18.

contamination by H,'®O in the reaction solution the experi-
ment was repeated using the E73D thioesterase in place of the
wild-type thioesterase. The Asp side chain is shorter than the
Glu side chain and therefore it is not expected to react with the
substrate carbonyl carbon as needed to form the anhydride
intermediate. Indeed, as will be reported at a later point in this
paper, the X-ray structure of the E73D thioesterase(CoA)
complex shows an ordered water molecule that forms a
hydrogen bond to the Asp73 carboxylate group. The mass
spectrum of 4-HB (Figure 4D) formed by E73D thioesterase-
catalyzed hydrolysis of substrate in 97% H,'®*O shows negligible
'6Q-incorrporation. This result suggested that the majority of

dx.doi.org/10.1021/bi301059m | Biochemistry 2012, 51, 7000—7016
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Figure 4. GC-MS spectra of 4-HB. The X and Y axes designate m/z units and relative intensity (%), respectively. (A) The 4-HB standard (parent ion
m/z = 138). (B) The 4-HB produced by the (2.0 mM) wild-type thioesterase-catalyzed hydrolysis of 4-HB-CoA (0.2 mM) in natural isotopic
abundance water. (C) The 4-HB produced by (2.0 mM) wild-type thioesterase-catalyzed hydrolysis of 4-HB-CoA (0.2 mM) in 97% H,'30. (D) The
4-HB produced by (2.0 mM) E73D thioesterase-catalyzed hydrolysis of 4-HB-CoA (0.2 mM) in 97% H,'®0. (E) The 4-HB produced by (2.0 mM)
T77A thioesterase-catalyzed 4-HB-CoA (0.2 mM) hydrolysis in 97% H,'®0. (F) The 4-HB produced by (0.02 mM) T77A thioesterase-catalyzed
hydrolysis of 4-HB-CoA (0.2 mM) in 97% H,'®0. (G) The 4-HB produced by the (2.0 mM) T77S thioesterase-catalyzed hydrolysis of 4-HB-CoA
(02 mM) in 97% H,'®0. (H) The 4-HB produced by (2.0 mM) E73D/T77A thioesterase-catalyzed hydrolysis of 4-HB-CoA (0.2 mM) in 97%

H,"0.

the 10% 'O-incorrporation into the 4-HB product formed by
the wild-type thioesterase derives from the Glu73 carboxylate
group and not from the solvent.

In order to further test Glu73 participation in nucleophilic
catalysis, we carried out the T77A thioesterase-catalyzed single
turnover reaction of 4-HB-CoA in 97% H,"®0. From the X-ray
structures of the liganded wild-type thioesterase (see for
example, Figure 1A), we gathered that the Thr77 side chain is
positioned to bind and orient a water molecule for attack at the
benzoyl carbonyl carbon of the putative anhydride intermediate
(see Scheme 2). By replacing the Thr77 with Ala the potential
influence of the Thr77 on the regiochemistry of the hydrolysis
step is removed. The X-ray structure of the T77A mutant
shows that the configuration of the active site residues is
unchanged (vide infra). The mass spectrum of the 4-HB
product contains the 138 and 140 m/z peaks at equal intensities
(Figure 4E). Thus, 50% of the 4-HB contained no '*O, while
50% contained one '®O atom at the carboxylic acid group.

7006

Because the two oxygen atoms of the 4-HB carboxylic acid
group are lost with equal probability, the ratio of the peaks at
121 m/z and 123 m/z is calculated to be 3:1, which is
consistent with the experimental peak ratio. In contrast, the GS-
MS spectrum obtained for the multiple turnover reaction
(T77A thioesterase 0.02 mM and 4-HB-CoA 0.2 mM) showed
that ~92% of 4-HB was 'O-labeled (Figure 4F), which is
consistent with the exchange of the Glu73 ®O with solvent-
derived 'O upon each catalytic cycle.

Lastly, the T77S thioesterase-catalyzed single turnover
reaction of 4-HB-CoA in 97% H,'"®O was carried out. The
160-incorporation observed in the isolated 4-HB was negligible
(see Figure 4G). This suggests that the Ser77 is more effective
than is the Thr77 at positioning the water for attack at the 4-
hydroxybenzoyl carbonyl carbon of the anhydride intermediate.

In summary, the amount of '°O incorporation into the 4-HB
carboxylate group upon a single catalytic turnover varies
depending on the residue at position 73 or 77: 10% for the

dx.doi.org/10.1021/bi301059m | Biochemistry 2012, 51, 7000—7016
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Scheme 3. Kinetic Model for Arthrobacter sp. Strain SU 4-HB-CoA Thioesterase Catalysis Where E Is Enzyme, S Is 4-HB-CoA,
E-1 Is the Enzyme-Anhydride Intermediate, P Is CoA and Q Is 4-HB

ks ko k3 kg ks
E+S E-S E-IlP =—= E-QP E-P E+P
k4 k2 k3 9 ks
-4
wild-type thioesterase, 0% for the E73D mutant, 50% for the reported in Figures 2B (presteady state multiple turnover
T77A mutant, and 0% for the T77S mutant. reaction), 6B (single turnover reaction), and 7 (steady-state
Kinetic Mechanism. On the basis of the (i) X-ray structural multiple turnover reaction). The values of the microscopic rate

data, (i) the burst phase kinetics coupled with the SKIE results, constants were varied individually, and in combination, until
and (iii) the observed T77A mutant-catalyzed '°O-incorpo- the simulated curves, shown in the respective figures, matched
ration in the 4-HB, we conclude that a majority, if not all, of the the experimental time course. The CoA and 4-HB inhibition
conversion of substrate to product proceeds via the mixed constants were used to constrain the values of k;/k_, and ks/
anhydride intermediate pictured in Figure 5. Our next step was k_s.
to determine if independent kinetic data sets could be fitted to K, is defined by

the simple kinetic model shown in Scheme 3. This model
assumes ordered product release, as suggested by the X-ray

k_y(k_jk_y + k_ok, + kik,) + kokik,

structural data (Figure 1), with CoA departing first thereby Ko kilky(ky + k_y + ky) + k_y(k_s + k) + Kk, ]
allowing the 4-HB to exit through the tunnel that leads to the
protein surface. Indeed, 4-HB showed competitive product The K, value ~0.13 yM derived from the microscopic rate
inhibition (K, = 240 + 80 uM), whereas the CoA and constants is smaller than that (K,, = 1.5 uM) estimated from
desulfoCoA showed noncompetitive inhibition (K = 16 + 2 steady-state initial velocity data. We consider the K, value
UM, K; =29 + 2 and K = 19 + 6 uM, K; =13 + 3 uM, derived from the initial velocity data to be less accurate because
respectlvely) (Table 2 and Figure SI1). the measurement of initial velocities at such low substrate

