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ABSTRACT: We have initiated a broad-based program aimed at understanding the molecular basis of fluorine
specificity in enzymatic systems, and in this context, we report crystallographic and biochemical studies on a
fluoroacetyl-coenzyme A (CoA) specific thioesterase (FlK) from Streptomyces cattleya. Our data establish
that FlK is competent to protect its host from fluoroacetate toxicity in vivo and demonstrate a 106-fold
discriminationbetween fluoroacetyl-CoA (kcat/KM=5� 107M-1 s-1) and acetyl-CoA (kcat/KM=30M-1 s-1)
based on a single fluorine substitution that originates from differences in both substrate reactivity and binding.
We show that Thr 42, Glu 50, and His 76 are key catalytic residues and identify several factors that influence
substrate selectivity.We propose that FlKminimizes interactionwith the thioester carbonyl, leading to selection
against acetyl-CoA binding that can be recovered in part by new CdO interactions in the T42S and T42C
mutants. We hypothesize that the loss of these interactions is compensated by the entropic driving force for
fluorinated substrate binding in a hydrophobic binding pocket created by a lid structure, containing Val 23,
Leu 26, Phe 33, and Phe 36, that is not found in other structurally characterizedmembers of this superfamily.We
further suggest that water plays a critical role in fluorine specificity based on biochemical and structural studies
focused on the unique Phe 36 “gate” residue, which functions to exclude water from the active site. Taken
together, the findings from these studies offer molecular insights into organofluorine recognition and design of
fluorine-specific enzymes.

Although the identification of halogenated natural products
containing chlorine, bromine, and iodine has rapidly accelerated
over the last 30 years as greater biodiversity has been explored,
the incidence of fluorinated natural products remains limited to a
relatively small number of structurally related compounds (Chart 1)
(1-6). Fluorine has unique properties arising from the combina-
tion of its small size, high electronegativity, and high C-F bond
strength that have found utility in the design and development
of new pharmaceuticals (7-10). It is often used as a sterically
conservative replacement for hydrogen in small molecules,
allowing them to retain binding to their macromolecular targets
while adjusting several molecular properties such as stability,
reactivity, conformation, lipophilicity, and in vivo distribution
and metabolism (7-9, 11). Furthermore, the ease of elimination
of fluoride from fluorine-substituted cellular metabolites has
allowed the rational design of several bioactive mechanism-
based inhibitors, such as 20,20-difluoro-20-deoxycytidine (Gemzar)
(12-14) and 5-fluorouracil (Adrucil, Carac, Efudex, and
Fluoroplex) (15, 16).

Fluoroacetate is a naturally occurring organofluorine that is
surprisingly poisonous considering its simple structure, with
toxicity rivaling some of the most potent anticancer therapeutics
(17, 18). Like Gemzar and fluorouracil, it can be metabolized
by the normal host machinery before generating a mechanism-
based inhibitor that shuts down the target pathway upon fluoride
elimination. Specifically, fluoroacetate can be activated to form
fluoroacetyl-CoA,1 which is then converted to fluorocitrate via
the TCA cycle (19-22). While the aconitase-catalyzed formation
of the fluoro-cis-aconitate intermediate parallels the reaction
pathway of citrate, addition of water in the next step leads to
stoichiometric fluoride elimination rather than formation of
fluoroisocitrate (23-26). The product of this reaction is a strong
noncovalent inhibitor that remains bound in the aconitase active
sitewith an extremely slow rate of displacement by citrate (26, 27).

Although fluoroacetate production has been mainly noted in
the plant kingdom (28-32), our understanding of organofluorine
biosynthesis has come exclusively from studies of Streptomyces
cattleya, a soil microbe that is the only known genetic host for
productionofbothfluoroacetateandfluorothreonine(2,4,5,33,34).
Similar to other antibiotic-producing hosts (35-40), S. cattleya is
expected to contain pathways for detoxification in order to protect
itself from its own production of fluoroacetate. A fluoroacetyl-
CoA-specific thioesterase (FlK) was recently identified in S.
cattleya that selectively hydrolyzes fluoroacetyl-CoA over acetyl-
CoA (41). The gene encoding FlK is found clustered with the C-F
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bond-forming fluorinase ( flA), raising the possibility that FlK-
catalyzed hydrolysis of fluoroacetyl-CoA plays a role in fluoroac-
etate resistance in S. cattleya by preventing the entrance of
fluoroacetyl-CoA into the TCA cycle (34). Given the close
structural similarity between fluoroacetyl-CoA and acetyl-CoA,
the discrimination between these two substrates exhibited by FlK
is remarkable. The recently reported crystal structure ofFlKdemon-
strates that this enzyme belongs to the hot dog-fold family of
thioesterases (42). From these studies, a catalytic triad composed of
Thr 42, His 76, and an active site water was proposed. Based on a
computational model of the FlK-substrate complex, Arg 120 and
Gly 69 were hypothesized to serve as the main selectivity elements
by orienting the substrate for hydrolysis through fluorine-specific
interactions.

Our group is interested in further studying the origin of substrate
specificity in FlK to develop a better understanding of the design
principles that drive fluorine-based selectivity in protein-ligand
interactions. FlK provides a particularly interesting system for
study because evolutionary selection against hydrolysis of the
nonfluorinated substrate congener, acetyl-CoA, is likely impor-
tant for maintaining normal cell growth and has tuned discrimi-
nation based on a single fluorine substitution. We quantify this
fluorine-specific substrate discrimination to be surprisingly high
(106-fold) and demonstate that it is derived from differences in
both substrate reactivity and binding by carrying out steady-state
kinetic characterization of FlK with respect to both fluoroacetyl-
CoA and acetyl-CoA. Through a combination of structural and
biochemical studies of FlK and a series of mutants, we have
identifed several features unique to FlK that provide a molecular
basis for fluorine specificity. We propose a model in which FlK
minimizes interactions with the carbonyl unit common to both
substrates, which contribute to substrate recognition and catalysis
in typical members of the superfamily, selecting for reaction with
the more activated fluoroacetyl-CoA substrate and decreasing
general acyl-CoA binding. We further hypothesize that fluorine-
specific interactions are recovered through the unusual lid struc-
ture of FlK,which provides a hydrophobic environment that both
maximizes dipolar interactions with the fluorine atom and
provides an entropic driving force for C-F bond recognition.

MATERIALS AND METHODS

CommercialMaterials.Restriction enzymes,T4DNA ligase,
and Phusion polymerase were purchased from New England
Biolabs (Ipswich, MA). Platinum Taq High Fidelity (HF) poly-
merase and OneShot TOP10 chemically competent cells were

purchased from Invitrogen (Carlsbad, CA). Oligonucleotides
were synthesized by Integrated DNA Technologies (Coralville,
IA). DNA sequencing was performed by Quintara Biosciences
(Berkeley, CA). DNA purification kits and Ni-NTA agarose were
purchased from Qiagen (Valencia, CA). Complete Mini EDTA-
free protease inhibitor was purchased from Roche Applied
Science (Penzberg, Germany). Spectra Multicolor low-range
protein ladder was purchased from Fermentas (Glen Burnie,
MD). Amicon Ultra 3000 MWCO centrifugal concentrators and
5000 MWCO regenerated cellulose ultrafiltration membranes
were purchased from Millipore (Billerica, MA). Acrylamide/
bisacrylamide (40%, 19:1, and 30%, 37:1) and Gel Filtration
Standard were purchased from Bio-Rad Laboratories (Hercules,
CA). Luria-Bertani (LB) broth Miller and LB agar Miller were
purchased from EMDBiosciences (Darmstadt, Germany). Carbe-
nicillin, isopropyl β-D-thiogalactopyranoside (IPTG), tris(hydro-
xymethyl)aminomethane hydrochloride (Tris-HCl), sodium
chloride, and dithiothreitol (DTT) were purchased from
Fisher Scientific (Pittsburgh, PA). Streptomycin sulfate, am-
monium persulfate, oxalyl chloride, N,N-dimethylformamide
(Sure-Seal), 5,50-dithiobis(2-nitrobenzoic acid) (DTNB), sodium
fluoroacetate, coenzyme A trilithium salt (CoA), acetyl-CoA, N,
N,N0,N0-tetramethylethane-1,2-diamine (TEMED), and tricinewere
purchased from Sigma-Aldrich (St. Louis, MO).
Gene Synthesis. A synthetic gene encoding flK was codon-

