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ABSTRACT: The carbon—fluorine bond is the strongest
covalent bond in organic chemistry, yet fluoroacetate dehalo-
genases can readily hydrolyze this bond under mild physiolo-
gical conditions. Elucidating the molecular basis of this rare
biocatalytic activity will provide the fundamental chemical
insights into how this formidable feat is achieved. Here, we
present a series of high-resolution (1.15—1.80 A) crystal
structures of a fluoroacetate dehalogenase, capturing snapshots
along the defluorination reaction: the free enzyme, enzyme—
fluoroacetate Michaelis complex, glycolyl—enzyme covalent

intermediate, and enzyme—product complex. We demonstrate that enzymatic defluorination requires a halide pocket that not
only supplies three hydrogen bonds to stabilize the fluoride ion but also is finely tailored for the smaller fluorine halogen atom to
establish selectivity toward fluorinated substrates. We have further uncovered dynamics near the active site which may play pivotal
roles in enzymatic defluorination. These findings may ultimately lead to the development of novel defluorinases that will enable the
biotransformation of more complex fluorinated organic compounds, which in turn will assist the synthesis, detoxification,
biodegradation, disposal, recycling, and regulatory strategies for the growing markets of organofluorines across major industrial

sectors.

B INTRODUCTION

Fluorine forms the strongest single bond to carbon, with a
dissociation ener%y of up to 130 kcal/mol, the highest among all
natural products.”” This unrivaled stability arises because fluor-
ine is the most electronegative element, which introduces
reinforcing ionic forces through strong polarization of this bond.
The reactivity of the C—F bond is further lowered due to the
poor accessibility to the valence electrons of the bonded fluorine
atom.>*

Fluorinated organic compounds are renowned for their un-
ique features including inertness, hydrophobicity, and even
lipophobicity.>® Owing to these physicochemical properties,
organofluorines are widely and increasingly used in numerous
industries.">®” For example, fluorinated compounds presently
compose 20% of all pharmaceuticals and up to 30% of all
agrochemicals.® However, the large-scale production and appli-
cation of anthropogenic organofluorines have increasingly be-
come subjects of debate due to the toxicity, global warming
potential, ozone depletion, environmental persistence, and
bioaccumulation of the compounds.”” "' A deeper understand-
ing of the molecular mechanisms underlying the cleavage of the
highly stable C—F bond is therefore of growing importance for
the development of efficient strategies for degrading fluorinated
organic compounds.*
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Several microbial enzymes that break the C—F bond have
been described.'”"* Among the first ones was the fluoroacetate
dehalogenase (FAcD) discovered in a pseudomonad in 1965." It
hydrolyzes various short-chain 2-haloacids with fluoroacetate
(FAc) as its preferred substrate."*"'7 FAc is very stable, with
an estimated half-life of over 47 years in water.'® It is the most
common among the rare natural organofluorine compounds,
synthesized by the thienamycin-producing actinobacterium
Streptomyces cattleya as a secondary metabolite and by numerous
plants as a defense against grazing.'”*° To mammals, FAc is one
of the most toxic poisons because of its close resemblance to
acetate; it is transformed by “lethal synthesis” in vivo into
fluorocitrate, the source of a highly potent inhibitor blocking
both the aconitase of the citric acid cycle and the citrate transport
machinery across the mitochondrial membrane.'””*" For this
purpose, FAc also serves as a commercial rodenticide, code-
named “Compound 10807, in Australia, Israel, Mexico, New
Zealand, and the United States.”

Despite the potential environmental and industrial applica-
tions of defluorinases, their mode of action has not been extensively
characterized. In FAcDs, defluorination was proposed to involve
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Figure 1. Proposed two-step reaction mechanism of fluoroacetate dehalogenases. Catalysis involves the conserved aspartate—histidine—aspartate
catalytic triad."> The reaction cycles from the free enzyme, Michaelis complex (I), covalent ester intermediate (1), enzyme —product complex (IIT), and
then back to the free enzyme. First, fluoride is displaced by the aspartate nucleophile in an SN2 attack. The resulting covalent intermediate is then

hydrolyzed by a water molecule activated by the histidine base. This step is assisted by the second aspartate residue.

