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Fluorinated small molecules play an important role in the design of
bioactive compounds for a broad range of applications. As such,
there is strong interest in developing a deeper understanding of
how fluorine affects the interaction of these ligands with their
targets. Given the small number of fluorinated metabolites iden-
tified to date, insights into fluorine recognition have been pro-
vided almost entirely by synthetic systems. The fluoroacetyl-CoA
thioesterase (FIK) from Streptomyces cattleya thus provides a
unique opportunity to study an enzyme-ligand pair that has been
evolutionarily optimized for a surprisingly high 10° selectivity for a
single fluorine substituent. In these studies, we synthesize a series
of analogs of fluoroacetyl-CoA and acetyl-CoA to generate non-
hydrolyzable ester, amide, and ketone congeners of the thioester
substrate to isolate the role of fluorine molecular recognition in
FIK selectivity. Using a combination of thermodynamic, kinetic,
and protein NMR experiments, we show that fluorine recognition
is entropically driven by the interaction of the fluorine substituent
with a key residue, Phe-36, on the lid structure that covers the
active site, resulting in an ~5- to 20-fold difference in binding
(Kp). Although the magnitude of discrimination is similar to that
found in designed synthetic ligand-protein complexes where di-
polar interactions control fluorine recognition, these studies show
that hydrophobic and solvation effects serve as the major deter-
minant of naturally evolved fluorine selectivity.

enzyme selectivity | fluorine | organofluorine | molecular recognition |
metabolism

Site-selective fluorination has become an important strategy in
the design of structurally diverse bioactive small molecules
with a broad range of functions ranging from human therapeutics
and imaging agents to biocides used for plants, fungi, and insects
(1-4). The success of fluorine in the development of these
compounds has mainly relied on the small size of fluorine to
conserve binding of the fluorinated ligand to its macromolecular
target while tuning a breadth of pharmacological characteristics.
As such, studies on the impact of fluorination on metabolic
stability, distribution, and other pharmacokinetic properties of
small molecules have provided important information on how
fluorine substituents contribute to their behavior in vivo (5, 6). In
contrast, the role of fluorine in tuning binding affinity and se-
lectivity of small molecules for their protein targets is relatively
less well understood given the exceptional and context-dependent
elemental traits of fluorine (4).

Fluorine’s high electronegativity and “polar hydrophobicity,”
as well as the highly polarized nature of the carbon—fluorine
bond can contribute in different ways to protein-ligand inter-
actions (4, 7). In some cases, nonspecific interactions arising
from the increase in hydrophobic surface area introduced by
fluorine can exert an energetically significant effect on molecular
recognition (8-11). In others, the increased steric bulk of fluo-
rine can cause changes in compound conformation that lead to
increased selectivity as observed in structure-activity relationship
studies on fluoxetine (Prozac) (12, 13). In terms of specific rec-
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ognition of the fluorine substituent itself, the high polarization of
the C-F bond creates an opportunity for dipolar interactions to
occur with protein-based functional groups (14, 15), which appears
to play a key role in the increased potency of ciprofloxacin (Cipro)
compared with analogs lacking the fluorine substituent (16, 17).
Despite the strong interest in fluorine—protein interactions,
there are few systems in which evolutionarily optimized inter-
actions between ligand and receptor can be studied given the
limited existence of naturally occurring fluorinated metabolites
and macromolecules that interact with them. As one of the
few characterized organisms that produces fluorinated natural
products, Streptomyces cattleya provides an interesting system for
exploring native fluorine recognition by protein targets that have
been subject to an unusual evolutionary pressure to distinguish
between fluorine and other similar substituents. One of the
organofluorines produced by S. cattleya is fluoroacetate, a potent
poison that relies on the inability of the target host’s primary
metabolic enzymes to sufficiently discriminate against the con-
servative replacement of hydrogen with fluorine (18, 19). S. cattleya
itself produces a resistance protein, the fluoroacetyl CoA thi-
oesterase (FIK) (20-22), which displays a remarkably high 10°-
fold preference for the fluorinated substrate compared with
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acetyl-CoA, a cellularly abundant competitor (21). This selectivity
is largely derived from the increased k., (10*-fold increase) due to
change in the hydrolysis mechanism for the fluorinated substrate
(23). Nevertheless, the remaining 100-fold difference attributed to
the decreased Ky suggests that molecular recognition of the
fluorine substituent also plays a role in substrate discrimination
(21, 24). Given that the magnitude of the expected binding se-
lectivity is similar to that observed for synthetic organofluorine
inhibitors (4, 14, 15), elucidation of the factors that control fluo-
rine recognition in FIK can provide insight into optimizing the
design of fluorinated ligands.

Using a set of nonhydrolyzable substrate analogs to separate
the contributions of fluorine recognition from catalytic selectiv-
ity, we show that FIK does indeed bind with increased affinity to
ligands containing a fluorine substituent (21). We further show
that a mobile residue on a unique hydrophobic lid structure (21),
Phe-36, is involved in providing an entropic driving force for
fluorinated substrate binding and controlling the off-rate of the
substrate. NMR studies were then carried out to examine FIK
dynamics, which demonstrated that both fluorine and Phe-36 are
required to lower the off-rate of the substrate. Taken together,
these results support a model in which a conformationally dy-
namic residue (Phe-36) plays an important role in fluorine-based
substrate discrimination. In contrast to synthetic systems, in
which enhanced ligand affinity is usually mediated by dipolar
interactions that confer an enthalpic binding advantage (4),
fluoroacetyl-CoA discrimination in FIK is achieved by creating
an entropic advantage for fluorinated substrate binding and by
increasing the residence time of the fluorinated substrate in the
active site. This mechanism appears to be distinct to natural
fluorine selectivity and provides an equal if not greater fluorine
selectivity to enthalpically driven fluorine recognition.