optimized for Escherichia coli using Gene Designer (DNA 2.0;
Menlo Park, CA) and synthesized using PCR assembly. Gen-
e2Oligo (43) was used to convert the gene sequence into primer
sets using default optimization settings. Primers for gene assem-
bly are listed in Supporting Information Table S1, and a primer
map is shown in Supporting Information Figure S1. To assemble
the synthetic gene, each primerwas added at a final concentration
of 1 μM to the first PCR (50 μL) containing Platinum Taq HiFi
buffer (20 mMTris-HCl, 50 mMKCl, pH 8.4), MgSO4 (1.5 mM),
dNTPs (250 μM each), and 5 units of Platinum Taq HF
(Invitrogen). The following thermocycler program was used for
the first assembly reaction: 95 �C for 5 min; 95 �C for 30 s; 55 �C
for 2min; 72 �C for 10 s; 40 cycles of 95 �C for 15 s, 55 �C for 30 s,
72 �C for 20 s plus 3 s/cycle; these cycles were followed by a final
incubation at 72 �C for 5 min. The second assembly reaction
(50 μL) contained 16 μL of the unpurified first PCR with
standard reagents for Platinum Taq HF. The thermocycler
program for the second PCR was as follows: 95 �C for 30 s; 55 �C
for 2min; 72 �C for 10 s; 40 cycles of 95 �C for 15 s, 55 �C for 30 s,
72 �C for 80 s; these cycles were followed by a final incubation
at 72 �C for 5min. The second PCR (16μL) was transferred again
into fresh reagents and run using the same program. Following
gene construction, theDNA smear at the appropriate sizewas gel
purified and used as a template for amplification with Platinum
TaqHFand rescue primers sFlKF100 and sFlKR100 (Supporting
Information Table S1) under standard conditions. The PCR
product was digested with NdeI and BamHI and ligated into the
NdeI-BamHI sites of pET16b. The sequence of the synthetic gene
was verified by sequencing.
Construction of Vectors for Protein Expression. The

synthetic gene encoding FlK was PCR amplified from pET16b
with PlatinumTaqHFusing the primers sFlKF13 and sFlKR15
(Supporting Information Table S1). The PCR product was
digested with SfoI and XhoI and ligated into the SfoI-XhoI
sites of pET23a vector modified to encode a His10 tag and a
tobacco etch virus (TEV) protease cleavage site (Macrolab, UC
Berkeley). The resulting plasmid was verified by sequencing.

Chart 1: Biogenic Organofluorine Natural Products Found in
the Environment
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Site-Directed Mutagenesis. Plasmids encoding mutant
FlKs were prepared using oligonucleotide primers containing
the desired mutation (Supporting Information Table S2). Each
mutagenesis reaction contained forward and reverse primers
(2 μM each), pET23a-His10-Tev-sFlK template (50-100 ng),
dNTPs (200 μMeach), Phusion polymerase, and Phusion buffer.
The reactionmixturewas subjected to the following thermocycler
program: 98 �C for 3 min; 16 cycles of 98 �C for 15 s, 55 �C for
15 s, 72 �C for 3 min 30 s; a final extension at 72 �C for 7 min.
Reactions were digested with DpnI and transformed into One-
Shot TOP10 chemically competent cells. All mutants were then
verified by sequencing of the flK gene. The E50Q mutant was
subcloned into vector pSV272 (Macrolab, UC Berkeley) using
primers sFlK F13 and sFlK R15 and using the SfoI and XhoI
restriction sites to generate a His10-MBP-Tev-sFlK-E50Q ex-
pression construct.
E. coli Viability Assay. Electrocompetent E. coli BL21-

(DE3) cells were transformed with empty pET23a-His10-Tev,
pET23a-His10-Tev-FlK, and pET23a-His10-Tev-FlK-H76A, and
cells were grown on LB agar containing 50 μg/mL carbenicillin.
Saturated cultures were diluted to OD600nm= 0.3 in LB, and
serial 10-fold dilutions were made in a 96-well plate. Dilutions
(2 μL) were spotted onto LB agar containing either 50 μg/mL
carbenicillin or 50 μg/mL carbenicillin and 20 mM sodium
fluoroacetate. Plates were incubated at 37 �C for 16 h and then
photographed.
Expression and Purification of FlK Variants. LB contain-

ing carbenicillin (50 μg/mL) was inoculated to OD600nm=0.05
with an overnight LB culture of freshly transformed E. coli
BL21(DE3) containing the overexpression plasmid. The cultures
were grown at 37 �Cat 200 rpm toOD600nm=0.8, at which point
they were cooled on ice for 20 min. Isopropyl β-D-thiogalacto-
pyranoside (IPTG) was added to a final concentration of 1 mM,
and cells were incubated at 16 �C for 12-16 h. Cells were
harvested by centrifugation at 3696g at 4 �C for 15 min. The
cell pellet was resuspended in 5mLof lysis buffer (50mMsodium
phosphate, pH 8.0, 300 mM NaCl, 20 mM imidazole, 100 μM
phenylmethanesulfonyl fluoride, one CompleteMini EDTA-free
tablet per 50 mL buffer) per gram of cell pellet wet weight and
lysed by one pass through a French pressure cell (Thermo Fisher)
at 14000 psi. Insolublematerial was removed by centrifugation at
15316g at 4 �C for 20 min. A 10% (w/v) solution of streptomycin
sulfate was added to the supernatant to a final concentration of
0.9% (w/v), and precipitated DNA was removed by centrifuga-
tion at 15316g for 20min. The supernatant was loaded onto aNi-
NTA agarose column (1 mL resin/L of cell culture) using an
A.KTA Purifier FPLC system (GEHealthcare). The column was
washed with 10 column volumes of wash buffer (50 mM sodium
phosphate, pH 8.0, 300 mM NaCl, 20 mM imidazole) and 10
column volumes of wash buffer plus 8% elution buffer (50 mM
sodium phosphate, pH 8.0, 300 mM NaCl, 250 mM imidazole).
The column was eluted using a gradient from 8% to 100%
elution buffer over 10 column volumes. Protein-containing
fractions were pooled by their absorbance at 280 nm and
concentrated to 10-15 mL using a 5000 MWCO ultrafiltration
membrane. TEV protease (purified as described previously (44))
was added at a 1:50 mass ratio, and the mixture was dialyzed
against TEV cleavage buffer (50 mM sodium phosphate, pH 8.0,
300 mM NaCl, 1 mM DTT) for 16 h. The dialysate was passed
over a Ni-NTA column to remove the His6-tagged TEV protease
and the His10 peptide, and the columnwas washedwith 2 column
volumes of wash buffer. The flow-through and wash fractions

were concentrated to 2 mL and loaded onto a Superdex 75 16/60
pg (GE Healthcare) column equilibrated with size-exclusion
buffer (20 mM Tris-HCl, pH 7.6, 50 mM NaCl). FlK eluted
from the column as a dimer (Supporting Information Figure S2)
and was concentrated to 1-10 mg/mL and stored at 4 �C. For
long-term storage, 10% glycerol was added to the concentrated
protein, and it was stored at -80 �C. Both His10-tagged and
His10-tagged MBP fusion proteins were purified following this
protocol (Supporting Information Figure S3).
Crystallization and Structure Determination. Purified