The simulations were generated using the KinTek Corpo- concentrations exceeds the sensitivity limit of the spectropho-
ration Global Kinetic Explorer software for the time courses tometric assay.

The value of the rate constant for the formation of the

Table 2. CoA and 4-HB Steady-State Kinetic Inhibition anhydride intermediate (k, confined to 44—264 s™') exceeds
Constants Measured for Wild-Type and Mutant that of the rate constant that governs the ensuing hydrolysis
Thioesterases at pH 7.5 and 25 °C* step (k; confined to 17—25 s™'). Whereas the hydrolysis step

appears to be irreversible (k_; = 0), the anhydride intermediate

Lok oL can partition backward (k_, confined to 9—14 s™!) as well as

thioesterase K, (uM) K; (uM) K, (uM) forward (k, = 44—264 s™'). The simulated time course for the
wild-type 16 +2 29 + 2 240 + 80 formation and consumption of the enzyme-anhydride inter-
E73D 3242 1700 + 400 mediate during a single turnover ([E]> [S]; Figure 6B) shows
S120A 110 + 30 110 + 10 that at 20—30 ms the level of the enzyme-anhydride
TI21A 360 + 50 580 + 60 intermediate peaks at ~45% of the starting enzyme—substrate
RIS0A 460 + 80 700 + 700 complex and then slowly declines in parallel with 4-HB
R102A 500 + 100 1200 + 300 formation. The simulated time course for the multiple turnover
([S] > [E]; Figure 2B) indicates that at steady-state ~50% of

“See Materials and Methods for details. the enzyme exists as the enzyme-anhydride intermediate.
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Figure 6. (A) Stopped-flow UV-vis absorbance trace of (40 M) wild-
type thioesterase-catalyzed hydrolysis of 4-HB-CoA (20 uM) carried
out under single turnover conditions and monitored at 300 nm (Ae =
11.8 mM™' em™). (B) Time course for the single turnover reaction of
S uM ["*C]4-HB-CoA and 50 uM thioesterase monitored using rapid
quench/HPLC techniques. The data were fitted to a double
exponential equation. The curves were simulated using the kinetic
model shown in Scheme 3 and the microscopic rate constants k; = 194
M sk =305 k=445 k=145 k=175 k3 =0
s Lk, =129s  ky=5uM s, kg=368 uM ' s and kg = §
uM™" s7!. The simulated curve-coloring scheme is as follows: E-
I(CoA) + E(4-HB)(CoA) + E(4-HB) + 4-HB (red); E(4-HB-CoA) +
4-HB-CoA (black); E-I(CoA) (green); E(4-HB)(CoA) + E(4-HB) +
4-HB (blue).

Function Assignment to Catalytic Site Residues. The
key active site residues include Gly6S, Glu73, Thr77, GInS8,
His64, Glu78, and Asp31. The roles that we posit for these
residues, based on the results presented below, are depicted in
Figure S. Each of these residues was separately replaced by site-
directed mutagenesis and each mutant thioesterase was
subjected to biochemical analysis. X-ray structure determi-
nations of the liganded E73A, E73D, E73Q, T77A, T77S,
QS8A, H64A, and E73A/QS8E mutants were carried out to
evaluate the impact of each mutation on the configuration of
the active site residues. The data collection and refinement
statistics are reported in Table SI1 of Supporting Information,
and a list of the structures determined (along with their PDB
accession codes) is provided in Table 3. Each structure was
solved at 1.80 A resolution with the exception of that of the
E73Q thioesterase which was solved at 1.95 A resolution. Each
of the mutant thioesterase tetrameric structures superimpose
on the wild-type thioesterase tertrameric structure with rmsd in
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Figure 7. The time courses for the steady-state multiple-turnover
reactions of 1.5 (green), 2.7 (red) or 5.7 (black) uM 4-HB-CoA
catalyzed by 0.003 M thioesterase in 50 mM K'HEPES (pH 7.5, 25
°C). The 300 nm absorbance traces (dotted lines) are shown in the
context of the calculated concentration of 4-HB-CoA (e = 11.8 mM™*
cm™") present in the reaction mixture (y-axis) as a function of reaction
time (x-axis). The simulated curves (solid lines) were generated using
the kinetic model shown in Scheme 3 and rate constants: k; = 192
M sk =305 k=445 k=145 k=365 k3 =0
s,k =129k, =S uM ™ 57! kg =368 uM ! s and k_g = S
uMt s

Table 3. Summary of the X-ray Structures of the Mutant
Thioesterase Ligand Complexes Reported in This Paper

thioesterase ligand(s) PDB accession code
E73A 4-HP-CoA 3R32
E73D CoA 3R34
E73D 4-HP-CoA 3R3S
E73Q 4-HB 3R36
E73Q 4-HP-CoA 3R37
QS8A 4-HB, CoA 3R3A
QS8A 4-HP-CoA 3R3B
H64A 4-HP-CoA 3R3C
T77S 4-HP-CoA 3R3D
T77A 4-HP-CoA 3R3F
E73D/QS8A 4-HP-CoA 3TEA

the range of 0.2—0.35 A. We thus conclude that the mutations
did not alter the tertiary structure.