Results and Discussion

Phe-36, a Conformationally Dynamic Residue at the FIK Active Site, Is
Important for Substrate Binding and Specificity. FIK exhibits a
number of distinctive features compared with other members of
the hotdog-fold thioesterase family that may contribute to its
high substrate selectivity. Most of the characterized members of
this family are quite promiscuous and accept a variety of
medium-chain, long-chain, and aromatic acyl-CoAs with similar
catalytic efficiency (25-28). In comparison, FIK is strongly se-
lective for fluoroacetyl-CoA compared with acetyl-CoA based
on the conservative exchange of fluorine for hydrogen at the
a-carbon. While a large component of this discrimination occurs
as a result of fluorine-induced changes in the chemical and ki-
netic hydrolysis mechanism, structural studies have shown that
FIK contains an additional “lid” structure near the acyl group
binding site that may play a role in fluorine recognition. Muta-
genesis of key lid residues suggest that this structure plays a role
in FIK selectivity (21). The lid is not found in other characterized
hotdog-fold thioesterases (21, 29), although a number of proteins
in the National Center for Biotechnology Information database
also appear to contain the lid based on sequence conservation and
homology modeling.

A residue within the lid, Phe-36, undergoes a conformational
change upon soaking FIK crystals with substrate or products (Fig.
14) (21). This conformational change opens up a channel be-
tween the active site and exterior solvent that is normally oc-
cluded by Phe-36. It is interesting to note that Phe-36 is unique
to FIK from Streptomyces cattleya and an ortholog from Strepto-
myces xinghaiensis, whose genome also encodes a putative fluo-
rinase enzyme (SI Appendix, Fig. S1). To further explore changes
in Phe-36 conformation, we analyzed the FIK electron-density
maps using Ringer, a program designed to detect molecular
motions through electron-density sampling (30). The resulting plots
of electron density (o) versus the y angle of Phe-36 reveal that apo—
FIK appears to sample this alternative rotamer conformation as

E2194 | www.pnas.org/cgi/doi/10.1073/pnas.1717077115

o 2.5+ — open FIK open closed
o 20 — apo FIK
2 15}
2 10
s
s 0.5}
£ 0.0p
3
3 0.5}
-1.0t

15 N N N N N N
0 50 100 150 200 250 300 350
X (degrees)

Fig. 1. Conformational change observed in FIK upon soaking with substrate
or products. (A) Structural alignment of FIK in the presence and absence of
products. Phe-36 is shown in blue for apo-FIK and in magenta for substrate-
soaked FIK. (B) Ringer plot showing the Phe-36 y-angle for FIK crystals in the
presence (open) and absence (closed) of substrate. Figures are based on PDB
entry 3P2Q for apo FIK and 3P2S for open FIK.

well, with about 10% occupancy under cryocrystallography condi-
tions (Fig. 1B).

While biochemical characterization of the F36A mutant had
shown that k.,/Ky for the fluoroacetyl-CoA was decreased by
140-fold without affecting acetyl-CoA parameters (21), the in-
crease in Ky for the fluorinated substrate cannot directly be
attributed to a change in Kp because of the multistep chemical
and kinetic mechanism for FIK-catalyzed acyl-CoA hydrolysis
(23). To further probe the role of Phe-36 in substrate affinity, we
examined the presteady-state kinetics of the F36A mutant under
saturating conditions with both acetyl-CoA and fluoroacetyl—
CoA (SI Appendix, Fig. S2). In these experiments, we observed
burst-phase kinetic behavior with acetyl-CoA similar to wild-
type enzyme, with one equivalent of CoA released rapidly dur-
ing the first enzyme turnover followed by a slower steady-state
release of CoA (SI Appendix, Fig. S24). The rate constants de-
termined for each of these steps by nonlinear curve fitting were
identical, within error, to the wild-type enzyme (23). Based on
mechanistic studies of the wild-type enzyme, we conclude that
the F36A mutant also follows a two-step chemical mechanism for
acetyl-CoA hydrolysis, with rapid formation of an acyl-enzyme
intermediate followed by slower intermediate breakdown. For
fluoroacetyl-CoA, we observed single-phase presteady-state ki-
netics, consistent with a change in rate-limiting step from the
breakdown of the acyl-enzyme intermediate to its formation as
occurs in the wild-type enzyme (SI Appendix, Fig. S2B). As with
acetyl-CoA, the k., for hydrolysis of the fluorinated substrate by
the F36A mutant is identical, within error, to that measured for
the wild-type enzyme (23). From these experiments, we conclude
that the chemical steps involved in substrate hydrolysis are the
same between wild-type FIK and F36A FIK and that mutation of
Phe-36 results in a change in Ky, by affecting substrate binding.