Table 1. Summary of Crystal Structures of RPA1163 and Mutants”

catalytic event

free enzyme

enzyme/ligand WT/apo D110N/FAc D110N/ClAc
PDB code 3R3U 3R3V 3R3W
resolution (A) 1.60 1.50 1.60

R/Rpee (%) 17.2/202 18.6/22.3 18.1/22.3

Michaelis complex

covalent intermediate product complex

D110N/BrAc H280N/FAc WT/GOA
3R3X 3R3Y 3R3Z

1.80 1.15 1.70
19.2/23.3 15.3/18.7 17.9/21.8

“ The structures of the complexes were produced by soaking experiments. FAc, ClAc, BrAc, and GOA denote fluoroacetate, chloroacetate, bromoacetate,

and glycolate, respectively.

an Sy2 attack in which an aspartate nucleophile directly ejects the
fluoride anion from the substrate (Figure 1).1517 Although this
mechanism parallels that of the structurally homologous, but
non-defluorinating, haloalkane dehalogenases as well as the 1-2-
haloacid dehalogenases,>**~*° the structural features that spe-
cifically confer defluorinating activity remain unclear. The crystal
structure of the FAcD from Burkholderia sp. FAl identified the
active site containing the aspartate nucleophile. The nearby
histidine and tryptophan residues were proposed to stabilize
the leaving fluoride on the basis of their binding to chloride.””
Subsequent theoretical studies predicted that an additional
tyrosine residue participates in fluoride stabilization to assist
the cleavage of the C—F bond.”® Interestingly, although the C—F
bond is recognized as one of the strongest covalent bonds,
activating this bond by employing acetate as nucleophile in an
Sn2 mechanism may require only ~20 kcal/mol.*® Given this
relatively low activation energy, it is puzzling as to why most
dehalogenating enzymes exhibit no defluorination activity. Illu-
minating the unique structural requirements which enable de-
fluorination should be a first step toward the development of
enzymes, possibly with the help of powerful emerging techniques
such as de novo computational design,” which eventually will be
able to degrade even the notoriously persistent perfluorocarbons.

To explore the molecular basis of enzymatic defluorination
and the preferential hydrolysis of the C—F bond over weaker
carbon—halogen bonds by FAcDs, we have structurally and
biochemically characterized the FAcD RPA1163. This defluor-
inase was discovered in a functional genomic screen of the 0photo-
synthetic bacterium Rhodopseudomonas palustris CGA009,” which
is well known for its metabolic versatility and bioremediation
potential. Our high-resolution crystal structures reveal for the
first time the structures of intermediates for each step of the
defluorination reaction (Table 1).

B RESULTS AND DISCUSSION

Overall Structure of RPA1163. The apo-structure of WT
RPA1163 shows a homodimeric protein with an o/ hydrolase
fold,23 comprising an o/f3/a core linked to an ot-helical cap
(Figure 2). The conserved catalytic triad (Asp110 nucleophile,
His280 base, and Asp134 carboxylate) marks the active site
location, which is buried in the domain interface and accessible
only via an 11-A-long channel (Figure 2).

When compared to the Burkholderia FAcD (42% sequence
identity; Supporting Information, Figure S1), the overall folds of
the two enzymes are highly similar, with a root-mean-square
deviation (rmsd) of 1.1 A for all Cat atoms (Figure 3A). Both
FAcDs share an active site identical in composition, which also
comprises Phe40, Argl111, Argl14, His155, Trp156, Trp18S, and
Tyr219 (RPA1163 numbering). Moreover, the spatial arrange-
ment of these residues is strikingly well conserved: aleast-squares
fit of the 77 non-hydrogen atoms from seven of these residues
(Asp110, Argl11, Argl14, His1SS, Trp156, Tyr219, and Phe40)
yields an rmsd of only 0.19 A (Figure 3C). This suggests that
defluorination requires a highly precise arrangement of active site
residues and bonding geometries.