Glu73. The posited nucleophile Glu73 was separately
replaced with Asp, Gln, and Ala. Comparable Ky values
(Table 4) for the complexes of the inert substrate analogue 4-
HP-CoA and wild-type thioesterase or E73A thioesterase
indicates that the Glu73 carboxylate group contributes little to
ligand binding. On the other hand, the turnover rate of the
E73A thioesterase is estimated to be ~7 X 10*fold smaller than
that of the wild-type thioesterase (Table 4). The superposition
of the structures of wild-type and E73A thioesterase complexes
of 4-HP-CoA shows that the positions of the 4-HP-CoA ligands
and the active site residues are almost identical (Figure SI2).
Therefore, we attribute the dramatic decrease in the k_, value
to the inability of the Ala73 to contribute to catalysis. Notably,
we did not find an ordered water molecule located in the space
vacated by the Glu73 CH,COO-. The mechanism by which the
slow hydrolysis occurs in the E73A thioesterase active site is
presently not known.

dx.doi.org/10.1021/bi301059m | Biochemistry 2012, 51, 7000—7016



Biochemistry

Table 4. Steady-State Kinetic Constants Determined for Wild-Type and Mutant Thioesterase Catalyzed Hydrolysis of 4-HB-
CoA Plus the 4-HP-CoA Dissociation and/or Competitive Inhibition Constants”

enzyme ke (57 K, (uM)
wild-type 6.7 + 0.1 1.24 + 0.06
E73A 1x 107"
E73Q (L7 £02) x 1073 (142 + 0.06) x 10*
E73D (123 + 0.03) x 107! (1.8 £0.1) x 10"
T77A 2.09 + 0.03 1.22 + 0.0S
T77S 3.16 + 0.04 (7.7 £ 0.3) x 107!
T77D (1.03 + 0.02) x 1072 (3.8 +£03) x 107"
T77V (1.73 + 0.05) x 107! 5.5 +04
E73D/T77A 1.54 + 0.02 4.6 + 0.1
E73D/T77S (129 + 0.09) x 107" (L3 +£02) x 10
QS8E (3.64 + 0.06) x 107! 40 =02
Qs8A (127 £ 0.02) x 107" 1.6 + 0.1
Q58D (13 £02) x 107! (1.8 + 0.4) x 10°
QS8D/E73D NA
QS8E/E73Q NA
QS8E/E73A NA
H64A (1.5 £ 02) x 107! (5.1 + 0.8) x 10?
H64Q (2.82 + 0.04) x 107! (2.37 + 0.07) x 10*
E78A 1.08 + 0.05 (9.6 +£0.8) x 10"
D31A (4.17 + 0.05) X 107> 4.0 + 0.1
D3IN 1.15 + 0.03 (1.28 + 0.08) x 10"
R1S0A 9.5 + 0.4 (L5 + 0.1) x 10*
R102A 9.9 + 0.3 (14 £ 0.1) x 10"
S120A (101 + 0.02) X 10 1.6 + 0.1
TI21A 9.7 +£ 0.3 61+ 04

kea/ K (M7"571) Ky or K (uM)

54 x 10° (7 +3) x 1073% (3.0 + 04) x 107
(6+3)x1073
12 x 10? (27 + 0.8) x 1072
6.8 X 10° (22 £05) x 1073
1.7 x 10° (37 £05) x 107
4.1 x 10° (13 £03) x 1072
2.7 X 10* (27 £0.5) x 10~
3.1 x 10* (13 +£04) x 1072
3.4 x 10° (1.1 £03) x 1072
1.0 x 10* (12 + 04) x 1072
9.1 x 10* (1.1 £ 02) x 1072* (4.7 + 0.8) x 1073
7.9 x 10* (3.7 £ 0.5) x 1072
7.2 X 10* (21 +£0.1) x 1072
(1.7 £ 0.1) x 107!
(13 +02) x 1072
(9+2)x 1073
2.9 x 107 (22 + 0.6) x 107
12 x 10° (33+02) x 107!
1.1 x 10* 25+ 022 (7+1) x 107
1.0 x 10* (7+2) x 1072 (8 + 3) x 107
9.0 x 10* 12 + 0.3%(1.12 + 0.06) x 107"
6.3 x 10° (5 +3) x 1073 (4 £ 0.2) x 107
7.1 x 10° (14 £ 0.5) x 1072° (2.1 + 0.1) x 1072
6.3 x 10° (5 +3) x 1073% (4.6 + 02) x 1073
1.6 x 10° (1.6 + 0.3) x 1072? (1.3 + 0.1) x 1072

“Measurements were made at pH 7.5 and 25 °C. See Materials and Methods for details. “The steady-state inhibition constant K.

The structure and catalytic properties of the E73D
thioesterase were examined to determine the impact of
reducing the length of the Glu73 side chain. The k_, value of
this mutant was S0-fold lower than that of the wild-type
thioesterase (Table 4), whereas the E73D mutant binds 4-HP-
CoA 3-fold tighter than does the wild-type thioesterase.
Stopped-flow UV-vis techniques were used to determine the
time course for the pre-steady-state multiple turnover (20 yM
enzyme and 80 yM substrate) and the time course for the
single turnover (40 M enzyme and 20 yM substrate) of 4-HB-
CoA catalyzed by the E73D mutant (Figure 8A,B). The time
course data were fitted to a linear equation or a single
exponential equation to define the apparent rate constants
0.0614 + 0.0002 s™' and 0.0774 + 0.001 s™', respectively
(Table 1). The absence of the burst phase kinetics observed for
the wild-type enzyme (Figure 2) plus the fact that the 10% '°O-
incorporation from the wild-type thioesterase into the 4-HB
product (Figure 4C) was not observed for the E73D
thioesterase-catalyzed single turnover reaction of 4-HB-CoA
in H,'%0 solvent (Figure 4D; vide supra), suggested a change in
mechanism.