Fluorinated and Nonfluorinated Ligands Bind FIK with Different
Affinities. To isolate the role of molecular recognition of fluorine
in FIK, we designed a series of substrate analogs intended to be
nonhydrolyzable so that the role of catalysis in fluorine selectivity
could be excluded. Toward this goal, we synthesized acyl-CoA
analogs with either an acetyl or fluoroacetyl group in which the
thioester sulfur atom was replaced by oxygen, nitrogen, or carbon
to produce the less labile or nonhydrolyzable ester, amide, or ke-
tone congener (Scheme 14). We used a synthetic strategy in which
the desired acylated pantetheine analogs [oxa(dethia): 5a, 5b; aza
(dethia): 9a, 9b; carba(dethia): 14a, 14b] (Scheme 1 B and C) were
first prepared chemically (31, 32) and then converted enzymatically
to the corresponding CoA analogs using purified pantothenate ki-
nase, phosphopantetheine adenylyltransferase, and dephospho-CoA
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Scheme 1. Design and synthesis of ester, amide, and ketone substrate analogs of fluoroacetyl- and acetyl- CoA. (A) Design of nonhydrolyzable substrate
analogs. Replacement of S with either O, NH, or CH, generates the oxa(dethia), aza(dethia), and carba(dethia) congeners, respectively. (B) Synthesis of acetyl-
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carba(dethia)-pantetheine (14a, 14b). (D) Enzymatic conversion of pantetheine analogs to their corresponding acyl-CoA analog (DPCK, dephosphocoenzyme
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kinase from Escherichia coli (31-33) (Scheme 1D and SI Ap-
pendix, Fig. S3).

The fluorinated and nonfluorinated ester [FAcOCoA, fluoroacetyl-
oxa(dethia) —CoA; AcOCoA, acetyl-oxa(dethia)-CoA], amide
[FACNCoA, fluoroacetyl-aza(dethia)-CoA; AcNCoA, acetyl-aza
(dethia)-CoA], and ketone [FAcCCoA, fluoroacetyl-carba(dethia)—
CoA; AcCCoA, acetyl-carba(dethia)-CoA] substrate analogs were
then characterized to assess if they could be utilized for binding
studies. To extrapolate the behavior of the analogs to the thioester
substrate, the analog both needs to exist in the same form in solution
as well as be unreactive toward hydrolysis by FIK on the timescale of
the binding experiment. Since the carbonyl polarization of these
derivatives is different from the corresponding thioester, they could
potentially exist preferentially in solution as the hydrate or an eno-
late form and consequently bind in a different mode from the sub-
strate. Based on NMR spectroscopy studies, there was no evidence
of any other forms besides the carbonyl species for any of the six
compounds under these conditions within the limit of detection (S/
Appendix, Figs. S4-S6). We also tested whether FIK could catalyze
hydrolysis of the ester or amide substrate analogs because esterases
and amidases are found in the larger o/B-hydrolase superfamily even
if they have yet to be identified in the hotdog-fold superfamily (34).
In biochemical experiments with FIK, we found that the ester analog
was hydrolyzed very inefficiently, at a rate constant more than 500-
fold lower (ke = 0.01 min™") than measured for the thioester (SI
Appendix, Fig. S74) (21, 23), while no detectable hydrolysis was
observed for the amide analog after 18 h in the presence of 100 pM
FIK (SI Appendix, Fig. S7B). From these experiments, all three
classes of substrate analogs can be used to study fluorine molecular
recognition by FIK.

Using isothermal titration calorimetry (ITC), we measured the
dissociation constant and the contributions made by entropy
(AS) and enthalpy (AH) for each of the substrate analogs (Table
1 and SI Appendix, Fig. S8). Based on the measured Ky for
fluoroacetyl-CoA (8 + 1 pM) (21), it appears that the fluori-
nated inhibitors bind with an apparent defect of one to two or-
ders of magnitude compared with the native substrate, with the
ester analog binding with the highest affinity and the amide
analog binding with the lowest affinity. Within each fluorine/
hydrogen pair, we measured an ~5- to 20-fold lower affinity for
the acetyl-CoA analogs compared with the fluoroacetyl-CoA
analogs (Table 1 and SI Appendix, Fig. S8), indicating that
fluorine recognition contributes to FIK selectivity. Interestingly,
the magnitude of discrimination rivals the highest reported
changes in affinity for binding of fluorinated synthetic inhibitors
to their targets in cases where inhibitor conformation or the pK,s
of nearby groups are not the major contributors (~10-fold) (4,
14, 15). However, despite the strong fluorine-based discrimina-
tion observed in the analog pairs, the 5- to 20-fold larger dif-
ference observed between the Kys for acetyl-CoA and
fluoroacetyl-CoA suggests that other factors that are not com-

pletely recapitulated in the analog pairs may contribute to se-
lectivity in the Kys parameter.

The observed differences in Kp between fluorinated and
nonfluorinated compounds correspond to a AAG of ~1 kcal/mol
for the single fluorine substitution. Our ITC measurements
demonstrate that the fluorinated and nonfluorinated compounds
have similar enthalpies of binding (AH), whereas the fluorinated
analogs demonstrate more favorable entropies of binding (AS),
suggesting that the energetic contribution of fluorine to binding
(Kp) is mainly entropic in nature (Table 1). In comparison,
binding affinity differences in synthetic systems have been mainly
attributed to enthalpic changes related to dipolar interactions
between the C-F bond and protein amides, carboxamides, or
guanidinium groups, which typically contribute 0.2-0.3 kcal/mol
per interaction to binding affinity (4).