FlK in size-exclusion buffer was concentrated to 17 mg/mL.
Crystals of apo-FlKwere obtained using the hanging drop vapor
diffusion method by combining equal volumes of protein solu-
tion and reservoir solution containing 0.1 M Tris-HCl, pH 7.6,
and 25%polyethylene glycol 3350. Clusters of plates grew within
2 days. Single crystals were obtained by gently agitating the
clusters. The crystals were cryoprotected by soaking briefly in a
solution containing 0.1 M Tris-HCl, pH 7.6, 25% polyethylene
glycol 3350, and 25% (v/v) ethylene glycol and flash cooled in
liquid nitrogen. Data were collected at beamline 8.2.2 at the
AdvancedLight Source (Lawrence BerkeleyNational Laboratory).
Data were processed with XDS and scaled with XSCALE (45).
Molecular replacement with Phaser (46) using a polyalanine model
ofThermus thermophilus hypothetical protein TTHA0967 (PDB ID
2CWZ) identified two FlK monomers in the asymmetric unit
arranged with typical hot dog-fold topology. Maps were improved
by Phenix AutoSolve and AutoBuild (47). The resulting maps were
of sufficient quality to discard the original model, and Arp/
wARP (48) was used to build a near-complete chain trace. The
remaining parts of themodelweremanually built usingCoot (49).
The structure was solved at 1.9 Å resolution and refined to an
Rwork/Rfree of 20.1%/23.1% using Phenix Refine.

Crystals of the open conformation of FlK were obtained by
soaking apo-FlK crystals in a solution of 1 mM fluoroacetyl-
CoA inmother liquor for 10min followedby brief cryoprotection
by soaking in mother liquor supplemented with 25% (v/v)
ethylene glycol. Crystals were then flash-cooled, and data were
collected at beamline 8.3.1 (Advanced Light Source, Lawrence
Berkeley National Laboratory). Molecular replacement per-
formed with Phaser using the refined apo-FlK structure as a
search model identified two monomers per asymmetric unit. The
open FlK structure was manually rebuilt using Coot and refined
using Phenix Refine to Rwork = 18.8% and Rfree = 22.0% at
2.0 Å resolution. Crystals of the FlK-fluoroacetate complex were
obtained by soaking apo-FlK crystals in 2.5 mM fluoroac-
etate. The initial model of the protein was obtained as for the
open conformation of FlK. Unmodeled peaks in the map were
identified using Coot, and ligands corresponding to the density
were modeled when possible. The structure was solved to
2.5 Å resolution and refined with Phenix Refine to Rwork/Rfree

of 19.4%/24.0%
Crystals of FlK-F36A were obtained as for wild-type FlK.

FlK-F36A crystals grew in a larger C2 crystal form that had a
Matthews coefficient consistent with six monomers per asym-
metric unit. Molecular replacement performed with Phaser using
the refined apo-FlK structure as a search model unambiguously
identified three dimers per asymmetric unit, in agreementwith the
Matthews coefficient. The structure was solved to 2.3 Å resolu-
tion, manually rebuilt using Coot, and refined to Rwork/Rfree of
22.0%/24.7%. Crystals of the FlK-F36A product complex were
obtained in the same conditions as apo-FlK-F36A by cocrystal-
lization with 1 mM fluoroacetyl-CoA and were found to contain
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three dimers per asymmetric unit. Maps were obtained, and the
model was built as for FlK-F36A. The structure was solved to
2.0 Å resolution and refined with Phenix Refine toRwork/Rfree of
21.8%/25.1%.
Fluoroacetyl-CoA Synthesis. Fluoroacetyl-CoA was syn-

thesized as described previously (41) with some modification.
Sodium fluoroacetate (100 mg, 1 mmol) was dried under vacuum
in an oven-dried round-bottom flask equipped with a stir bar
and a reflux condenser. Dry tetrahydrofuran (2 mL), dry N,N-
dimethylformamide (100 μL), and oxalyl chloride (2 M in
dichloromethane, 1 mmol) were added to the flask by syringe,
and the reaction mixture was stirred and heated at 65 �C for 2-3 h
under nitrogen atmosphere. After the flask was allowed to cool,
the reaction mixture (650 μL) was added to stirred solution of
coenzyme A trilithium salt (50 mg, 0.06 mmol) dissolved in 1 mL
of 10% sodium bicarbonate. The mixture was stirred vigorously
for 3 min under a stream of nitrogen and then immediately
injected onto anAgilent Eclipse XDB-C18 column (9.4� 250mm,
5 μm) and purified by reverse-phase HPLC (0-100% B over
30 min at 3 mL/min; A, H2O; B, acetonitrile) using an Agilent
1200 binary pump coupled to a diode-array detector. Fractions
(1.5 mL) were flash frozen in liquid nitrogen and lyophilized. The
lyophilized fluoroacetyl-CoA was dissolved in water and char-
acterized using an Agilent 6130 single-quadrupole electrospray
ionization mass spectrometer (ESI-MS) (m/z (MHþ), 828.1; m/z
(MHþ

calc), 828.1). The purified substrate was also assayed for
contaminating coenzyme A by comparing the total coenzyme A
absorbance at 260 nm (ε260 nm=13100M-1 cm-1) with free thiol
content measured by reaction with DTNB (ε412nm = 13600 M-1

cm-1 for 2-nitro-5-thiobenzoate). Only fluoroacetyl-CoA of
>95% purity was used for assays.
KineticMeasurements. The thioesterase activity of FlK was

measured by spectrophotometrically monitoring the increase in
absorbance at 412 nm due to reaction of enzymatically generated
free coenzyme A with DTNB in a Beckman Coulter DU-800
spectrophotometer as described previously (41) with some mod-
ification. FlK activity was measured immediately after purifica-
tion. Assays were performed at 25 �C in a total volume of 500 μL
containing 100 mM Tris-HCl, pH 7.6, 0.5 mM DTNB, the
appropriate amount of fluoroacetyl-CoA or acetyl-CoA, and
FlK (0.5 nM, fluoroacetyl-CoA; 10 μM, acetyl-CoA) or FlK
mutant (50 nM-1 μM, fluoroacetyl-CoA; 10 μM for acetyl-
CoA) in an amount sufficient to detect activity. Commercial
acetyl-CoA was also tested for contaminating CoA as described
above. A CoA standard curve from 0 to 50 μM was generated
using the appropriate amounts of CoA in a solution containing
100 mM Tris-HCl, pH 7.6, and 0.5 mM DTNB. Kinetic para-
meters (kcat and KM) were determined by fitting the data using
Kaleidagraph 3.51 (Synergy Software, Reading, PA) to the

equation:

vo ¼ vmax½S�=KM þ ½S�
where vo is the initial rate and [S] is the substrate concentration.