The X-ray structures of the E73D thioesterase(CoA) (Figure
9A) and E73D thioesterase(4-HP-CoA) (Figure SI3) com-
plexes were determined to reveal that both structures retain the
conformations of the active site side chains of the wild-type
thioesterase. A notable change is the presence of an ordered
water molecule located in the space vacated by the Glu73
carboxylate group. The superposition of the structure of the
wild-type thioesterase(4-HB)(CoA) complex and the structure
of the E73D thioesterase(CoA) complex (Figure 9A) places the
water molecule on top of the 4-HB carboxylate oxygen opposite
the oxygen atom that engages in hydrogen bond formation (2.9

7009

A) with the Gly65 backbone amide NH. The water molecule is
located within hydrogen bond distance of the side chains of
Thr77 (2.7 A) and Asp65 (2.9 A). On the basis of this
structural information, we posit that the E73D thioesterase
retains a significant fraction of the wild-type thioesterase
catalytic activity because the Asp73 carboxylate group can bind
and activate the water for attack at the substrate thioester
carbonyl carbon. In short, the replacement of Glu73 with Asp
appears to have switched the catalytic role of the carboxylate
group from that of nucleophile to Bronsted-Lowry base.
Consistent with this conclusion is the observation that whereas
4-HB and CoA show competitive and noncompetitive product
inhibition of the wild-type thioesterase, respectively, both
products show competitive inhibition (4-HB K = 1.7 + 0.4
mM; CoA K, = 32 + 2 uM; Table 2) toward the E73D mutant.

Compared to the wild-type thioesterase, the E73Q
thioesterase displayed a 4-fold increase in the 4-HP-CoA Kj
value (Table 4). The E73Q thioesterase k, value is 4000-fold
smaller than that of the wild-type thioesterase, yet 14-fold larger
than that of the E73A mutant. The superposition of the
structures of the E73Q_thioesterase(4-HP-CoA) and wild-type
thioesterase(4-HP-CoA) complexes (Figure SI4) revealed a
conserved active site configuration with the exception that the
GIn73 side chain is rotated slightly relative to the Glu73 side
chain. More informative, however, is the comparison of the
structures of the E73Q thioesterase(4-HB) and wild-type
thioesterase(4-HB)(CoA) complexes (see Figure 9B). Notably,
there is an ordered water molecule located between the GIn73
amide substituent and the 4-HB carboxylate group. It appears
that in order to accommodate the water molecule the 4-HB has
been tilted from the position seen in the active site of the wild-
type thioesterase thus moving it ~1 A further away from

dx.doi.org/10.1021/bi301059m | Biochemistry 2012, 51, 7000—7016
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Figure 8. (A) Stopped-flow UV-vis trace of (20 uM) E73D thioesterase-catalyzed hydrolysis of (80 uM) 4-HB-CoA carried out under multiple
turnover conditions and monitored at 300 nm (Ae = 11.8 mM ™! cm™). The trace was fitted with a linear equation. (B) Stopped-flow UV-vis trace of
(40 uM) E73D thioesterase-catalyzed hydrolysis of (20 #uM) 4-HB-CoA carried out under single turnover conditions and monitored at 300 nm. The
trace was fitted with a single exponential equation. (C) Stopped-flow UV-vis trace of (30 £M) T77A thioesterase-catalyzed hydrolysis of (100 xM)
4-HB-CoA carried-out under multiple turnover conditions and monitored at 300 nm. The trace was fitted with a double exponential equation. (D)
Time course for the multiple turnover reaction of 50 uM [**C]4-HB-CoA and 10 uM T77A thioesterase monitored using rapid quench/HPLC

techniques. The data were fitted to a double exponential equation.

residue 73. The ordered water molecule is within hydrogen
bond distance (2.4 A) of the 4-HB carboxylate oxygen
(opposite the oxygen atom that engages in hydrogen bond
formation with the Gly65 backbone amide NH at 2.5 A), the
GIn73 amide NH, (2.9 A), and the Thr77 hydroxyl group (2.6
A). The comparatively large reduction in the k., value suggests
that the accommodation of the water molecule imposes a tax
on catalysis which adds to that associated with the loss of
nucleophilic catalysis (used by the wild-type thioesterase) or
base catalysis (used by the E73D thioesterase).®

Thr77. Thr77 is posited to orient the water nucleophile for
attack at the 4-hydroxybenzoyl carbonyl carbon of the
thioesterase anhydride intermediate (Figure S). The Thr77
was separately replaced with Ser, Ala, Val, and Asp. The Ser
residue conserves the hydroxyl substituent required to bind the
water nucleophile yet does not have the steric bulk of the Thr
side chain. The Ala and Val substitution removes the hydroxyl
substituent interaction and either reduces (Ala) or increases
(Val) the size of the side chain. The Asp substitution replaces
the hydroxyl group with a carboxylate substituent that could
potentially function as a base to activate the water nucleophile
but is more likely to perturb the local electrostatic environment.
The mutations did not cause a large decrease in 4-HP-CoA
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binding affinity (2—5 fold) (Table 4). Likewise, the steady-state
k... values measured for T77A and T77S 4-HB-CoA
thioesterase-catalyzed 4-HB-CoA hydrolysis are decreased
only ~2-fold decrease (Table 4). In contrast, the k., value of
the T77V thioesterase is 40-fold smaller than that of the wild-
type thioesterase and the k., value of the T77D 4-HB-CoA
thioesterase is 650-fold smaller. This indicates, as does the
structure of the liganded enzyme (Figure 1A), that Thr77 does
not function in 4-HB-CoA binding. The significant reduction in
catalytic efficiency observed for the T77D mutant suggests that
the charged carboxylate group of the Asp perturbs the
electrostatic environment at the reaction site.