Fluorinated Substrate Binding Is Entropically Coupled to Phe-36.
Because the origin of the binding selectivity for the fluorinated
substrate is related to entropy and thus potentially the increase in
hydrophobic surface area presented by the C-F group, we next set
out to probe the role of the lid structure of FIK in substrate
binding. The interior surface of the lid is lined with hydrophobic
side chains (21, 29), which appear to serve the dual roles of ex-
cluding water from the active site as well as creating a hydrophobic
environment. Previous mutagenesis studies of the lid revealed that
replacement of any of these residues with alanine led to an increase
in Ky for the fluorinated substrate by one to two orders of mag-
nitude while leaving the Ky for acetyl-CoA relatively unchanged
(21). Since Phe-36 seems to both be particularly important in
fluorine-selective binding and shows no significant catalytic defect
when mutated, the F36A mutant was used to further probe the
molecular basis of the entropic advantage on substrate binding
provided by the fluorine atom.

Based on ITC measurements, the fluorine/hydrogen pair in
each analog series bound to the F36A FIK mutant with similar
affinity, demonstrating that fluorine selectivity is lost in the ab-
sence of the Phe-36 sidechain (Table 1 and SI Appendix, Fig. S9).
This behavior is caused by a loss of binding affinity for the
fluorinated ligand rather than an increase in affinity for the
nonfluorinated ligand. Further analysis of the data for the amide
inhibitors by a chemical-enzymatic double-mutant cycle (35)
shows that enhanced binding affinity of the fluorinated com-
pound (AG) is energetically coupled to the Phe-36 side chain
and relies on entropy (Fig. 2). From this analysis, we conclude
that Phe-36 participates directly in providing an entropic driving
force for fluorinated substrate recognition.

Phe-36 Controls Fluorine Selectivity Through the Substrate Off-Rate
as Suggested by ITC and NMR Experiments. We also examined the
ability of our substrate analogs to act as competitive inhibitors of
fluoroacetyl-CoA and acetyl-CoA hydrolysis by FIK (Fig. 34

Table 1. Thermodynamic parameters for binding of substrate analog to wild-type and F36A FIK

Wild-type FIK F36A FIK

Analog Ko (pM) AH (kcal/mol) TAS (kcal/mol) Kp (uM) AH (kcal/mol) TAS (kcal/mol)
FAcOCoA 90 + 2 -12.1+ 0.1 -6.5 + 0.1 220 + 30 -13.0 + 0.1 -8.0 + 0.1
AcOCoA 565 + 45 -13.5+0.3 -9.0 + 0.1 500 + 70 -99+0.6 -6.3+0.1
FACNCoA 1,700 + 100 -7.4 + 0.1 -3.7 £ 0.1 7,500 + 200 -7.3 + 0.1 -4.4 + 0.1
AcNCoA 9,300 + 500 -84 +0.3 -5.3 + 0.1 6,200 + 300 -85+ 0.1 -5.5+ 0.1
FAcCCoA 440 + 90 -5.6 +0.2 -1.0+0.3 2,700 + 100 -5.6 + 0.1 -2.1+ 0.1
AcCCoA 7,700 + 230 -9.4 +0.2 -6.6 + 0.1 n.d. n.d. n.d.

ITC experiments of wild-type and F36A FIK with the ester [oxa(dethia): FAcOCoA, AcOCoA], amide [aza(dethia):
FACNCoA, AcNCoA], and ketone [carba(dethia: FAcCCoA, AcCCoA] analogs of fluoroacetyl- and acetyl-CoA were
carried out. Inhibition constants, AH, and TAS, were obtained from fitting. Errors are derived from nonlinear curve

fitting. Data are mean + SE (n = 3). n.d., not determined.

E2196 | www.pnas.org/cgi/doi/10.1073/pnas.1717077115

Weeks et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1717077115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1717077115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1717077115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1717077115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1717077115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1717077115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1717077115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1717077115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1717077115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1717077115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1717077115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1717077115/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1717077115

L T

/

1\

=y

F36 F36 F36

F36 F36 F36

+1.0 keal -1.0 kecal 1.6 keal
FACNCoA AcNCoA FACNCoA ——~ AcNCoA FAcCNCoA— AcNCoA
+0.9 kcall l -0.2 kcal  +0.1 kcal l +0.1kcal 0.7 kcall l-O-Z keal
FACNCoA —— AcNCOA FACNCoA —~ AcNCoA FACNCoA e AcNCoA
A36 -0.1 kcal A36 A36 -1.2 kcal A36 A36 B ca A36

AGcoypling = 1.1 £ 0.2 keal mol-1

AHcoupiing = 0.0 £ 0.4 keal mol-!

TAS oupling = 0.9 £ 0.1 kcal mol-1

Fig. 2. Analysis of binding of aza(dethia)-CoA substrate analogs to wild-type and F36A FIK. Double-mutant cycles were generated for mutation of F36 (wild
type) to A36 as well as the switch between the fluorinated (FAc) and nonfluorinated (Ac) substrates. Errors for coupling energies were propagated from the

errors in the individual thermodynamic terms.