The largest conformational difference between RPA1163 and
the Burkholderia FAcD is found in a loop of the a-helical cap
domain (Figure 3A). This loop harbors Trp185 (RPA1163
numbering), which is in close proximity to the fluoride pocket
(discussed below). In RPA1163, this loop makes several contacts
with the a/f3/a core domain. In the Burkholderia FAcD, how-
ever, it is lifted outward and becomes more exposed to solvent.
As a result, the corresponding tryptophan side chain in the
Burkholderia FAcD is driven ~8 A farther away from the fluoride
pocket (Figure 3B). This cap domain loop in FAcD may there-
fore exhibit significant mobility.
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Figure 2. Overall structure of RPA1163. The upper and lower domains
are the Ot-helical cap and ot/f3/ core, respectively. The catalytic triad
Asp110-His280-Asp134 protruding from the core domain is shown as
sticks. The arrow indicates the opening of the 11-A-long channel leading
to the active site.

Structure of the Enzyme—Substrate Complex. The binding
of substrate is illustrated by the Michaelis complex in which the
intact FAc molecule is trapped in the active site of the catalytically
inactive nucleophile mutant Asp110Asn (Figure 4B). The car-
boxylate oxygen atoms of FAc are coordinated to Arglll
(O1-N#n1 2.7 A) and Argl14 (O2—Ne 2.8 A and 02—Ny1
3.0 A), and through a hydrogen bond to Tyr219 (O1—07 2.8 A).
The fluorine atom is bound by His155 (F—Ne¢2 3.0 A), Trp156
(F—Nel 3.3 A), and Tyr219 (F—O# 3.2 A), suggesting their
contributions to weakening the C—F bond and stabilizing the
displaced fluoride ion. Further destabilization of the C—F bond is
likely accomplished by placing the fluorine-bearing carbon atom
(C2) of FAc close (~3 A) to 002 of the Asp110 nucleophile
in WT RPA1163, which has been substituted by NO2 in this
mutant. The C—F bond forms a 99° angle with C2--NJ2 (or
105° with C2--O02 when superposing the FAc molecule onto
the WT structure), which is far from the anticipated 180° angle.
The altered shape and electrostatics of the active site have
apparently kept C2 of FAc slightly (~1.4 A, see next section)
out of its near-attack conformation. Nevertheless, given the
largely unmodified bonding network in the active site and the
highly similar ligand binding modes among the structures of the
various reaction intermediates, this enzyme—substrate complex
probably closely represents the active site organization prior to
the Sn2 nucleophilic attack.

Cleavage of the C—F Bond by Nucleophilic Attack. The
Sn2 reaction is initiated by the O02 atom of Asp110 attacking C2
of FAc to expel the fluoride, with inversion of stereochemistry
at C2. The cleavage of the C—F bond results in the simultaneous
formation of the glycolyl—enzyme covalent intermediate (Figure 1).
This structure is captured using the His280Asn mutant which no
longer has the histidine base to activate the catalytic water
required for hydrolyzing the covalent intermediate (Figure 4C).

Compared with the Michaelis complex, the C2 of the substrate
moiety (formerly FAc) is shifted 1.4 A deeper into the active site
to covalently link to 002 of Asp110 (Figure 4E). This newly
formed O—C bond points directly toward a cavity lined by
His155, Trpl56, and Tyr219. With Sy2 reactions imposing a
collinear alignment from the nucleophile (002), electrophile
(C2), to the leaving atom (fluoride), this geometric arrangement
further implicates the role of these three aromatic residues in
stabilizing the fluoride ion (Figure 4E,F). Soaking of His280Asn/
FAc crystals in as much as 0.1 M NH,4F produced no additional
electron density inside the fluoride pocket. This low affinity for
free fluoride suggests that the displaced fluoride is irreversibly
shuttled to the bulk solvent. This process may be assisted by the
highly dynamic Trp185 in the proximity of the fluoride pocket
(discussed below), possibly through a “flapping” motion
(Figure 4F).