The time course for T77A thioesterase-catalyzed 4-HB-CoA
hydrolysis under multiple turnover conditions is biphasic
(Figure 8C,D). The time courses measured for the wild-type
and mutant thioesterases were fitted with a double exponential
equation for comparison of rates. In the case of the T77A
mutant stopped-flow data, the rate of the fast phase is 19.7 +
0.2 s7! and the rate of the slow phase 0.49 + 0.2 s71, whereas in
the case of the rapid quench data, the rate of the fast phase is 47
+ 8 57" and the rate of the slow phase is 1.38 + 0.06 s™* (Table
1). For the wild-type thioesterase stopped-flow data the rate of
the fast phase is 28.3 + 0.4 s™' and the rate of the slow phase is
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Figure 9. (A) Superposition of the X-ray structure of the wild-type thioesterase(4-HB)(CoA) complex with that of the E73D thioesterase(CoA)
complex. (B) Superposition of the X-ray structure of the wild-type thioesterase(4-HB)(CoA) complex with that of the E73Q thioesterase(4-HB)
complex. (C) Superposition of the X-ray structure of the wild-type thioesterase(4-HP-CoA) complex with that of the E73A/QSS8E thioesterase(4-
HP-CoA) complex. (D) Superposition of the X-ray structure of the wild-type thioesterase(4-HP-CoA) complex with that of the H64A
thioesterase(4-HP-CoA) complex. Only the backbone of the wild-type thioesterase is shown. The nitrogen atoms are colored blue, the oxygen atoms
red and the sulfur atom yellow. The carbon atoms are colored gray for the wild-type thioesterase and cyan for the mutant thioesterase.

4.30 + 0.2 57", and for the rapid quench data the rate of the fast
phase is 100 + 30 s™" and the rate of the slow phase is 8.7 + 0.3
s™! (Table 1). Thus, in the case of the T77A mutant the fast
phase (formation of the enzyme-anhydride) is slowed down 2-
fold compared to that of the wild-type thioesterase, whereas the
slow phase (hydrolysis of the enzyme-anhydride intermediate)
is reduced in rate 6—14-fold. Similarly, the time course
(measured by stopped-flow UV-vis) for (30 puM) T77S
thioesterase-catalyzed (100 yM) 4-HB-CoA hydrolysis under
multiple turnover conditions is biphasic (Figure SISA). The
rate of the fast phase is 18.9 + 0.2 s™' and that of the slow
phase is 1.208 + 0.006 s™' (Table 1). In contrast, the time
courses for T77V and T77D thioesterase-catalyzed 4-HB-CoA
hydrolysis under multiple turnover conditions are monophasic
(Figures SISB and SISC) and define turnover rates of 0.152 +
0.002 s! and 0.0081 + 0.0001 s™" (Table 1), respectively.
The single turnover time courses for T77A thioesterase
catalysis measured by stopped-flow UV-vis (20 uM 4-HB-CoA
and 40 uM T77A thioesterase) or rapid quench (5 uM 4-HB-
CoA and S0 yM T77A thioesterase) (Figures SISD and SISE)
were fitted with a single exponential equation to define the
apparent rate constant for a single turnover reaction of 17 s
and 24 s/, respectively (Table 1). The stopped-flow UV-vis
absorbance trace of (40 uM) T77S thioesterase-catalyzed (20
uM) 4-HB-CoA hydrolysis under single turnover conditions
(Figure SISF) was fitted with a single exponential equation to
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define the apparent rate constant for a single turnover reaction
of 19 s™! (Table 1) The superposition of the structures of the
wild-type thioesterase(4-HP-CoA) and T77S thioesterase(4-
HP-CoA) complexes (Figure SI6) shows that with the
exception of a slight shift in the position of the residue 77
hydroxyl group, all other residues plus ligands are unchanged.
The notable difference in the mutant structure is the absence of
the steric confinement of the residue 77 side chain CH,0OH,
which is imposed by the T77 side chain methyl group because
of its close contact with Ala91.

The structure of E73D thioesterase(CoA) complex revealed
hydrogen bond formation between Thr77 and the putative
water nucleophile (Figure 9A). By analogy, one could envision
a Thr77-bound water molecule positioned for attack at the 4-
hydroxybenzoyl carbonyl carbon of the wild-type thioesterase
anhydride intermediate. The posited participation of Thr77 in
the orientation of the water nucleophile is supported by the
observed (i) change in the ratio of attack at the benzoyl
carbonyl carbon vs the Glu73 carbonyl carbon in the T77A
(from 9:1 to 1:1) and T77S (from 9:1 to 1:0) (vide supra), and
(ii) the reduction in the rate of the enzyme-anhydride
intermediate in contrast to little reduction in the rate of the
formation of the enzyme-anhydride intermediate.

The kinetic properties of the E73D/T77A and E73D/T77S
double mutants were also examined. The X-ray structure of the
E73D thioesterase(CoA) complex shows that both Thr77 and
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Asp73 form hydrogen bonds with the ordered water molecule
posited to attack the 4-HB-CoA carbonyl carbon (Figure 9A).
The E73D/T77A thioesterase on the other hand, would only
be able to bind the water nucleophile with the Asp73.
Strikingly, the k. value of the E73D/T77A thioesterase is
10-fold larger that that of E73D thioesterase (only S-fold
smaller than that of the wild-type thioesterase) and there is no
significant change in the 4-HP-CoA K; (Table 4). In contrast,
the steady-state kinetic constants of the E73D/T77S
thioesterase are essentially the same as those of the E73D
mutant (Table 4). The time courses for the E73D/T77A and
E73D/T77S thioesterase-catalyzed hydrolysis of 4-HB-CoA
measured under multiturnover reactions using stopped-flow
UV-vis techniques (Figures SISF and SISG) each showed a
single phase and together defined apparent rate constants of
0.705 + 0.001 s! and 0.0619 + 0.0001 s}, respectively (Table
1).