and SI Appendix, Table S1). For FlK-catalyzed acetyl-CoA hy-
drolysis, all of the substrate analogs exhibited competitive be-
havior with inhibition constants (Kjs) within error of the
dissociation constants measured by ITC (Fig. 3B). With fluo-
roacetyl-CoA, all of the substrate analogs also behaved as
competitive inhibitors, but the measured inhibition constants for
FIK were significantly higher than the dissociation constants
measured by ITC (Fig. 3B). However, the approximation that
Kp ~ K relies on the assumption that k_; > k,, which does not
always hold for substrates for which the rates of catalytic steps are
rapid. Therefore, the inequivalence of Kj and Kp, that we observe
for FIK with fluoroacetyl-CoA indicates that binding of fluo-
roacetyl-CoA to FIK is not in rapid equilibrium and further suggests
that the first chemical step (k,) is faster than the substrate off-rate
(k_1). A plot of K; versus Kp, reveals that for both fluoroacetyl-CoA
and acetyl-CoA, these two parameters are linearly related with a
slope of (ko/k_; + 1) derived from the kinetic model for competitive
inhibition (SI Appendix, Fig. S10). For acetyl-CoA, k is small rel-
ative to the off-rate, so ky/k_; approaches zero and the observed
slope is equal to 1 (Fig. 3B). For fluoroacetyl-CoA, the slope
of this plot is equal to 4 and indicates that the enzyme acyla-
tion rate constant for this substrate (k,) is three times faster
than the substrate dissociation rate constant (k_;), which ex-
plains why the substrate analogs are less effective at competing
with the fluoroacetyl-CoA substrate.

The observed change in behavior with respect to the fluorine
substituent could be caused either by slower acylation of the
enzyme by acetyl-CoA (k, = 3 s™) (23) compared with fluo-
roacetyl-CoA (k, = 270 s™%), or a slower off-rate related to the

higher affinity of the fluorinated substrate (Kp = k_;/k;), or to a
combination of both factors. To probe the role of enhanced
binding of fluoroacetyl-CoA, we examined the ability of the
nonhydrolyzable substrate analogs to competitively inhibit the
F36A mutant (SI Appendix, Table S1), which is compromised
only in binding the fluorinated ligand. In this mutant, we again
observed competitive behavior by all of the inhibitors with re-
spect to both the fluoroacetyl-CoA and acetyl-CoA substrates.
Interestingly, the K; was within error of Kp and slopes of the
plots of Kj versus Kp were equal to one regardless of the sub-
strate used. Thus, k»/k_, approaches zero for both acetyl-CoA
and fluoroacetyl-CoA, showing that rapid equilibrium is re-
stored for fluoroacetyl-CoA in this mutant. Since the rate con-
stant measured by rapid chemical quench for enzyme acylation
by fluoroacetyl-CoA is unchanged, we can conclude that muta-
tion of Phe-36 increases the substrate off-rate (k¢r, k_1) such that
it becomes faster than the first chemical step (k;). We thus
conclude that Phe-36 is directly involved in controlling the off-
rate for fluoroacetyl-CoA, allowing for kinetic discrimination of
the fluorine substituent in substrate binding. Because acetyl-
CoA is in rapid equilibrium for both wild-type and F36A FIK, we
are unable to detect any potential changes in the off-rate for this
substrate based on the competitive inhibition studies. However,
ITC studies demonstrated that the acetyl-CoA analogs have
identical dissociation constants for both wild-type and F36A FIK.
Therefore, if the off-rate is increased in the mutant, the on-rate
(kon, k1) must increase by an equal amount to maintain the ob-
served Kp (k_1/k1). The simplest explanation for the ITC data in
combination with competitive inhibition studies is that mutation
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FIK inhibition studies with substrate analogs. (A) Kinetic scheme for competitive inhibition of FIK by substrate analogs. R = H, F. (B) Plots of inhibition

constant versus dissociation constant for substrate analogs for wild-type and F36A FIK. (K; measured with respect to fluoroacetyl-CoA, red; K; measured with
respect to acetyl-CoA, black.) The data are fit to the equation: K, = (ko/k_1 + 1) x Kp. Data are mean + SE (n = 3).
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of Phe-36 increases the off-rate for fluoroacetyl-CoA while
leaving the off-rate for acetyl-CoA unchanged.

The hypothesis that both Phe-36 and the fluorine substituent
modulate substrate binding through decreasing the off-rate is
further supported by "H-NMR experiments with the carba(dethia)
substrate analogs, FAcCCCoA and AcCCoA. For protons close to
the protein active site, their chemical shift in "H-NMR spectra will
become altered upon protein binding, as the chemical environ-
ment of these protons will be significantly different. When the
substrate analog is not fully bound, an equilibrium exists between
the free and protein-bound substrate analog, where the rate of
exchange between the two states is defined as k. As a result, the
peak in the NMR spectrum from a proton in this equilibrium
represents a combination of these two states. When the exchange
rate is in the fast exchange regime, the chemical shift of the peak
will change compared with free ligand, but the linewidth of the
peak will not be altered. Alternatively, if the exchange rate is in
the intermediate exchange regime, the resulting peak will be sig-
nificantly broader as well as showing a change in chemical shift.
An exchange rate in the slow exchange regime will manifest as two
distinct peaks, one corresponding to free ligand and one corre-
sponding to the ligand—-protein complex.

When excess FACCCoA (500 pM) was complexed with wild-
type FIK (100 pM), the 1D 'H-spectrum of FAcCCoA in regions
unique to the ligand showed significant line-broadening, re-
flective of an intermediate exchange rate for the ligand—protein-
binding interaction (SI Appendix, Fig. S11) (36). However, when
the same experiment is carried out with wild-type FIK and
AcCCoA or F36A FIK and FAcCCoA, only a slight change in
chemical shift is observed without significant alteration of the
linewidths, indicating fast exchange. Therefore, the exchange
rate (kex) of FAcCCoA bound to wild-type FIK is slower than
that of both FAcCCoA bound to F36A FIK and AcCCoA bound
to wild-type FIK.