RESULTS AND DISCUSSION

Toxicity of Fluoroacetyl-CoA andRescue by FlK. To test
whether FlK is competent to confer fluoroacetate resistance in a
heterologous bacterial system, we expressed the flK gene inE. coli
and measured its viability by spotting 1:10 dilutions of culture
onto solid media (Figure 1). In the presence of fluoroacetate, the
viability of E. coli containing an empty plasmid or a plasmid
encoding an FlK mutant with diminished activity was severely
reduced, while E. coli harboring the plasmid encoding wild-type
FlK exhibited viability similar to that of cultures spotted onto
fluoroacetate-free media, which indicates that FlK is competent
to confer fluoroacetate resistance in bacteria. As acetyl-CoA is an
essential building block in the cell, these results are consistent
with the conclusion that FlK demonstrates specificity toward
fluoroacetyl-CoA over acetyl-CoA in vivo.
Competition with Acetyl-CoA. Previous measurements of

FlK activity suggested that this enzyme exhibits remarkable
in vitro selectivity for fluoroacetyl-CoA over acetyl-CoA, with
no hydrolysis observed at concentrations up to 1mMacetyl-CoA
in the presence of 50 ng of FlK (41). We can envision two major
modes for recognition of the fluorinated substrate over the
nonfluorinated substrate. Onemode of substrate specificity could
rely on structural recognition of the fluorine atom, which could
be discriminated based on polarity or size. A second possible
component of selectivity is the differing chemical reactivities of
fluoroacetyl-CoA and acetyl-CoA. The inductively electron-
withdrawing fluorine atom activates the thioester CdO in
fluoroacetyl-CoA toward nucleophilic attack. Indeed, the pseu-
do-first-order rate constant for uncatalyzed hydrolysis of fluoro-
acetyl-CoA was measured to be an order of magnitude faster
(1.4� 10-4 s-1 at pH 7.6) than the hydrolysis of acetyl-CoA (1.3�
10-5 s-1 at pH 7.6) under the same conditions (Supporting
Information Figure S4). Thus, the active site nucleophile of FlK
could be tuned toward lower reactivity, which would limit the
hydrolysis of acetyl-CoA compared to fluoroacetyl-CoA.

To clarify whether the exclusion of acetyl-CoA binding plays a
role in FlK selectivity, we performed a competition experiment in
which the fluoroacetyl-CoA concentration was fixed at 20 μM
and the rate of hydrolysis was measured in the presence of

FIGURE 1: FlK confers fluoroacetate resistance in vivo. The viability
of E. coli BL21(DE3) was assayed by spotting 1:10 serial dilutions of
culture onto solid media in the absence (left) or presence (right) of
20 mM fluoroacetate. E. coli harbored no plasmid (top row), empty
pET23a-His10-Tev (second row), pET23a-His10-Tev-FlK (third row),
or pET23a-His10-Tev-FlK-H76A (fourth row). FIGURE 2: Rates of FlK hydrolysis of fluoroacetyl-CoA in the pre-

sence of varying concentrations of acetyl-CoA. The ability of acetyl-
CoA tobind toFlKwas tested using a competition assay inwhich the
rate of hydrolysis of fluoroacetyl-CoA(fixed at 20μM)wasmeasured
in the presence of increasing concentrations of acetyl-CoA. Data are
mean( SE (n= 3).
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increasing concentrations of acetyl-CoA (Figure 2). No signifi-
cant effect on the rate of free CoA release was observed except at
the highest concentration (5 mM) of acetyl-CoA, suggesting that
the absence of the fluorine modification severely diminishes
substrate affinity. This result is surprising in light of previous
studies that have demonstrated promiscuous substrate binding in
other members of the hot dog-fold thioesterase superfamily,
which have been shown to accept a range of diverse acyl-CoA
substrates with physiologically relevant kcat/KM values (50-55).
Because fluoroacetyl-CoA is larger than acetyl-CoA (estimated
total size: C-F, 2.82 Å; C-H, 2.29 Å (11)), we might have
expected that the binding pocket of FlK would also accommo-
date acetyl-CoA as a substrate, especially considering that several
of the substrate-binding interactions with CoA-dependent en-
zymes involve the carbonyl group and the cofactor itself (50, 54).

Based on the results of the competition experiment, it seemed
likely that the KM for acetyl-CoA is above 1 mM, the highest
concentration tested in previous studies (41). After both enzyme
and substrate concentrations were increased, acetyl-CoA turn-
over was detectable with a rate well above the nonenzymatic
hydrolysis rate (Supporting Information Figure S4). Under these
conditions, we measured a kcat of 0.06( 0.001 s-1 and a kcat/KM

of 30 M-1 s-1 for acetyl-CoA, which corresponds to a 106-fold
decrease in catalytic efficiency compared to the fluoroacetyl-CoA
substrate (kcat=390 ( 20 s-1; kcat/KM=5 � 107 M-1 s-1)
(Table 1). The combination of the slow rate of turnover and low
pseudo-second-order rate constant with acetyl-CoA indicates
that the nonfluorinated substrate binds poorly and, potentially in
unproductive conformations, at the FlK active site. In contrast,
the kinetic parameters measured for fluoroacetyl-CoA are
similar to the values observed for other members of this super-
family for their substrates (kcat, 0.56-190 s-1; kcat/KM, 104-107

M-1 s-1) (50, 51, 53-58). Taken together, the kinetic data for
fluoroacetyl-CoA and acetyl-CoA are consistent with selection
against acetyl-CoA as a substrate. Given that the magnitude of
the discrimination exhibited by FlK is outside the window
expected of singleC-HtoC-F substitutions that do not perturb
ligand conformation or local pKas (8, 9, 11), we turned to
structural studies of FlK and FlK mutants in order to further
elucidate the interactions at the active site that might promote
binding and hydrolysis of the fluorinated substrate while ex-
cluding its nonfluorinated congener.
Crystal Structure of FlK. A set of FlK structures were

recently reported (42), with FlK found to be arranged as a dimer

in a typical hot dog-fold thioesterase topology (50, 51, 54, 58).
We have also determined the crystal structure of the wild-type
enzyme at 1.9 Å resolution by molecular replacement using a
polyalanine model of T. thermophilus hypothetical protein
TTHA0967 (PDB ID 2CWZ) as a search model (Figure 3A,
Table 2). The asymmetric unit contained two copies of the FlK
monomer, in agreement with the apparent molecular weight
measured by size-exclusion chromatography (Supporting Infor-
mation Figure S2). A BLAST search (59) of FlK followed by
multiple sequence alignment using MUSCLE (60) suggests that
the FlK active site is composed of Thr 42, Glu 50, and His 76.
Indeed, these residues are found at the dimer interface and
arranged with a topology similar to the Arthrobacter clade of
hot dog-fold thioesterases (Figure 3B) (50). AlthoughFlKadopts
the fold that defines the superfamily, the structural data reveal

Table 1: Kinetic Constants Measured for Fluoroacetyl-CoA and Acetyl-CoA Hydrolysis by Wild-Type and Mutant FlKsa

fluoroacetyl-CoA acetyl-CoA

enzyme kcat (s
-1) KM (μM) kcat/KM (M-1 s-1) kcat (s

-1) KM (μM) kcat/KM (M-1 s-1)

wild type (3.9 ( 0.2) � 102 8 ( 1 (5 ( 1) � 107 (6 ( 1) � 10-2 (2.1 ( 0.5) � 103 (3 ( 1) � 101