Lastly, the E73D/T77A thioesterase-catalyzed single turn-
over reaction of 4-HB-CoA in 97% H,'®0 was carried out. The
160-incorporation observed in the isolated 4-HB was negligible
(see Figure 4H). If we compare these results with those
obtained for the wild-type, T77A and T77S thioesterases an
interesting trend emerges. Namely, residue 77 influences the
isotopic labeling pattern observed in the product when residue
73 is Glu (vide supra) but not when it is Asp. Furthermore, the
kinetic properties of the T77A and T77S thioesterases are
essentially the same, whereas the E73D/T77A thioesterase is
considerably more active than is the E73D/T77S thioesterase.
On the basis of these findings, we posit that in the case of the
E73D thioesterase, hydrogen bond formation between the
Thr77 hydroxyl group (or in the E73D/T77S thioesterase
hydrogen bond formation between the Ser77 hydroxyl group)
and the water nucleophile partially impairs the ability of the
Asp73 to optimize the orientation of the water nucleophile for
attack at the 4-HB-CoA carbonyl carbon. In contrast, in the
case of the wild-type thioesterase the Thr77 contributes to
catalysis by facilitating the attack of the water nucleophile on
the anhydride intermediate.

GIn58. The structure of the wild-type thioesterase(4-
HB)(CoA) complex shows that the GInS8 side chain NH, is
within hydrogen bond distance (3.5 A) of the CoA thiol
substituent (Figure 1A). A comparison of the steady-state
inhibition constants measured for CoA (K, = 16 + 2 uM, K;, =
29 + 2 uM) (vide infra) (Table 2) and desulfoCoA (K, = 19 +
6 uM, K; =13 = 3 uM) suggests that this interaction does not
contribute significantly to the CoA binding affinity. Never-
theless, GInS8 might form a stronger hydrogen bond with the
CoA thiolate anion that is forming in the transition state of the
first partial reaction.

To further examine the contribution that GInS8 makes to
substrate binding and catalysis the kinetic properties of the
Q58A, Q38D, QSSE, QS8D/E73D, QSS8E/E73Q, and QSSE/
E73A thioesterases were determined (Table 4). The k, values
of the Q58A, Q58D, and QS8E mutants were reduced 53-, 52-,
and 18-fold, respectively, compared to that of the wild-type
thioesterase. The dissociation constants (K;) of the QSSA,
Q58D, and QS8E thioesterase complexes of 4-HP-CoA were
increased S-, 3-, and 2-fold, respectively. The 4-HP-CoA
inhibition constant (K; = 4.7 X 10~ uM) measured with Q38E
thioesterase is essentially the same as that of the wild-type
thioesterase (Table 4). These results indicate that the QS8
contributes primarily to transition state binding (stabilization)
rather than to the substrate binding.
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The time course for (20 uM) QS8A thioesterase-catalyzed
multiple turnover of (80 yM) 4-HB-CoA determined (Figure
SI7A) using stopped-flow UV-vis absorbance techniques was
fitted with a single exponential to define k = 0.0842 + 0.0001
(Table 1) which agrees with the steady-state k., = 0.127 +
0.002 (Table 4). The absence of a burst phase in the time
course suggests that the anhydride-forming step is rate-limiting.
A comparison of this rate to the rate of the burst phase (40 s™")
measured for the wild-type thioesterase (480-fold difference)
indicates that GIn48 makes a sizable contribution to catalysis of
the formation of the anhydride intermediate. The X-ray
structures of the QS8A thioesterase complexes of 4-HB plus
CoA (Figure SI8A) and of 4-HP-CoA (Figure SI8B) showed
that the active site is unchanged except for the residue S8.
Notably, the space vacated by the removal of the CH,C(=
O)NH, group was not filled by an ordered water molecule.
Together, these findings are interpreted as evidence that GluS8
functions in catalysis by stabilizing the CoA thiolate-leaving
group via hydrogen bonding (as depicted in Figure S).

Amino acid replacements at both GInS8 and Glu73 were
found to have a synergistic inhibitory effect on catalysis.
Whereas the dissociation constants measured for the 4-HP-
CoA complexes are sub-micromolar (albeit up to 20-fold larger
than that of the wild-type thioesterase; Table 4) the QS8D/
E73D, QS8E/E73Q, and QS8E/E73A thioesterases displayed
no activity above the detection limit of k., = 1 X 107> s™*. The
superposition of the X-ray structures of the QS8E/E73A
thioesterase(4-HP-CoA) and wild-type thioesterase(4-HP-
CoA) complexes (Figure 9C) shows that although the
conformations of the residues that form the catalytic site are
unchanged, the hydroxyphenacyl unit of the QS8E/E73A
thioesterase bound 4-HP-CoA is substantially shifted in the
direction of Ala73. In comparison, the E73A thioesterase(4-HP-
CoA) structure depicts a much smaller shift in the position of
the hydroxyphenacyl unit, suggesting that the GIn58 might play
an essential role in the particular case of the E73D thioesterase
catalysis by preventing the substrate from sliding out of position
as allowed by the vacant space.

Gly65. The structure of the wild-type thioesterase bound
with product (Figure 1A) shows that the 4-HB carboxylate
group is in line with the positive pole of the central helix and
that it is engaged in hydrogen bond formation (2.8 A) with the
backbone amide NH of Gly65 located at the helix N-terminus.
The findings from an earlier Raman study of the E73A
thioesterase(4-HB-CoA) and wild-type thioesterase(4-HP-
CoA) complexes indicated that the C=0 of the respective
ligand O=C-S§ and O=C—CH,S moieties are held in a rigid
nonfluctuating environment which 3provides a modest hydrogen
bonding strength of ~20 kJ/mol.** The X-ray structure of the
thioesterase bound with 4-HP-CoA reveals a short hydrogen
bond (2.6 A) between the oxygen atom of the O=C—CH,—S
group and the Gly6S NH. In the X-ray structure of
thioesterase(4-hydroxybenzyl-CoA) (CH,—S replaces O=C—
S) complex, there is no hydrogen bond interaction with the
Gly65 NH, and consequently the CH,—S group, which is free
to rotate, is observed in two different orientations. The 4-HB-
CoA k_;/k; ~ 016 uM compares with the competitive
inhibition constant K, = 0.6 + 0.1 uM '® determined for 4-
hydroxybenzyl-CoA, consistent with a modest hydrogen bond
interaction at the ground state.