In these experiments, ligand concentration [P], rather than
protein concentration, is kept constant and in excess, hence the
exchange rate can be represented as kex = k1[P] + k_; (36). With
[P] kept constant in all experiments, an increase in exchange rate
as a result of either the F36A mutation or loss of the fluorine
substituent would suggest either a higher on-rate (k) or off-rate
(k_1). However, an increase in off-rate instead of on-rate is most
consistent with the results of the competitive inhibition studies,
which suggested an increase in the fluorinated substrate off-rate
in the F36A mutant, and with Kp measurements for the sub-
strate analogs, which showed that the nonfluorinated congeners
maintained the same affinity for wild-type and F36A FIK. Taken
together, these results suggest that both the fluorine moiety and
Phe-36 are required for fluorinated substrate selectivity facili-
tated by a slower off-rate.

Protein NMR Confirms Phe-36 Plays a Fluorine-Specific Role in Substrate
Binding. To elucidate the role of Phe-36 in greater detail, we utilized
NMR spectroscopy of FIK labeled with °C at the &-position of the
aromatic rings of Phe and Tyr via feeding with [1-">C]-glucose (37).
This feeding scheme results in a single peak for each Phe or Tyr
residue in the aromatic region of 'H/**C heteronuclear single
quantum correlation (HSQC) spectra, simplifying the interpretation
of chemical shift perturbation. Transverse relaxation-optimized
spectroscopy (TROSY) oliytimized for aromatic spin systems (38,
39) was employed for 2D "H/**C experiments with the *C-labeled
wild-type and F36A FIK proteins (Fig. 4 A and B). The 'H/"*C
TROSY-HSQC spectrum of wild-type FIK in the aromatic region of
Phe and Tyr exhibits at least nine peaks, which could correspond to
the Cs1-Hs; bond vectors of seven Phe residues and two Tyr resi-
dues in an FIK monomer. Considering the intensities of the peaks
vary greatly, it is possible that there are additional Cg;-Hs; signals
that are too weak to observe at the present contour level. At least
two Cs;-Hg; peaks were overlapped (57.1 ppm in the 'H region)
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and could not be well defined. The two peaks at & 133.5 and
134 ppm in the '>C dimension are attributed to the two Tyr resi-
dues, as confirmed by a separate 'H/"*C TROSY-HSQC spectrum
where *C-Phe was incorporated into FIK (ST Appendix, Fig. S12).
The resonance assignments of Phe-36 and Phe-40 were determined
by generating point mutations from Phe to Ala (F36A) or Leu
(F40L) and obtaining the corresponding "H/"*C TROSY-HSQC
spectra (SI Appendix, Fig. S13). Additionally, the Phe-36 assign-
ment was confirmed by "H/"N Nuclear Overhauser effect spec-
troscopy (NOESY) (SI Appendix, Fig. S14). The assignments of
both residues are within the three-peak cluster region between
87.5 and 7.6 ppm in the 'H dimension (Fig. 44). The third peak
may derive from an alternative conformation for Phe-36 since
similar secondary peaks have been observed in other proteins (40).
Alternatively, it could correspond to Phe-33 but we were not able
to obtain enough soluble F33A FIK protein for an HSQC spectrum
to confirm either assignment.

The carba(dethia) analogs of fluoroacetyl-CoA (FAcCCoA)
and acetyl-CoA (AcCCoA) were selected to examine binding
because significant hydrolysis of the ester analogs would be
expected over the timescale of the NMR experiment despite the
low hydrolysis rate constants. These ligands were added to *C-
labeled wild-type FIK at two different concentrations, resulting
in the protein being 50% and 95% bound with FAcCCoA and
50% and 80% bound with AcCCoA, respectively. These values
were estimated from the Kp values for the complexes de-
termined by ITC. Upon addition of substrate analogs, only the
three-peak cluster at the §7.6-ppm region on the 'H axis, which
encompasses Phe-36 and Phe-40, exhibited substantial chemical
shift perturbation among Phe residue moieties. Remarkably,
while Phe-36 displayed a significant change in chemical shift
upon binding of FAcCCoA, the chemical shift of Phe-36 was not
affected by binding to AcCCoA (Fig. 4D). This observation
suggests that Phe-36 only interacts with the substrate when the
fluorine substituent is present. In addition, we observe a de-
crease in linewidth for both the Phe-36 and Phe-40 peaks upon
fluorinated ligand binding, indicating that dynamic motion on
the NMR timescale has been reduced.

In comparison, Phe-40 is perturbed upon binding of both an-
alogs, although it exhibits different degrees of change. The peak
assigned to Phe-40 shifts upon binding to the fluorinated ligand,
but simply broadens upon binding of AcCCoA. Phe-40 is not
oriented toward the active site in the crystal structure of wild-
type FIK (21). In this case, Phe-40 might be allosterically per-
turbed as it is within close proximity of Thr-42, a key residue
believed to play a structural role in maintaining the active site
(24). Interestingly, the decrease in linewidth observed with
binding of the fluorinated ligand is not observed when the
fluorine is absent.

The change in chemical shift observed for Phe-36 and Phe-
40 upon binding of the fluorinated ligand indicates that the
chemical environment of the side-chain is altered, arising through
either conformational changes of these residues induced by ligand
binding or direct interaction with the ligand itself. In addition, this
binding event results in a change in the dynamics in these two
residues where motion is reduced. Overall, the NMR studies
demonstrate that Phe-36 is engaged in the ligand-binding process
only in the presence of a fluorine substituent, in agreement with the
thermodynamic and kinetic data showing that fluorine molecular
recognition depends in large part on Phe-36. Furthermore, the
different responses exhibited by Phe-40 upon binding to FAcCCoA
versus AcCCoA suggests that the nature of the binding process,
such as binding mechanism or binding rate, may be different when
the fluorine moiety is not present.