It is worth noting that the line of the Sy2 attack (i.e., F--C2--
002) appears nearly coplanar with FAc’s carboxylate group. This
is distinct from the anticipated orthogonal orientation in free
solution, which according to ab initio calculations allows FAC’s
carboxylate group to assist transition-state stabilization by delo-
calizing its 7T-electrons into the adﬂ'acent orbitals of the breaking
C—F and forming C—O bonds.*" Although it is not clear why
FAcDs do not harness the stabilization energy intrinsic to this
attack conformation, one could argue that the molecular evolu-
tion of FAcDs has yet to be perfected. The strongest evolutionary
pressure for further acceleration of C—F bond cleavage, however,
may have well been removed, considering that this step is not
rate-limiting in FAc hydrolysis*® and that the current catalytic
rates are already suflicient to ensure the survival of the host
organism.

Hydrolysis of the Covalent Intermediate. Subsequently, the
glycolyl-Asp110 ester intermediate is hydrolyzed to complete the
catalytic cycle. As shown in the WT /glycolate product complex
(Figure 4D,G), this involves an attack on Cy of Asp110 by the
nearby water molecule present in most structures (Cy—0 3.1 +
0.1 A) (Figure 4D). This is likely facilitated by the simultaneous
abstraction of a proton from the catalytic water by the His280
base (O—Ne2 3.1 A), assisted in turn by Asp134 (NO1—0051 2.6 A).
Hydrolysis of the ester intermediate is also expected to proceed
via a tetrahedral intermediate, in which the transient negative
charge on OJ1 of Aspll0 is stabilized by an oxyanion hole
formed by the backbone amides of Phe40 (O01—N 2.8 A) and
Argl1l (O01-N 2.8 A).

In the WT/glycolate product complex, the carboxylate group
of glycolate is coordinated to Argl11 and Argl14, resembling the
substrate in the Michaelis complex (Figure 4B,D). Interestingly,
one of the carboxylate oxygen atoms is hydrogen-bonded to the
halide pocket residues His15S, Trp156, and Tyr219. The hydro-
xyl group of glycolate is located close (3.4 A) to 002 of Asp110
(Figure 4G). Since this hydroxyl group is derived from 092 of
Aspl10, this complex probably reveals the initial departure of
glycolate before it completely dissociates from the enzyme.

Structural Basis for Halide Selectivity and Enzymatic De-
fluorination. RPA1163 displays a remarkable preference for FAc
hydrolysis over that of CIAc or BrAc, despite FAc containing the
stronger carbon—halogen bond (Table 2 and Supporting In-
formation, Figure S8). This trend appears to correlate with the
increase in size of the halide atom (van der Waals radii: F = 1.47 A,
Cl = 1.75 A, and Br = 1.85 A). To rationalize the structural
basis of the selectivity for FAc, the Michaelis complex structures
with ClAc and BrAc were also determined (Table 1 and
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Figure 3. Structural comparison between RPA1163 and the Burkholderia FAcD. The secondary structural elements of RPA1163 (gray) superpose well
onto those of the Burkholderia FAcD (cyan). (A) At the active site entrance, the cap domain loop which carries Trp18S displays the largest
conformational difference (curved arrow). (B) The active site cavity viewed along the access tunnel. The corresponding tryptophan side chain in the
Burkholderia FAcD is located ~8 A farther away from the active site. (C) Superposition of seven catalytically important residues reveals a remarkably

conserved active site architecture.