Most striking is the tight binding of the 4-HP-CoA for which
a competitive inhibition constant K;, = 0.003 + 0.1 uM"® and
the Ky = 0.007 + 0.003 uM (Table 4). The tight binding of the
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4-HP-CoA ligand suggests that the additional methylene group
somehow locks the carbonyl into a position that facilitates
strong hydrogen bond formation between the C=O0 and the
Gly65 NH.

Previous studies have shown that 4-HB-dithioCoA, in which
S=C-S replaces O=C-S, is less susceptible to base catalyzed
hydrolysis than is 4-HB-CoA by 1 order of magnitude.”* In
contrast, the steady-state ko, = 9.6 X 107™* s™" measured for
thioesterase-catalyzed hydrolysis of 4-HB-dithioCoA is almost 4
orders of magnitude smaller than that measured for 4-HB-CoA.
This suggests that the steric and/or electronic requirements of
the transition states of thioesterase catalysis are more stringent
than the transition state of the base-catalyzed hydrolysis.
Moreover, the hydrogen bond interaction with the Gly65
appears to be used for transition state stabilization and less so
for substrate binding.

Asp31, His64, and Glu78. On the basis of the X-ray
structural data (Figure 1A), these three residues appear to
create a hydrogen bond network, which could facilitate the
productive binding of the 4-hydroxybenzoyl ring. The Glu78
forms a hydrogen bond with the ring hydroxyl group and the
hydroxyl group in turn forms a hydrogen bond with an Asp31
bound water molecule. The Asp31 engages the His64 in
hydrogen bond formation and the His64 ring stacks against the
edge of the 4-hydroxybenzoyl ring. The E78A, D31A, D3IN,
H64A, and H64Q _thioesterase mutants exhibit a 10-, 160-, 6-,
45-, and 24-fold decrease in k., and a 357-, 10-, 171-, 31-, and
47-fold decrease in 4-HP-CoA binding affinity, respectively
(Table 4). The stopped-flow UV-vis absorbance traces (Figures
SI7B, SI7C, SI7D, SI7E and SI7F) measured for the (20 uM)
D31A, D31N, H64A, H64Q, and E78A thioesterase catalyzed
hydrolysis of (80 yM) 4-HB-CoA under multiple turnover
conditions were fitted to a linear equation to define the
apparent rate constants of 0.012, 0.42, 0.014, 0.069, and 0.18
s~!, respectively (Table 1). The loss of burst phase kinetics
suggests that formation of the anhydride intermediate rate-
limiting for these mutants.

The lower k_, values observed for the mutants are likely due
to changes in the local electrostatic environment and residue
packing. The X-ray structure of the H64A thioesterase bound
with 4-HP-CoA was solved to reveal that a water molecule and
the Glu73 side chain have entered the space vacated by the
His64 imidazole ring (Figure 9D), although the hydrogen bond
network involving Asp31, H,O, the C(4)OH and Glu78 was
left unchanged. Thus, His64 serves to restrict the conforma-
tional space of the Glu73 side chain (which is otherwise
unconstrained) in addition to interacting with Asp31.

The CoA Binding Site. The CoA unit of the 4-HB-CoA
extends from the 4-HB binding pocket through a tunnel that
joins with a crater-like depression at the protein surface (Figure
1B). The pantothenate arm is bound in the tunnel were it
engages in hydrogen bond interactions with backbone amide
NHs and with ordered water molecules. The nucleotide moiety
sits in the surface depression where the CoA 3’-phosphate (3'-
P) forms two ion pairs with the positively charged Argl02 and
Argl50 side-chains, and the $'-pyrophosphate (5'-PP) forms
hydrogen bonds with the Ser120 and Thrl21 side chains
(Figure 1B). The superposition of the structures of the wild-
type and mutant thioesterases that contain bound 4-HP-CoA,
4-hydroxybenzyl-CoA or CoA shows that the conformation of
the CoA unit is conserved. Moreover, the B factors (temper-
ature factors) indicate that the atoms of the bound 4-HP-CoA
and 4-hydroxybenzyl-CoA ligands experience little motion (see
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the liganded structure colored according to B factor in Figure
SI9). These observations suggested that the thioesterase binds
the nucleotide unit of its substrate. The experiments described
below where carried out to test whether the CoA unit binding
interactions indicated by the crystal structure actually occur in
solution.

3P NMR Evidence for a Protein Surface Nucleotide
Binding Site. If the electrostatic interactions observed to
occur between the 3'-P and 5'-PP and the electropositive side
chains are preserved in the enzyme—ligand complex in solution,
the 3’-P and S'-PP is expected to experience an electronic
environment different from that of pure solvent. Thus, a
difference in the chemical shifts of the 3'-P and 5'-PP *'P NMR
resonances deriving from the solvated enzyme-ligand complex
versus those deriving from the free ligand would signify
association of the CoA nucleotide with the enzyme surface.

The proton-decoupled *'P NMR spectrum of 4-HP-CoA in
K'HEPES buffer (pH 7.5) is characterized by a singlet at +5.05
ppm and two doublets (J = 20 Hz) centered at —9.36 and
—9.90 ppm, respectively (panel A in Figure 10). The singlet

B Bound 5'-PP Unbound 5'-PP
A" e L.M..
C Bound 3'-P Bound 5'-PP
’ ' N\
L T T T T T T T T T T T 1

-8 -10 ppm

Figure 10. 3P NMR spectrum of (A) 1 mM 4-HP-CoA, (B) 1.5 mM
4-HP-CoA and 1 mM wild-type thioesterase, and (C) 1 mM 4-HP-
CoA and 1 mM wild-type thioesterase. See Materials and Methods for
details.

was assigned to the CoA 3'-P, while the two doublets were
assigned to the S’-PP. The *'P NMR resonance of the CoA §'-
PP observed in the spectrum of the thioesterase(4-HP-CoA)
complex is characterized by a broad peak centered at —8.7 ppm,
which is shifted ~1 ppm downfield from the two doublets of
unbound 4-HP-CoA (panels B and C Figure 10). The 0.1 ppm
upfield shift in the 3'-P resonance (from +5.0S ppm to +4.95
ppm) is comparatively small, possibly because it appears (from
the X-ray structure, Figure 1B) to be more highly solvated and
somewhat less restrained (Figure SI9). The peaks are
broadened because of the slow tumbling rate of the enzyme
coupled with the restricted motion in the 3'-P and 5'-PP
groups. This finding suggests that the 3’-P and 5'-PP groups are
bound to the protein surface.