Conclusions

Given the contribution of fluorine to the design and develop-
ment of bioactive small molecules, understanding the interaction
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(A) Wild-type FIK with no ligand present. (B) Wild-type FIK in complex with 0 mM FAcCCoA (red), 0.56 mM FAcCCoA (gray, 50% bound), and 6.4 mM FAcCCoA
(black, 95% bound). Inset shows shift of the three-peak cluster containing Phe-36 and Phe-40. (C) F36A FIK in complex with 0 mM FAcCCoA (red), 2.9 mM
FAcCCoA (gray, 50% bound), and 50 mM FAcCCoA (black, 95% bound). The arrow indicates the shift of Phe-40. (D) Wild-type FIK in complex with 0 mM
AcCCoA (red), 7.9 mM AcCCoA (gray, 50% bound), and 32.5 mM (black, 80% bound). Inset shows lack of shift of Phe-36 and disappearance of Phe-40 in the

three-peak cluster containing Phe-36 and Phe-40.

of fluorinated ligands with protein targets continues to be a key
area of study. While synthetic interactions have provided much
insight to the different modes by which fluorine interacts with
macromolecules, the fluoroacetyl-CoA thioesterase FIK pro-
vides a unique platform to study a fluorinated ligand—protein
pair that has been evolutionarily optimized for fluorine selec-
tivity. In this context, we have designed a set of fluorinated and
nonfluorinated substrate analogs to elucidate the molecular basis
for fluorine molecular recognition by FIK. These analogs allow
the impact of differential binding in fluorine discrimination to be
isolated and studied. This is especially important for FIK, given that
the differences in Ky; between fluorinated and nonfluorinated
thioester substrates may not reflect the difference in binding

Weeks et al.

affinity or Kp since the first step in catalysis is irreversible
enzyme acylation.

Previous crystallographic and modeling studies had suggested
possible enthalpic and entropic contributions to selective fluo-
rinated substrate binding (21, 29). Modeling of fluoroacetyl-
CoA into the FIK active site suggested that a dipolar interaction
between the C-F bond and Arg-120 could contribute enthalpi-
cally to fluorine-selective binding (29). However, the proposed
interaction placed the C-F bond in a linear hydrogen bond ge-
ometry rather than with the C-F bond oriented perpendicular to
the plane of the guanidinium side chain, as is most commonly
observed in fluorine-arginine interactions in the Protein Data
Bank (4). On the other hand, crystal structures of apo-FIK and
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the FIK-product complex suggested that release of water from
the C-F unit and exclusion of water from the active site could
contribute entropically to fluorinated substrate binding. Our ITC
measurements with fluorinated and nonfluorinated oxa(dethia)-,
aza(dethia)-, and carba(dethia)- substrate analogs show that
entropic effects (~1 kcal/mol) drive the preferential binding of
fluorinated ligands to FIK. Interestingly, enthalpic interactions do
not appear to play a major role in fluorine selectivity despite the
proposed C-F-arginine interaction (29). While it remains possible
that this particular interaction differs with the thioester substrates,
our data suggest that it is either energetically insignificant com-
pared with the observed entropic contributions, or that it functions
in catalysis, perhaps in poising the substrate for reactivity given the
seemingly weak oxyanion hole of FIK. The increase in affinity
derived from the fluorine substituent is similar in magnitude to that
observed for synthetic systems. However, the mode of fluorine
recognition utilized in the evolved FIK—fluoroacetyl-CoA system is
distinct from that observed in synthetic protein-ligand systems, in
which enthalpic interactions (~0.2-0.3 kcal/mol per interaction)
typically serve as the main driver for fluorine selectivity (4).

Combined with structural information, the importance of en-
tropic contributions in selective fluorinated substrate binding
suggests that FIK’s hydrophobic lid, and Phe-36 in particular, are
key determinants of fluorine molecular recognition. Consistent
with this hypothesis, thermodynamic analysis of analog binding
to the F36A FIK mutant shows that Phe-36 makes an important
energetic contribution to fluorine-selective binding. This finding
is consistent with previous mutagenesis studies which implicated
an important role for Phe-36 in fluorine discrimination based on
differences in Ky for fluoroacetyl-CoA compared with acetyl—
CoA (21). Presteady-state experiments show that the catalytic
steps for F36A FIK hydrolysis are indistinguishable from wild
type, supporting the hypothesis that differences in Ky should
directly be derived from substrate binding and recognition. A
combination of enzyme inhibition and NMR studies suggests
that the presence of Phe-36 slows the off-rate of the fluorinated
substrate from FIK following initial binding. These studies also
show that the increased residence time of the substrate requires
both fluorine and Phe-36, and the effect is lost if either partner is
not present.