Figure SA). The comparison of the RPA1163 active sites in the
three complexes suggests that only His155 has the elasticity to
yield additional space in the halide pocket. Compared to the
Asp110Asn/FAc complex, the imidazole ring of HislSS5 is
retracted 0.30 and 0.36 A from the halide cavity in the ClAc
and BrAc complexes, respectively (Figure SB). However, the
motional freedom of His155 alone seems insufficient for allowing
the FAcD to readily accommodate larger haloacetates since the
larger halogen atoms are kept farther out of the halide pocket,
apparently withholding the substrate from binding deeper within
the active site (Figure SB). Therefore, the lower activity of FAcD
toward larger haloacetates (despite their weaker C—X bonds) is
likely caused by the increased energy barrier required to overcome
the steric hindrance from “squeezing” the larger halide into too
small a pocket in order to achieve acceptable reaction geometry.

Steady-state kinetics measurements for FAc hydrolysis by
RPA1163 mutants reveal that His155Asn, TrplS56His, and
Tyr219Phe all have a significantly reduced k., but a generally
unaffected K, (Table 2). This is consistent with the proposed
role of these residues in fluoride stabilization. Mutations to the
nearby Phe40 and “flapping” Trp18S also disrupt dehalogenation
activity, but the precise functions of these two amino acids are
still speculative.

RPA1163 displays S-fold higher activity (k.,;) toward FAc than
toward ClAc (Table 2). Intriguingly, this substrate preference
can be reversed by the His155Asn and Tyr219Phe mutations. In
His155Asn, the mutation enlarges the halide pocket to relieve
steric constraints without disrupting the electrostatic environ-
ment. This enhances ClAc turnover 4-fold compared to WT,
which contributes significantly to the 8-fold higher activity on
ClAc than FAc. In Tyr219Phe, deleting the hydroxyl group
enlarges the halide pocket at the cost of a polar contact, thereby
removing both steric constraints and electrostatic stabilization.
Although this slows both defluorination and dechlorination
activities, it is the much larger 190-fold drop in FAc turnover
that accounts for the 12-fold higher ClAc activity over FAc. These
results suggest that steric effects dictate the halide selectivity,
whereas electrostatic stabilization determines the overall catalytic
efficiency of the enzyme.

Dynamics of RPA1163. The initial comparison between
RPAI1163 and the Burkholderia FAcD suggests the possibility
of large conformational freedom of the active site loop which
bears Trp185 (Figure 3A,B, discussed above). This is consistent
with the elevated B-factors and the survey of all Trpl85
conformations in 20 RPA1163 structures (including additional
reference structures presented in the Supporting Information),
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Figure 4. Structural comparison of reaction intermediates reveals the progress of enzymatic defluorination in RPA1163. (A) Active site structure of the
free WT FAcD. The cavity comprises the catalytic triad (Asp110-His280-Asp134), the carboxylate binding site (Argl11 and Arg114), and the fluoride
pocket (His1SS, Trp156, and Tyr219). (B) The Asp110Asn/FAc Michaelis complex. The bound FAc reveals the key enzyme—substrate interactions
(dashed lines with distances in A). (C) The His280Asn/FAc covalent intermediate. The location where the displaced fluoride ion may be transiently
bound is shown. (D) The WT/glycolate (GOA) product complex. (E) The initial Sy2 attack is deduced from the superposition of FAc as found in the
Michaelis complex onto the structure of the covalent intermediate. The arrow shows the displacement of the substrate’s C2 atom as this occurs. The
location where the expelled fluoride ion may be transiently bound is indicated. (F) The same structural comparison viewed down the line of the atoms
involved in the nucleophilic attack (i.e., from fluorine to the substrate’s C2 to Asp110's O2). The halide-stabilizing residues (His15S, Trp156, and
Tyr219) form a “claw” reaching for the leaving fluoride. Phe40 and Trp18S are also sufficiently close to participate in catalysis. The “flapping” motion of
the indole side chain of Trp18S is indicated by the curved arrow. (G) Subsequent hydrolysis of the covalent intermediate is inferred from the
superposition of the glycolyl-Asp110 residue as found in the covalent intermediate onto the enzyme—product complex. This step employs the catalytic
water activated by His280. The arrow indicates how the product glycolate (GOA) detaches from its former covalent bonding partner. The omit F, — F.
electron density maps are contoured at 30.
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Table 2. Steady-State Kinetics of RPA1163 and Mutants”

