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ABSTRACT: Human ornithine aminotransferase (hOAT), a pyridoxal
5′-phosphate-dependent enzyme, plays a critical role in the progression
of hepatocellular carcinoma (HCC). Pharmacological selective inhibition
of hOAT has been shown to be a potential therapeutic approach for
HCC. Inspired by the discovery of the nonselective aminotransferase
inactivator (1R,3S,4S)-3-amino-4-fluoro cyclopentane-1-carboxylic acid
(1), in this work, we rationally designed, synthesized, and evaluated a
novel series of fluorine-substituted cyclohexene analogues, thereby
identifying 8 and 9 as novel selective hOAT time-dependent inhibitors.
Intact protein mass spectrometry and protein crystallography demon-
strated 8 and 9 as covalent inhibitors of hOAT, which exhibit two distinct
inactivation mechanisms resulting from the difference of a single fluorine
atom. Interestingly, they share a similar turnover mechanism, according
to the mass spectrometry-based analysis of metabolites and fluoride ion release experiments. Molecular dynamics (MD) simulations
and electrostatic potential (ESP) charge calculations were conducted, which elucidated the significant influence of the one-fluorine
difference on the corresponding intermediates, leading to two totally different inactivation pathways. The novel addition-
aromatization inactivation mechanism for 9 contributes to its significantly enhanced potency, along with excellent selectivity over
other aminotransferases.

■ INTRODUCTION

Hepatocellular carcinoma (HCC), which accounts for 90% of
primary liver cancer, is the second most common cause of
cancer death worldwide.1−4 To date, there is no effective
treatment for HCC, as it is typically diagnosed at advanced
disease stages and tumors are typically refractory to systemic
treatment with the standard-of-care receptor tyrosine kinase
inhibitor, sorafenib, and radiotherapy.5−8 Human ornithine
aminotransferase (hOAT) is a pyridoxal 5′-phosphate (PLP)-
dependent enzyme9 with roles in inborn errors of metabo-
lism10 and hepatocellular carcinoma (HCC) progression.11

Mechanistically, two coupled half-reactions are involved in the
transamination cycle of hOAT (Figure 1). In the first-half
reaction, hOAT catalyzes the conversion of PLP and ornithine
to pyridoxamine phosphate (PMP) and glutamyl-5-semi-
aldehyde, which spontaneously cyclizes to Δ1-pyrroline-5-
carboxylate (P5C).12 The P5C generated can be further
converted to proline by pyrroline-5-carboxylate reductase
(PYCR).13,14 In the second-half reaction, PMP and α-
ketoglutarate (α-KG) are converted to PLP and L-glutamate
(L-Glu), which also can be converted to P5C by pyrroline-5-
carboxylate synthase (P5CS). Mounting evidence indicates
that proline metabolism plays an important role in metabolic

reprogramming to sustain cancer proliferation along with the
upregulated synthesis of P5C as a central intermediate.15−17

Metabolic reprogramming in HCC is characterized by the
activation of the proline/hydroxyproline metabolic pathway,
which supports HIF1a-dependent tumor progression and
sorafenib resistance.18 Furthermore, the glutamate generated
by hOAT can be converted to glutamine by glutamine
synthetase (GS) (Figure 1),which supports anabolic and
proliferative cell programs.19 hOAT and glutaminogenic
enzymes are found to be strongly activated and commonly
overexpressed in HCC because of aberrant, oncogenic Wnt/β-
catenin signaling.20,21 The selective inhibition of hOAT has
been shown to effectively suppress HCC tumor growth in
vivo.11 More recently, the specific knockdown of hOAT was
also found to suppress the growth of nonsmall cell lung cancer
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(NSCLC) in vitro and in vivo.22 Taken together, hOAT plays
an important role in the metabolic reprograming of HCC via
proline and glutamine metabolic pathways, and the selective
inhibition of hOAT serves as a promising therapeutic strategy
for the treatment of HCC and other related cancers.
Among 14 known aminotransferases, hOAT belongs to the

same subgroup as γ-aminobutyric acid aminotransferase
(GABA-AT) because of their similarities in primary
structures.23 hOAT and GABA-AT have very similar active
sites,24 so it is not surprising that some potent inhibitors of
GABA-AT also inhibit hOAT.11 Over many years, our
laboratory has been focusing on the rational design of
mechanism-based inactivators (MBIs) of GABA-AT.25 MBIs
are unreactive alternate substrates for target enzymes, which
are converted to active species in the catalytic site and then
lead to inactivation via covalent bonding with the enzyme,
tight-binding inhibition, or any functionally irreversible
inhibition mechanism.26 For example, (1R,3S,4S)-3-amino-4-
fluorocyclopentane-1-carboxylic acid (1) was reported to
inactivate hOAT27 and GABA-AT28 via the same enamine
mechanism, as shown in Scheme 1. The proposed inactivation
mechanism is initiated by the formation of Schiff base 2, which
is subjected to rate-determining deprotonation and in situ
elimination of fluoride ion to afford intermediate 4. Active
enamine 5 is formed via a Schiff base exchange reaction, and
the subsequent nucleophilic addition of 5 to the Lys-bound
PLP complex yields covalent adduct 6.