To gain more molecular insight into this process, 2D-NMR
experiments were carried out with FIK with both the fluorinated
and unfluorinated carba(dethia)-substrate analog. These studies
show that indeed a specific interaction exists between Phe-36 and
the fluorine substituent, as the peak assigned to Phe-36 only
shifts upon binding of the fluorinated inhibitor. Interestingly, not
only does the Phe-36 chemical environment change, its dynamic
motion is also reduced along with a second residue on the lid,
Phe-40. As such, the slower off-rate of the fluorinated analog
and reduced mobility of Phe-36 may be related to the reduction
of the rate at which Phe-36 samples the open and closed con-
formations upon ligand binding. The reduced motion of lid
residues upon binding suggests that ordered water may serve as
the entropic contributor to fluorine discrimination. One possi-
bility is that there is an increased release of ordered waters upon
binding of the fluorinated ligand, as the C-F unit is predicted to
be more hydrophobic than the corresponding C-H bond (21, 41,
42). Another possibility is that Phe-36 facilitates formation of a
hydrophobic aggregate between the fluorinated ligand and the
lid with an overall smaller surface area compared with individual
noninteracting solutes (acetyl-CoA or F36A FIK). It has been
found that the entropy of solvation of these aggregates is less
unfavorable (42), which could account for the observed behavior
of FIK. Both of these models are consistent with our analysis of
Phe-36, which was found in this study to sample open and closed
states, even in the apo form, that appear to alter the solvent
accessibility of the active site.

E2200 | www.pnas.org/cgi/doi/10.1073/pnas.1717077115

Although there are numerous examples in which unnatural fluo-
rinated substrates can initiate unusual enzymatic reaction pathways
based on the high polarity of the C-F bond, there are few enzymes
that have evolved to take advantage of fluorine’s unique properties
to achieve substrate selectivity. FIK has evolved to exploit multiple
distinct features of the C-F bond, including both its polarity and its
hydrophobicity, to achieve its remarkable substrate selectivity. While
our previous work has shown that FIK relies in part on the high
inductive polarization of the C-F bond to discriminate fluoroacetyl-
CoA from its nonfluorinated congener, the results reported here
show that the increased hydrophobicity of the C-F unit is also an
important component for entropically driven substrate selectivity.
This mechanism of fluorine discrimination is distinct from that found
in analyses of synthetic enzyme inhibitors, in which enhanced ligand
affinity conferred by fluorine is typically mediated by multiple di-
polar interactions (4, 41). Taken together, these studies provide
insight into naturally selected molecular recognition of fluo-
rine and identify mechanisms for the design of bioactive
fluorinated small molecules and fluorine-selective biocatalysts.

Materials and Methods

Competitive Inhibition of FIK with Substrate Analogs. Steady-state kinetic
experiments were performed using 5,5’-dithiobis-(2-nitrobenzoic acid) (DTNB) to
detect release of free CoA as described previously (21). Enzymatic reactions
were initiated by addition of wild-type or F36A FIK (5 nM for fluoroacetyl-CoA
or 10 pM for acetyl-CoA) to reaction mixtures containing either fluoroacetyl-
CoA (5-100 pM) or acetyl-CoA (100-1,000 1M) as the substrate. When included,
competitive inhibitors were added at a concentration at or above the K. Each
rate was measured in triplicate. Kinetic parameters (k..t and Ky) were de-
termined by fitting the data to the equation Vo = Vox[SI/(Kw + [S]), where Vj is
the initial rate and [S] is the substrate concentration, using Origin 6.0 (OriginLab
Corporation). The K; was calculated according to the equation K; = [1//(x — 1),
where [I] is the inhibitor concentration and « is Ky,app/Km-

Isothermal Titration Calorimetry. ITC experiments were performed on a Microcal
AutoiTC200 (GE Healthcare). Wild-type and F36A FIK were dialyzed against 100 mM
Tris-HC, pH 7.6 at 4 °C for at least 16 h. Acyl-CoA analog ligands were dissolved in
water, carefully neutralized with 1 M NaOH, and lyophilized. The lyophilized
powder was dissolved in the same dialysis buffer used for protein buffer exchange
immediately before the experiment. Titrations were performed under low c-value
conditions (43) in which a large (10-100-fold) excess of ligand was titrated into
the protein solution. Acyl-CoA analogs (7.5-25 mM) were titrated into the cell
containing wild-type or F36A FIK (15-100 uM) using a preinjection (0.5 uL) fol-
lowed by 13 additional injections (3.2 pL). The preinjection point was discarded,
and data were baseline corrected and integrated. Nonlinear curve fitting using
the one set of sites model in Origin 7.0 software (Microcal) was used to determine
the binding constant (K), the heat change (AH), and the entropy change (AS).
Due to the nature of the low c-value experimental design (43), stoichiometry of
the interaction could not be fit and was held constant at 1:1 ligand:protein, a
reasonable assumption based on the available structural information. Errors in
the thermodynamic parameters are derived from nonlinear curve fitting.

"H/"3C HSQC NMR Experiments. The samples used for NMR experiments con-
sisted of 160-280 pM of '*C-labeled FIK constructs in 50 mM sodium phos-
phate pH 7.6, 100 mM NaCl containing 10% deuterium oxide. Analog
ligands (FACCCoA and AcCCoA) were added from concentrated stock solu-
tions in water. The 2D 'H/'3C TROSY-HSQC experiments were performed on
a Bruker Avance Il 900 MHz spectrometer equipped with a TCl cryoprobe at
298 K, and the resulting spectra were processed using Topspin version 3.2.

Complete Materials and Methods. Detailed procedures for the methods are
described above, and additional experiments can be found in the S/ Ap-
pendix, SI Materials and Methods. A full description of materials and
methods, as well as supporting sequence alignments, NMR spectra, ITC, and
biochemical data are available in S/ Appendix, SI Materials and Methods.
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