E50Q (1.3 ( 0.1) � 10-1 (1.4 ( 0.1) � 101 (9 ( 1) � 103

H76A (3.0 ( 0.3) � 10-3 (2.0 ( 0.7) � 101 (1.5 ( 0.5) � 102

T42A (4.5 ( 0.9) � 10-1 (1.1 ( 0.4) � 102 (4 ( 2) � 103

T42S (1.9 ( 0.4) � 101 (6 ( 2) � 101 (3 ( 1) � 105 (1.0 ( 0.1) � 10-2 (6.1 ( 0.9) � 101 (1.6 ( 0.3) � 102

T42C (1.1 ( 0.2) � 101 (3.6 ( 1) � 102 (3 ( 1) � 104 (1.0 ( 0.1) � 10-2 (3.9 ( 0.9) � 102 (1.2 ( 0.6) � 101

F33A (2.7 ( 0.4) � 101 (1.5 ( 0.4) � 103 (1.8 ( 0.5) � 104 ndb nd

F36A (2.7 ( 0.2) � 102 (7.1 ( 0.8) � 102 (3.7 ( 0.5) � 105 (1.0 ( 0.2) � 10-1 (3 ( 1) � 103 (2.9 ( 0.9) � 101

V23A (1.5 ( 0.3) � 102 (3.0 ( 1.5) � 102 (5 ( 3) � 105 (1.0 ( 0.1) � 10-2 (9 ( 1) � 102 (1.1 ( 0.2) � 101

L26A 6.7 ( 0.1 (1.2 ( 0.2) � 102 (5.7 ( 0.8) � 104 nd nd

aData are mean( SE (n=3) as determined from nonlinear curve fitting. Error in the kcat/KM parameter was obtained from propagation of error from the
individual kinetic terms. bNo detectable activity in the presence of up to 10 μM enzyme and up to 2.5 mM acetyl-CoA.

FIGURE 3: Crystal structure of FlK. (A) Cartoon representation of
the FlK crystal structure looking down at the active site and lid
structure formed by R1 and R2 (residues 23-26 and 31-34, re-
pectively). Chain A is colored in blue, and chain B is colored in gray
(R3, residues 42-58; R4, residues 125-135). (B) View of the hydro-
gen-bonding network at the putative active site showing Thr 42, His
76, and Glu 50 site water. (C) Stereoview of the active site and the
hydrophobic lid (carbon, gray; nitrogen, blue; oxygen, red; sulfur,
yellow).
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some unique features not observed in structures of other super-
family members. The most striking difference is a “lid” structure
formed by short helical segments (R1 andR2, residues 23-26 and
31-34, respectively) connected by flexible linkers, which is
positioned directly over the active site of FlK and constrains
the size of the active site pocket available for substrate binding
(Figure 3C). Tertiary contacts within the lid are mediated by an
edge-face interaction between Phe 33 and Phe 36 and by close
packing of the side chains of Val 23, Leu 26, Val 39, and Phe 36.
The surface of the lid that faces the substrate-binding cavity is
made up primarily of hydrophobic side chains (Val 23, Leu 26,
Tyr 27, Phe 33, Phe 36, and Val 39). In combination with the side
chains of Val 46 and Val 54 from helix R3 and Ile 72 from strand
β2, the lid creates a chemical environment within the active site
that is largely hydrophobic with the exception of the residues
involved in nucleophilic/general base catalysis or water activa-
tion. The hydrophobic residues of the lid and those lining the
bottom of the active site are well conserved in uncharacterized
FlK homologues identified by sequence alignment (Supporting
Information Figure S5), although one group of less closely
related homologues lacks helix R2 and the second loop of the lid.

Structural alignment of FlK to other structurally characterized
thioesterases with the same active site topology revealed the
conspicuous absence of a conserved Asn/Gln whose position in
the tertiary structure ofFlK approximately corresponds toVal 23
(Supporting Information Figure S6). In these other thioesterases,
the carboxamide of the Asn/Gln is proposed to function in
orientation and polarization of the thioester CdO and to assist in
departure of the thiolate leaving group (50, 51, 54). Based on the
crystal structure of FlK, there does not appear to be another
hydrogen bond donor to compensate for this function. The
absence of the Asn/Gln-carbonyl oxygen interaction in FlK
could contribute to the lowered catalytic efficiency for acetyl-
CoA compared to fluoroacetyl-CoA both by decreasing binding

interactions with a shared structural motif and by selecting
against hydrolysis of the less reactive acetyl-CoA substrate.
Mutagenesis Studies of the Catalytic Residues of FlK.

Although the detailed catalytic mechanism for the hot dog-fold
thioesterases still requires further elucidation, Ser/Thr, Asp/Glu,
His catalytic triads have been proposed and characterized by
mutagenesis formanymembersof this superfamily (50,54,57,58).
From their sequence conservation (Supporting Information
Figure S5) and location in the active site pocket of FlK
(Figure 3B), FlK appears to contain a similar catalytic grouping
comprised by Thr 42, Glu 50, and His 76. A previous report has
excluded Glu 50 as a catalytic residue based on its location in the
active site pocket as well as an increase in kcat observed for the
E50A mutant, leading to a proposal of an alternative catalytic
triad comprised of Thr 42, His 76, and an active site water (42).
However, the positioning of Glu 50 on the third turn of the hot
dog helix (R3) is consistent with the position of the Asp/Glu in
hTHEM2, 4-HBA-CoA thioesterase, and PaaI from E. coli (51)
(Supporting Information Figure S6) and is within hydrogen-
bonding distance of the catalytic Thr.

To testwhetherGlu 50,His 76, andThr 42, are involved inFlK
catalysis, wemeasured the kinetic constants for the E50Q,H76A,
T42A, T42S, and T42C mutants (Table 1). On the basis of
mutagenesis studies on several members of the superfamily, the
Asp/Glu and Ser/Thr residues have both been implicated as
potentially involved in assisting water attack at the car-
bonyl (50, 54, 57, 58). Mutation of Glu 50 in FlK to Gln resulted
in a significant 3000-fold decrease in kcat, which is consistent with
an important role for Glu 50 in catalysis. However, the rate of
hydrolysis of fluoroacetyl-CoA catalyzed by FlK-E50Q remains
over 2000-fold higher than that of the pseudo-first-order rate of
the uncatalyzed reaction at pH 7.6. We should note at this time
that the E50Q mutant could only be solubly expressed as a MBP
fusion protein. FlK-E50Q remained soluble after removal of the

Table 2: Data Collection and Refinement Statistics for Wild-Type FlK Structures

apo-FlK FlK-FAc FlK open

data collection

X-ray source ALS 8.2.2 ALS 8.3.1 ALS 8.3.1

space group C2 C2 C2

cell dimensions

a, b, c (Å) 48.4, 90.9, 62.0 62.3, 92.4, 50.3 62.8, 90.7, 52.3

R, β, γ (deg) 90.0, 100.1, 90.0 90.0, 102.0, 90.0 90.0, 104.5, 90.0

wavelength 0.9901 1.116 1.116

resolutiona 29.96-1.85 (1.90-1.85) 19.44-2.46 (2.50-2.46) 19.77-1.95 (2.00-1.95)

Rmerge (%)a 9.0 (60.1) 10.6 (70.3) 8.5 (60.4)

I/σIa 12.25 (2.31) 12.94 (2.14) 14.01 (2.19)

completeness (%)a 99.7 (99.8) 99.5 (100) 99.7 (99.7)

redundancya 4.1 (4.1) 4.1 (4.2) 3.7 (3.7)

refinement

resolution 29.96-1.85 19.44-2.46 19.77-1.95

no. of reflections 20926 10125 20623

Rwork/Rfree 0.201/0.231 0.194/0.240 0.188/0.220

no. of atoms 2306 2195 2182

nonsolvent 2065 2103 2068

solvent 241 92 114

B-factors

protein 29.2 38.3 23.4

water 43.4 39.0 30.2

rmsd

bond lengths (Å) 0.014 0.005 0.013

bond angles (deg) 1.24 0.97 1.58

aValues in parentheses are for the highest resolution shell.
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MBP tag; however, a relatively large proportion (∼60%) of the
mutant eluted from a size-exclusion column in the void volume,
suggesting the formation of a soluble aggregate. After protein
concentration, we verified that the fraction corresponding to the
dimer peak did not revert to soluble aggregate by size-exclusion
chromatography after the steady-state kinetic studies were com-
pleted (Supporting Information Figure S7). Although we per-
formed our kinetic measurements using only the dimeric form of
the enzyme, we cannot rule out the possibility that some fraction
of this sample was not correctly folded.