Kinetic Analysis of Site-Directed Mutants. The contribu-
tions that the ion pairs and hydrogen bonds formed between
the substrate 3'-P and 5'-PP groups and the Argl02, ArglS0,
Ser120, and Thr121 side chains make to substrate binding and
catalysis were accessed by separately replacing each residue
with Ala and measuring the catalytic efficiency (k.,./K,,) (Table
4), the 4-HP-CoA binding properties (K;, and K;) (Table 4)
and the CoA binding properties (K;, and K;;) (see Table 2) with
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the corresponding Ala mutants. Modest decreases in k_/K,
and modest increases in the 4-HP-CoA K, (or Kj) were
observed for the T121A, R150A, R102A thioesterases but not
for the S120A thioesterase. The inhibition constants measured
for CoA, on the other hand, showed substantial increases (23-,
29-, 31-, and 7-fold, respectively). These findings are evidence
for the binding interaction between the nucleotide unit and the
thioesterase surface residues. The tight binding of the CoA (K
=16 uM; K;; = 29 uM) suggests that the pantothenate arm also
contributes to the binding energy possibly through desolvation
effects and van der Waals interactions.

B CONCLUSIONS

Sequence homologues of the Arthrobacter 4-HB-CoA thio-
esterase which have known physiological substrates include the
bacterial 5phenylacetyl-CoA thioesterase,>* benzoyl-CoA thio-
esterase,” enterobactin biosynthetic pathway “housekeeper”
thioesterase EntH,****” long chain acyl-CoA thioesterase II
and II*7?* and fluoroacetyl-CoA thioesterase.”*~** Sequence
alignments of these homologues show conservation of Thr77
yet substitutions of Glu73 with an Asp residue and GInS8 with
either an Asn or Glu residue. This suggests that the catalytic
mechanism employed might vary among clade members. To
our knowledge, the catalytic mechanisms of Arthrobacter 4-HB-
CoA thioesterase homologues have not been studied in depth.
Rather, the reported posited mechanisms are based solely on
the steady-state kinetic constants of site-directed mutants and/
or on the liganded X-ray structures.>>****3%**> Nevertheless,
each of the proposed mechanisms is different from that posited
herein for the Arthrobacter 4-HB-CoA thioesterase and are
unique from one another.

The present work has shown that the Arthrobacter 4-HB-
CoA thioesterase-catalyzed reaction can be switched by Asp
replacement of Glu73, from the two-step pathway depicted in
Figure $ to a single step pathway in which the Asp activates a
water molecule for direct attack on the substrate thioester
moiety. Remarkably, the efficiency of this alternative reaction
pathway was raised to near wild-type activity in the E73D/
T77A mutant by the secondary replacement of Thr77 with Ala.
This finding suggests that the hotdog-fold thioesterase catalytic
scaffold has high plasticity, which might explain why the
catalytic residues are not stringently conserved. The fact that
thioester hydrolysis does not require a highly proficient enzyme
catalyst” might in turn account for the plasticity of the hotdog-
fold thioesterase catalytic scaffold.

The use of nucleophilic catalysis in enzyme catalyzed
thioester hydrolysis would appear to be unnecessary and
prompts the question of how this catalytic strategy evolved.
The same question might be posed for the use of nucleophilic
catalysis by the catalytic Asp of the crotonase family 3-
hydroxyisobutyryl-CoA thioesterase.** We suspect that the
proximity of the carboxylate group and the substrate thioester
C=0 is the determining factor and that this in turn is simply a
matter how the substrate happens to be oriented in the active
site. The plasticity of the hot-dog thioesterase catalytic site
suggests that the substrate specificity might be easily controlled
by protein engineering and therefore that the thioesterases
from this family might be ideal for synthetic biology
applications, particularly in the area of fatty alcohol biofuel
production. Furthermore, the high degree of divergence in the
hotdog-fold thioesterase active site structure and possibly
catalytic mechanism makes these enzymes excellent candidates
for target specific inhibitor design.
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B ADDITIONAL NOTES

“Throughout this paper we treat the substitution reaction at the
benzoyl carbonyl carbon as a concerted reaction. This
assumption is based on published work, which showed that
nucleophilic substitution reactions of esters do not proceed via
a tetrahedral intermediate in cases where the leaving group is
low in energy as indicated by the pK, of the conjugate acid.*'
Earlier we demonstrated that for the base-catalyzed hydrolysis
of para-substituted benzoyl-CoA thioesters the plot of log k, vs
the o value of the para-substituents was linear with a slope (p)
of 1.5, thus indicating only a small accumulation of charge in
the transition state’> consistent with a concerted reaction.
PNo distinction is made between rate-limiting product
dissociation and a rate-limiting thioesterase conformational
change that must occur following product formation to
regenerate the catalytically active form of the enzyme.

“Base catalysis applied to an enzymatic hydrolysis reaction
typically contributes less than 2-orders of magnitude to the k,
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value.*' In the extreme case of the hotdog-fold fatty acyl-CoA
thioesterase hTHEM?2, base catalysis by the active site Asp6S
contributes only 4-fold to the k., value (as inferred from the
comparison of the k., values of the wild-type and D65N
mutant enzyme).>” If Glu73 functions in base catalysis then we
would expect that the E73Q mutant would retain at least 1% of
the activity of the wild-type thioesterase rather than only
0.025%.
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