fluoroacetate chloroacetate
enzyme Keae (min™?) % K, (mM) kea/Kin (s MY keye (min ") % K, (mM) keat/Ken (s7' M)

wWT? 6.7+£0.6 100 33402 33 1.38+0.07 21 1.6+0.5 14
Phe40Ala 0.2140.04 3.1 44+ 0.8 0.79 0.029 %+ 0.009 0.44 1.5+04 0.32
His155Asn 0.70 £ 0.06 11 29+02 4.1 53405 79 20+0.3 45
Trpl1S6His 0.11£0.01 1.7 8+3 0.22 0.10 £0.02 1.5 6+1 0.27
Trp185Phe 0.59 + 0.04 8.8 33106 29 0.32+0.04 4.7 1.0£03 5.0
Tyr219Phe 0.035 £ 0.009 0.53 1.7+ 02 0.34 0.42+0.04 6.3 1.00 £ 0.07 7.0

“ The parameters were determined from at least triplicate measurements, and the standard deviations are shown. The % activity normalizes all k_,; to FAc

hydrolysis by WT. ” Data from ref 30.

~ haloacetate

DHONV

Figure 5. RPA1163 Asp110Asn mutant in complex with fluoro-, chloro-, and bromoacetate. (A) Binding of FAc, BrAc, and ClAc in the active site of the
Asp110Asn mutant. FAc is bound at full occupancy, but only ~75% saturation for CIAc and BrAc is observed. The residual electron densities on O2 of ClAcand
BrAcare both modeled as a chloride ion at ~25% occupancy (Supporting Information, Figure S3). The omit F,, — F, electron density maps are contoured at 4.5
(FAc), 3.0 (ClAc), and 2.8 (BrAc) 0. (B) Superposition of the FAc, ClAc, and BrAc complexes (in green, yellow, and brown, respectively) using all Cat atoms of
the protein subunits. Only His1SS is displaced, albeit minimally, by the increasingly larger halide of the substrate (vertical arrow). The binding of the larger
halogen atom forces a slight tilt to the entire haloacetate substrate, thereby keeping the halogen atom farther out of the active site (curved arrow).

which apparently reveals a “flapping” motion in which the indole
side chain sweeps by the cavity of the halide pocket (Supporting
Information, Figure S2B,C).

Trp18S appears most dynamic in the absence of substrate, as
suggested by its poorly defined electron density and its multiple
conformations (Figure 6). In one major conformation,
Trp18S’s indole ring is swung into the active site cavity,
analogous to a door opening inward (see also Figure 3B). In
the other major conformation, the side chain blocks access to
the active site channel. Trp18S adopts the former (tucked in/
open) conformation in both the Michaelis complex and the
covalent intermediate but an intermediary conformation in the
WT/glycolate product complex (Figure 6). We speculate that
Trp18S is initially tucked in during substrate binding to help
occlude water molecules near the halide pocket from the
otherwise larger active site cavity. If Trp185 were mobile during
the catalytic cycle, its side chain could come as close as ~2.8 A
(Cn2--F) to the fluoride ion, suggesting a potential interac-
tion. The nonidentical k., values of FAc and ClAc hydrolysis
in the Trp185Phe mutant (Table 2) also seem to indicate
Trpl8S5’s connection to the halide. However, whether this

Figure 6. Stereoview comparison of different Trp185 conformations in
various defluorinase complexes. The active site residues from WT/apo
(gray), Asp110Asn/FAc Michaelis complex (green), His280Asn/FAc cova-
lent intermediate (red), and WT/GOA product complex (blue) are shown.

imparts substrate recognition, C—X bond cleavage, or halide
dissociation remains to be determined.
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Additional marked structural variations and disorder are found
in a second loop formed by residues 251—259, which covers part
of the active site entrance (Supporting Information, Figure S2A).
We speculate that this segment may regulate substrate entry and
product dissociation.