Replacement of His 76 with Ala resulted in a substantial 105-
fold decrease in kcat to a rate acceleration of only 20-fold over the
pseudo-first-order rate for the uncatalyzed reaction. In compar-
ison, alanine replacement of His 65 in 4-HBA-CoA thioesterase
(50) and of His 56 in hTHEM2 (54) resulted in only 4000-fold
and 2-fold reductions in kcat, respectively. The effect of this
mutation on the overall rate of the reaction is much greater than
the effect of the E50Q mutation and may point toward a more
important role for His 76 in FlK than in other characterized
members of the superfamily. Consistent with the observed defect
in kcat, FlK-H76A was not competent to confer fluoroacetate
resistance in a heterologous expression system (Figure 1). As
discussed previously, His 76 is located at the dimer interface, but
it is not within hydrogen-bonding distance ofGlu 50 (Figure 3B).
Based on a homology model of the FlK-substrate complex
(Supporting Information Figure S8), His 76 appears to be
positioned closer to the thioester sulfur atom. Thus, it is possible
that His 76 helps to replace the function of the conserved Asn/
Gln found in other hot dog-fold thioesterases by assisting
departure of the thiolate leaving group with less carbonyl
polarization in FlK. Because fluoroacetyl-CoA is more activated
toward nucleophilic attack, this change in mechanism could
contribute to the large observed difference in the kcat parameter
between fluoroacetyl-CoA and acetyl-CoA.

Wenext turned our attention to examining the role of Thr 42 in
catalysis by substitution with Ala, which led to a 900-fold
reduction in kcat. Although the kcat/KM value measured for the
T42A mutant is similar to the E50Qmutant, the 15-fold increase
inKMmay indicate that this residue participates in both catalysis
and recognition of the substrate. Due to speculation that FlK
might achieve its selectivity by using a secondary alcohol
nucleophile (41, 42), we also characterized the T42S and T42C
mutants to further probe the role of nucleophilicity or basicity in
the FlK reaction. The T42S and T42C mutants show 20- and 35-
fold decreases in kcat, respectively, but differ with regard to their
response in kcat/KM. As kcat/KM is an order of magnitude lower
for the T42C mutant, it is likely that the structural perturbations
at the active site are greater in this mutant and do not allow us to
conclusively determine the trend in reactivity for Thr 42 in
catalysis.

To further probe the role of Thr 42, we compared the kinetic
parameters with respect to both fluoroacetyl-CoA and acetyl-
CoA for the T42S and T42Cmutants (Table 1). In both mutants,
the relative decrease in kcat for acetyl-CoA was smaller than the
decrease in kcat observed with respect to fluoroacetyl-CoA.
However, the most striking effect of these mutations is that
neither the T42S nor the T42C mutant shows a substantial
difference between fluoroacetyl-CoA and acetyl-CoA in the KM

parameter. Interestingly, the KM value for acetyl-CoA in the
T42S mutant is within range of other characterized hot dog-fold
thioesterases for their substrates. If we assume that the same kinetic
mechanism is valid for both fluoroacetyl-CoA and acetyl-CoA,

comparison ofKM values implies that discrimination in substrate
binding has been lost in both the T42S and T42C mutants. In
terms of kcat/KM, the discrimination between the fluorinated and
nonfluorinated substrates is decreased from 106-fold in the wild-
type enzyme to 200-fold for the T42S mutant and to 250-fold for
the T42C mutant, and the observed discrimination is accounted
for almost entirely by the difference in kcat between the two
substrates. One possible explanation for this is that the removal
of steric bulk at this position in the T42S andT42Cmutants could
allow for structural rearrangements that introduce new inter-
actions with acetyl-CoA, enhancing FlK’s affinity for this sub-
strate. In support of this hypothesis, it is interesting to note that
the recently reported structure of FlK-T42S in complex with
acetyl-CoA shows increased flexibility at the active site as deter-
mined by the observed population of two different rotamers of
Ser 42 in the crystal structure (42). Although no new interac-
tions with acetyl-CoA were found in the structure, the observed
flexibility raises the possibility that a second hydrogen bond
donor is accessible to the acetyl-CoA carbonyl group that could
account for the observed decrease in KM.
Mutagenesis Studies of the Putative Substrate-Binding

Pocket of FlK. We next turned our attention to examining the
role of the hydrophobic lid residues identified in the putative
substrate-binding pocket (Figure 3C). Based on structural align-
ments with ligand-bound forms of 4-HBA-CoA thioesterase
from Arthrobacter sp. (50) and hTHEM2 (54) (Supporting
Information Figure S6), the fluorine atom would be located in
a largely hydrophobic environment surrounded by Phe 33, Phe
36, Val 23, Leu 26, Val 54, and Pro 37 (Supporting Information
Figure S8), which are all conserved or conservatively substituted
with bulky, hydrophobic residues in closely related FlK homo-
logues of unknown function (Supporting Information Figure S5).
Mutation of Phe 36 to alanine led to a 100-fold decrease in
kcat/KM with very little perturbation of kcat for fluoroacetyl-CoA
(Table 1). For the F33A, V23A, and L26A mutants, the
magnitude in the decrease of kcat/KM (F33A, 2800-fold; V23A,
100-fold; L26A, 900-fold) was larger than the impact on kcat for
fluoroacetyl-CoA (F33A, 14-fold decrease; V23A, 2.5-fold de-
crease; L26, 58-fold decrease). Interestingly, the kinetic constants
with respect to acetyl-CoA for both the F36A and V23Amutants
remained relatively unchanged, which is consistent with an
important function for these residues in discrimination between
the fluorinated and nonfluorinated substrates. Notably, all of
these residues are part of the FlK-specific lid structure. Although
the lid residues have been found to be conserved in several
uncharacterized homologues, Phe 36 is unique and not found in
other sequences published to date (Supporting Information
Figure S5).

We next looked to characterizing the role of hydrogen-bonding
and dipolar interactions in the substrate-binding pocket. Arg 120
is the only polar residue found in the active site pocket besides
the catalytic triad and was previously proposed to function as a
hydrogen bond donor to the fluorine atom (42).Mutation of Arg
120 to Ala, Gln, and Lys all led to formation of highly insoluble
protein with no dimeric protein observed by size-exclusion
chromatography, which implies that the 1-point hydrogen bond
that this highly conserved residue shares with Glu 50 in apo FlK
is important to the structural integrity of the dimer. Except for
the conservative E50Q mutation, all other mutants tested of Glu
50 and Arg 120 resulted in insoluble protein that could not be
purified in dimeric form. In addition to any enthalpic contribu-
tions of C-F 3 3 3H-Ndipolar interactions, it is also possible that
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only substrates that can replace the hydrogen-bonding interac-
tion of Arg 120 with Glu 50, such as fluoroacetyl-CoA, can
maintain the dimer interface and bind well in the active site
pocket. Attempts to engineer a hydrogen bond donor for the
carbonyl oxygen of the acyl-CoA substrate as observed in other
members of the superfamily by replacement of Val 23 with Asn
and Gln yielded protein with little or no activity toward either
fluoroacetyl-CoA or acetyl-CoA. These results suggest that the
specifics of active site packing and configuration may have
diverged between FlK and other superfamily members without
allowing us to directly address the role of the putative missing
hydrogen bond.