Il CONCLUSION

Sn2 reactions, despite being a staple in organic chemistry, are
rather few in the biological realm; many are based on the widely
used group-transfer reactions involving S-adenosyl methionine
or its derivatives.”” Nevertheless, it is a reaction strategy employed
by many dehalogenases, including haloalkane dehalogenases,
fluoroacetate dehalogenases, L-2-haloacid dehalogenases, p- and
pL-2-haloacid dehalogenases, haloalcohol dehalogenases, and
dichloromethane dehalogenases. However, only the fluoroace-
tate dehalogenases and a few novel L-2-haloacid dehalogenases
have acquired defluorination activity.>® It was proposed that
FAcDs can defluorinate because they supply three electrostatic
contacts or hydrogen bonds to activate the C—F bond.*® This
contrasts with the non-defluorinating dehalogenases, which
appear to use fewer such contacts for breaking the weaker
C—X bonds.****37 However, our results suggest that defluor-
ination further requires the close and most precise placement of
the binding residues in order to effectively stabilize the small
fluoride ion. Interestingly, nucleophilic substitution is also em-
ployed by some halogenases to catalyze the reverse reaction,”
but only the Streptomyces cattleya enzyme can form the C—F
bond.*® The halide pocket of this fluorinase is similar to that of
FAcDs in that it is small and forms three contacts with the
fluoride.**~*! This appears to be a common strategy for directing
fluorine biochemistry in addition to establishing fluoride
selectivity.

Nature has also evolved other enzymes which can break strong
chemical bonds such as N=N, C=N, C=C, C=C, or C=0.
However, these enzymes are mostly oxidoreductases (e.g., ni-
trogenases or CO dehydrogenases) that require high energy
input in the form of ATP and/or low-potential electrons. A few
organofluorines appear to be defluorinated anaerobically and
may act as electron acceptors for certain reductive dehalogenases,
but the underlying catalytic mechanism is still unknown, and it is
unclear whether reductive dehalogenases can cleave the C—F
bond.">"® In contrast, RPA1163 and other related defluorinases
are able to break this strong bond without the need for external
energy input.

The high-resolution crystal structures of RPA1163 provide a
detailed molecular view of biocatalytic defluorination, which
requires three closely and precisely positioned polar contacts/
hydrogen bonds to activate and stabilize the small fluorine atom,
and protein motions with a potential functional relevance are
identified. These results lay the foundations for future biotech-
nological developments, with a view toward viable sustainable
management and disposal practices for the valuable but persis-
tent fluorinated organic products.

B MATERIALS AND METHODS

Materials. The Ni-NTA resin and QIAprep spin miniprep kit were
purchased from Qiagen (Mississauga, Canada) and the QuikChange
site-directed mutagenesis kit from Stratagene (La Jolla, CA). Lysogeny
broth and terrific broth pellets were obtained from EMD Chemicals
(Gibbstown, NJ); agar, ampicillin, kanamycin, glycerol, HEPES, IPTG,

and Tris from BioShop (Burlington, Canada); sodium fluoroacetate,
chloroacetic acid, and bromoacetic acid from Sigma-Aldrich (St. Louis,
MO); and bromothymol blue from Fisher Scientific (Ottawa, Canada).
The oligonucleotides were synthesized by Integrated DNA Technolo-
gies (Coralville, IA). Paratone N was purchased from Hampton Re-
search (Aliso Viejo, CA). All purchased chemicals were of the highest
grades commercially available.

Protein Purification. Protein purification was performed as
described.®° In brief, the protein was purified from the E. coli cell-free
extract by Ni-affinity chromatography, followed by cleavage of the His,-
tag using TEV protease and a second round of Ni-affinity chromatog-
raphy. The protein was further purified by size exclusion chromatogra-
phy in 150 mM NaCl and 50 mM Tris-H,SO,4 pH 8.5, buffer-exchanged
into S0 mM Tris-H,SO4 pH 8.5, and finally flash-frozen in liquid
nitrogen. Protein concentrations were determined from their absor-
bance at 280 nm using extinction coefficients derived by ProtPARAM.*

Site-Directed Mutagenesis. Site-directed mutagenesis was per-
formed using QuikChange according to the manufacturer’s instructions.