In light of the kinetic constants measured for fluoroacetyl-
CoA and acetyl-CoA for the F36A, F33A, and V23A mutants, a
trend emerges in which removal of hydrophobic groups near the
substrate-binding pocket decreases the kcat/KM for fluoroacetyl-
CoA by 2-3 orders of magnitude while leaving the kcat/KM for
acetyl-CoA relatively unchanged. Themagnitude of this decrease
is consistent with both the difference in KM with respect to
fluoroacetyl-CoA and acetyl-CoA measured for wild-type FlK
(Table 1) and the results from competitive inhibition studies
(Figure 2). Although these data suggest that the hydrophobic
groups are involved in specific recognition of the fluorine atomby
FlK, a survey of the chemical environments of the fluorine atom
in protein crystal structures with a bound fluorinated ligand has
previously shown that binding of a fluorine atom in a lipophilic
pocket does not typically confer advantages in terms of binding
affinity on this scale (8). It has been observed, however, that
fluorinated compounds often have negative entropies of aqueous
solvation due to the tendency of water molecules to order around
the hydrophobic C-F unit (11). In particular, monofluorination
at the R-carbon of carbonyl-containing compounds typically
increases their lipophilicity as determined by octanol-water and
nonanol-water partition coefficients (7). The hydrophobicity of
the fluoroacetyl-CoA binding pocket could thus promote fluoro-
acetyl-CoA binding over acetyl-CoA binding by providing a
more lipophilic environment into which fluoroacetyl-CoA can
partition, resulting in the release of water and an entropic driving
force for binding. Furthermore, any enthalpic dipolar interac-
tions with the C-F unit would be favored in a more apolar
environment because organic fluorine does not compete well with
stronger hydrogen bond acceptors. As it therefore seems incon-
sistent with previous studies that these residues are utilizedmostly
to make enthalpically favorable interactions with the fluorine
substituent in the FlK binding pocket, we propose that the
apolar, aromatic nature of the substrate-binding pocket provides
an entropic driving force for substrate binding by promoting
release of ordered water molecules from the C-F unit.
Crystal Structure of the FlK-Fluoroacetate Complex.

We solved the structure of the FlK-fluoroacetate complex at
2.3 Å resolution to further investigate fluoroacetyl-CoA binding
to FlK (Table 2). Seven fluoroacetate molecules were trapped in
the structure (Figure 4), all located either in the putative active
site or along the channel where CoA is expected to bind based on
homology (Supporting Information Figure S8). The fluoro-
acetate molecules bound closest to the putative catalytic residues are
bound in different orientations at the two active sites, suggesting
that their binding may differ from how the fluoroacetyl unit is
bound in the substrate complex. Strikingly, a large conforma-
tional change occurs in the lid region of one active site in the
product complex, involving the swinging aside of the unique Phe
36 and twisting of Phe 33 to open a channel in the protein between

the active site and solvent that is blocked by Phe 36 in the apo
structure (Figure 4). These movements are consistent with
recently reported structures of the wild-type FlK bound to
fluoroacetate and pantothenate-based substrate analogues (42).
Our structure is distinctive, however, in that we observe a 3.3 Å
interaction between a fluoroacetate fluorine atom and Phe 33,
suggesting a possible mechanism for disruption of the edge-face
interaction between Phe 33 and Phe 36 and gate opening. The
orientation of the fluoroacetyl group that leads to the disruption
would not be possible in the substrate complex as it would force
the CoA chain to occupy the same space as helix R3 from either
chainAor chainB. This observation raises the possibility that the
Phe 33-Phe 36 gate could be relevant not only formaintaining the
hydrophobicity of the active site for fluoroacetyl-CoA binding
but also potentially for release of fluoroacetate. Themovement of
Phe 33 and Phe 36 could facilitate fluoroacetate release either by
opening up a channel thoughwhich fluoroacetate could exit or by
allowing the entrance of water into the active site and the
displacement and hydration of fluoroacetate. We were also able
to determine the structure of a fluoroacetyl-CoA-soaked crystal
at 2.0 Å resolution.Although electron densitywas clearly observed
in the active site, it could not be unambiguously assigned to either
substrate or products. The same “open gate” conformation was
trapped in this structure, which supports the hypothesis that
the observed conformational changes are relevant to the normal
catalytic cycle of FlK.
Crystal Structures of FlK-F36A and of the FlK-F36A

ProductComplex.To explore the role of orderedwater andPhe
36 in substrate discrimination, we solved the crystal structures of
apo-FlK-F36A at 2.3 Å resolution and of the FlK-F36A product
complex at 2.0 Å resolution (Table 3). The overall folds of both
structures do not appear to be significantly perturbed by the
F36A mutation and are in good agreement with the correspond-
ing wild-type structures with a core rmsd of 0.5 Å for both apo-
FlK-F36A and the product complex of FlK-F36A. Notably, the
channel that is normally occluded by Phe 36 is unblocked in the
apo FlK-F36Amutant structure and correspondingly appears to
have a more highly aquated active site compared to wild-type
enzyme (Figure 5). In both apo structures, water molecules
occupy the space that would typically be occupied with the
substrate based on homology. However, additional ordered

FIGURE 4: Conformational changes in the fluoroacetate complex of
FlK. Chain A of both the unliganded and fluoroacetate-bound
structures is shown in blue, and chain B of both structures is shown
in gray. Phe 36 in shown in light blue for the closed conformation and
dark blue for the open conformation. A total of seven fluoroacetate
molecules were found in the active site (carbon, gray; oxygen, red;
fluorine, light green).
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watermolecules were observed at the active site of FlK-F36A and
found to form a continuous hydrogen-bonding network with the
external waters that are usually blocked from the active site by
Phe 36. One of these internal waters makes a 2.9 Å hydrogen
bond with Arg 120, potentially competing with a favorable
interaction with the fluorine atom. In contrast, three ordered
water molecules were observed just outside of the Phe 36 “gate”
in the wild-type FlK structure that were unable to interact with
water molecules within the active site. We propose that the
exclusion of water from the active site of the wild-type enzyme
prevents solvation of residues that would otherwise make favor-
able interactions with the fluorine atom and promotes the release
of ordered water molecules from the C-F unit, providing an
entropic driving force for fluoroacetyl-CoA binding. The greater
extent of thewater networkat the active site ofFlK-F36Acompared
to wild type supports the hypothesis that its large KM defect with
respect to fluoroacetyl-CoA arises from a diminished ability to
exclude water from the active site.