Crystallization. Crystals in space group P2,2,2, were produced by
hanging drop, in 16—20% PEG3350, 200 mM NH,CI and 100 mM
sodium cacodylate pH 6.5, using as seed WT parent crystals grown with
the supplementation of 4% sucrose. P2, crystals were grown in 15—24%
PEG3350, 100—200 mM CaCl, and 100 mM Tris-HCI pH 7.5. All
enzyme-ligand complexes were produced by soaking crystals in mother
liquor supplemented with the respective ligand (Supporting Informa-
tion, Table S1).

Structure Determination and Manipulation. Diffraction data
were collected at cryogenic temperature, using paratone N as cryopro-
tectant. Data were reduced with XDS* and the structures refined
iteratively with the help of Refmac$ in the CCP4i crystallographic
software package and Coot.**™*® Anisotropic B factors were refined for
data sets with resolutions better than 1.2 A. The phases were initially
solved by molecular replacement with Phaser*” using a homology model
built by Phyre*® from the Burkholderia FAcD structure (PDB code:
1Y37). The PRODRG web server was used for generating the coordi-
nates and restraint parameters of ligands and modified amino acid
residues.* The secondary structure matching algorithm SSM aligning all
Cat atoms was employed in all structural comparisons unless specified
otherwise.’® Graphical representations of protein structures were gen-
erated in VMD.>' The atomic coordinates and structure factors have
been deposited into the RCSB Protein Data Bank under PDB codes
listed in Table 1 and Supporting Information, Table SI.

Isothermal Microcalorimetry. Steady-state kinetics were mea-
sured by microcalorimetry in at least triplicate in 100 mM Tris-H,SO,
pH 8.5 at 30 °C using the VP-ITC microcalorimeter (MicroCal, LLC,
Northampton, MA). The principles and procedures have been
described.*>>> The nature of the reaction (i.e., product inhibition and
irreversibility) was first characterized by consecutive single-injection
experiments. The apparent reaction enthalpy (AH,,,,,) for each substrate
was calculated directly from the peak areas without consideration of
equilibrium because the reaction was shown to be virtually irreversible.*
Multiple-injection experiments were performed because of product
inhibition. Substrate was injected as 6 X 3 uL, 6 x 10 uL, and 6 X
32 uL at approximately 4 min intervals, and the final concentrations
accumulated approximately from K,,/10 to 10xK,, whenever achiev-
able. The k., and K, were extracted by nonlinear regression using the
software package Origin (MicroCal, LLC).

Colorimetric Dehalogenation Assays. Dehalogenation activity
was monitored through the proton released in a weakly buffered system,
which is coupled to the color change of a pH indicator for detection.>
The reaction was performed in a volume of 1 mL. The final concentra-
tions of the assay components were 10 mM sodium haloacetate, 1 mM
Tris-H,SO,4 pH 8.5, 20 g/mL bromothymol blue, and 150 xg/mL WT
RPA1163. The absorbance at 616 nm was recorded. The background
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drift of Ag;s was measured for 2 min before the addition of enzyme. The
enzymatic reaction was then monitored for 3 min, and the net change in
slope was used for calculating the reaction rate. The final values are
averaged from triplicate runs.

B ASSOCIATED CONTENT

© Ssupporting Information. Table of crystallographic sta-
tistics, sequence alignment of FAcDs, structural variations and
ligand binding of RPA1163, structural influence of mutations and
crystal packing, pH-based assays of haloacetates, and thermo-
dynamics of hydrolytic defluorination. This material is available
free of charge via the Internet at http://pubs.acs.org.
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