We also solved the crystal structure of the FlK-F36A product
complex in order to further examine the role of solvation of the
fluorine atom itself in the increased kcat/KM of the F36A mutant
(Figure 6). A 2.5σ peak was observed in the Fo - Fc solvent/
ligand omit electron density map for fluoroacetate and for the
first eight atoms of the CoA chain. The orientation and position
of the ligands differ significantly from the positions of pantothe-
nate-derived fluoroacetyl-CoA analogues bound in two recently
reported structures of FlK (42). Dias et al. have speculated that
the ligands are bound in positions that are irrelevant to catalysis
due to the absence of the nucleotide moiety of CoA, which is
believed to be important in correct binding of the substrate.
However, the positions of fluoroacetate andCoA in our structure
are in agreement with the positioning of substrates and products

in structural homologues ofFlK (Supporting InformationFigure S6)
and confirm the location of the fluorine atom in the hydrophobic
pocket, which is consistent with kinetic data implicating these lid
residues in substrate recognition. The product-bound structure also

Table 3: Data Collection and Refinement Statistics for FlK-F36A Struc-

tures

FlK-F36A FlK-F36A products

data collection

X-ray source ALS 8.3.1 ALS 8.3.1

space group C2 C2

cell dimensions

a, b, c (Å) 141.9, 89.3, 71.4 141.0, 88.6, 70.9

R, β, γ (deg) 90.0, 118.0, 90.0 90.0, 118.0, 90.0

wavelength 1.116 1.116

resolutiona 19.75-2.30 (2.48-2.30) 72.48-1.90 (1.95-1.90)

Rmerge (%)a 12.6 (40.3)b 8.9 (66.3)

I/σIa 6.0 (2.5) 13.37 (2.22)

completeness (%)a 99.7 (99.4) 95.9 (90.9)

redundancya 4.1 (4.2) 4.3 (4.1)

refinement

resolution 19.75-2.30 72.48-2.00

no. of reflections 34432 48041

Rwork/Rfree 0.220/0.247 0.218/0.251

no. of atoms 6660 6351

nonsolvent 6092 6081

solvent 563 270

B-factors

protein 33.7 32.6

water 38.2 40.1

rmsd

bond lengths (Å) 0.018 0.006

bond angles (deg) 1.64 1.03

aValues in parentheses are for the highest resolution shell. bDue to high
noncrystallographic symmetry, Rpim is reported.

FIGURE 5: Accessibility of the active site to water in FlK and FlK-
F36A. Electron densitymaps are shown in light blue, chainA is colored
in blue, chain B is colored in gray, andwatermolecules are shown as red
spheres. (A) 2Fo- Fc map contoured at 0.8σ for water molecules at the
active site of wild-type FlK. (B) 2Fo - Fc map contoured at 0.8σ for
watermolecules at the active site of FlK-F36A. (C) Fo- Fc solvent omit
map contoured at 2.5σ for wild-type FlK overlaid with the refined FlK
structure. (D) Fo - Fc solvent omit map contoured at 2.5σ for FlK-
F36A overlaid with the refined FlK-F36A structure.

FIGURE 6: FlK-F36A product complex. Chain A is colored in blue,
and chain B is colored in gray. For clarity, only the fluoroacetate and
CoA ligands are colored by atom (carbon, gray; nitrogen, blue;
oxygen, red; fluorine, light green; sulfur, yellow). (A) A view of the
product bound at the FlK-F36A active site shown in the context of
the overall fold. (B) Fo - Fc solvent/ligand omit map contoured at
2.5σ overlaid with the refined FlK-F36A product complex structure.
(C) ChemDraw figure showing interactions observed between FlK-
F36A and the products.
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reveals that the fluorine atom is indeed within 3.1 Å of the Arg 120
side chain and within 3.7 Å of the Gly 69 backbone amide, in
agreement with the computational model generated by Dias
et al. (42). Consistent with previously identified fluorine-arginine
interactions, the plane of the C-F bond is oriented perpendicular
to the plane of the guanidinium side chain in the product structure
rather than in a linear hydrogen bond geometry. While hydrogen
bondingwith organic fluorine is considered rare orweak (8, 61, 62),
these specific dipolar C-F 3 3 3H-N interactions are abundant in
protein structures with bound fluorinated ligands and are also
thought to explain the “fluorophilic” character of arginine (8, 63).
Indeed, 32 structures were found in a search of the Protein Data
Bank for C-F interactions with the guanidinium side chain (8).
As no analogous interactions would be possible for acetyl-CoA,
these fluorine-specific interactions could make enthalpic contri-
butions to the observed substrate selectivity. In addition to these
interactions, the product structure reveals a 3.3 Å hydrogen bond
between the backbone NH of Thr 42 and the thioester CdO and
also shows that the second hydrogen bond equivalent to that
provided by an Asn/Gln residue in structural homologues is
indeed missing. In this structure, the fluorine atom appears to be
solvated as it is within 2 Å of a chain of hydrogen-bonded water
molecules that would likely be excluded from the substrate-
binding pocket by Phe 36 in the closed conformation of FlK,
potentially explaining the large observed defect in KM for this
mutant. The product complex structure is thus consistent with a
model in which the active site lid and Phe 36 in particular aid in
discrimination between fluoroacetyl-CoA and acetyl-CoA by
actively excluding water from the active site.

CONCLUSIONS

Wehave demonstrated that FlK is a fluoroacetyl-CoA-specific
thioesterase that exhibits a 106-fold higher catalytic efficiency for
fluoroacetyl-CoA compared to acetyl-CoA. Based on experi-
ments in a heterologous E. coli host, the in vitro selectivity of FlK
also appears to be relevant in vivo and is consistent with the
estimated intracellular concentration of acetyl-CoA (64), which is
lower than the measured KM for acetyl-CoA. Based on kinetic
measurements, the remarkable discrimination between the fluori-
nated and nonfluorinated substrates by FlK arises from both
differences in substrate recognition (kcat/KM) and chemical
reactivity (kcat) related to the fluorine substituent. We hypothe-
size that the more significant part of substrate selectivity is
derived from mechanistic differences between FlK and other
members of the superfamily that serve to select against reaction
with unactivated acyl-CoAs, such as acetyl-CoA, because of the
larger defect in the kcat (∼104) compared to the KM (∼102)
parameter.Using X-ray crystallographic and biochemical studies
on wild-type and mutant FlKs, we have identified several
components of this selectivity and explored their role in prefer-
ential hydrolysis of fluoroacetyl-CoA.

We propose that FlK has evolved a mode of substrate
recognition that is distinct from the more promiscuous hot
dog-fold thioesterases by minimizing interactions with the car-
bonyl unit common to all acyl-CoAs to select against acetyl-CoA
while recouping the resulting decrease in binding energy through
C-F specific properties of fluoroacetyl-CoA. This working
hypothesis is supported by structural information that indicates
that a key Asn/Gln hydrogen bond to the thioester carbonyl is
missing in conjunction with biochemical data comparing fluoro-
acetyl-CoA and acetyl-CoA hydrolysis in the T42S and T42C

mutants. Our data suggest that the specificity of FlK in binding
fluoroacetyl-CoA is aided in part by hydrophobic interactions
with the lipophilic binding pocket and by C-F 3 3 3H-N dipolar
interactions between the fluorine atom and Arg 120. Because
neither of these enthalpic contributions would be expected to
account for the observed 106-fold selectivity between the fluori-
nated and nonfluorinated substrates given the existing literature
on protein/organofluorine binding affinities, we propose that
entropic contributions related to ordered water play a larger role
in fluorine-based substrate discrimination. In support of this
model, we have biochemically and structurally characterized a
mutant of a unique phenylanine (Phe 36) on the hydrophobic
“lid” of FlK and have shown that defects in water exclusion from
the active site lead to a 100-fold decrease in fluoroacetyl-CoA
binding affinity without affecting kcat. We have also identified
key active site residues and propose an alternative catalytic triad
consisting of Thr 42, Glu 50, and His 76. Based on the low
kcat/kuncat measured for the H67A mutant, we further hypothe-
size that general acid catalysis byHis 76maybe sufficient to assist
CoAdeparture in themore activated fluoroacetyl-CoA substrate,
but not acetyl-CoA, in the absence of typical interactions that
serve to polarize the thioester carbonyl.
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