Because MBIs are inert until they are activated in the active
site, undesirable off-target effects can be greatly reduced. More
importantly, these inactivators can demonstrate higher potency
and selectivity than traditional inhibitors even at a lower
dosage.11,29,30 In 2015, GABA analogue 7 (Figure 2) was

reported as a selective MBI of hOAT, which dramatically
reduced α-fetoprotein levels (a biomarker for HCC) and
suppressed in vivo HCC tumor growth at doses of 0.1 and 1.0
mg/kg.11 Very recently, the inactivation mechanism of 7 was
also revealed.31

We have been interested in discovering potent and selective
hOAT inactivators that have novel inactivation mechanisms.
Herein, we rationally designed and synthesized fluorine-
substituted cyclohexene-based GABA analogues 8−11 (Figure
2) based on the cyclopentane-based analogue 1. Among them,
compound (9) is 23 times more efficient as an inactivator of
hOAT than 7, along with excellent selectivity over other
aminotransferases (e.g., GABA-AT). We also elucidated the

Figure 1. Metabolic pathway for ornithine.

Scheme 1. Mechanism of Inactivation of hOAT and GABA-AT by 1

Figure 2. Structures of selective hOAT inactivators 7 and fluorine-
substituted cyclohexene analogues 8−11.
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inactivation and turnover mechanisms for 8 and 9 through
mass spectrometry, crystallography, and various other bio-
chemical methods and can conclude that a difference of a
single fluorine atom dramatically alters the inactivation
mechanism.

■ RESULTS AND DISCUSSION
Design of Novel OAT Inactivators. Similar binding

pockets are observed in hOAT and GABA-AT, which produce
virtually identical distances between the anchor points of the
ligands. Interestingly, Tyr55 in hOAT partially occupies a
similar steric space as does Phe351 in GABA-AT. The more

hydrophobic Phe351 residue intrudes into the active site of
GABA-AT so that only the smaller GABA molecule can fit; the
hOAT catalytic site is more flexible and larger to accommodate
ornithine that is one carbon longer than GABA.32 Further-
more, the unique Tyr55 residue provides the potential of
forming extra hydrogen bonds with the more hydrophilic
substrate in the active site of hOAT.31 Previously, cyclo-
pentane-based GABA analogue 1 was identified as a dual
inhibitor against hOAT and GABA-AT. Because of the
relatively small size of 1, it can fit into the catalytic pockets
of hOAT and GABA-AT, consistent with its poor selectivity.27

Thus, we hypothesized that the relatively larger sizes of

Scheme 2. Possible Inactivation Mechanisms for 8 and 9
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cyclohexene derivatives 8−11 could potentially improve their
hOAT selectivity over GABA-AT (Figure 2). In addition, the
incorporation of a double bond at the α/β-position (8/9)
could possibly enhance the inhibitory activity33 compared with
the double bond isomers 10/11, potentially by increasing the
acidity of the proton adjacent to the amino group.
MBIs usually act as substrates initially, followed by the

formation of active intermediates at the catalytic site, which
then inactivate the enzymes through different mechanistic
pathways. Therefore, a proposal of the inactivation mechanism
plays an important role in the early stage of rational design of
potential MBIs. Three possible inactivation mechanisms for 8/
9 are proposed in Scheme 2. All of the mechanisms are
initiated by Schiff base formation (12a/12b) with subsequent
HF elimination to give reactive species 14a/14b, based on the
known mechanism of 1 (Scheme 1). Mechanistic pathway a is
similar to the inactivation mechanism of 1, in which active
enamine 15a/15b could be released after transimination of
14a/14b with Lys292. The subsequent enamine addition could
lead to inactivation with the formation of adducts 16a/16b.
The second fluoride ion of adduct 16b could be further
released to afford aromatic adduct 17. Mechanistic pathway b
is a direct aromatization of 14a/14b to yield a tight binding
adduct 20a/20b, which is similar to the inactivation
mechanism of another fluorinated cyclohexene analogue.34

Mechanistic pathway c involves nucleophilic addition of
Lys292 to conjugated olefin 14a/14b, yielding adducts 21a/
21b.
In the case of 21b, it is possible to form a more stable

covalent aromatic adduct (26) after the elimination of the
second fluoride ion.

Molecular Docking. To better understand the difference
in steric hindrance between ring sizes, molecular docking
studies35 for 1 and 8 were employed to mimic their binding
poses at the active sites of GABA-AT and hOAT, compared
with the native substrates. As shown in Figure S1A, GABA
binds in the active site of GABA-AT and establishes hydrogen
bonds with residues Arg192, Tyr69, and Glu270. This putative
binding pose of GABA positions its γ-amino group close to the
Lys329-PLP complex and facilitates the subsequent Schiff base
exchange. The binding model of 1 demonstrates similar
hydrogen bonds with these residues (Figure S1B). However,
molecular docking shows 8 forms a more stable hydrogen
bond with His206 to avoid the potential clash with residue
Phe351 (Figure S1C), which potentially impedes its initial
reaction with Lys329-PLP complex. Comparably, the binding
model of ornithine with hOAT shows the δ-amino group goes
deep into the active site and forms a distinct hydrogen bond
with Thr322 (Figure S1D), which positions it close to the
Lys292-PLP complex. The amino group of 8 forms a similar
hydrogen bond with Thr322 in the docking model (Figure
S1E), while the docking pose of 1 indicates it forms a hydrogen
bond with Glu325 instead (Figure S1F). These docking results
indicate that the larger cyclohexene analogues as substrates are
favored in the hOAT active site but disfavored in the GABA-
AT active site when compared with 1, which matches our
design strategy described above.
The chirality of the γ-position of MBIs was found to be very

important for the inactivation process and for retaining their
inhibitory activity.25 Interestingly, the enantiomer of 8 shows a
similar binding pose in the active site of hOAT (Figure S1G).
Lys-assisted deprotonation at the γ-position proved to be the

Scheme 3. Syntheses of Fluorine-Substituted Cyclohexene Derivatives 8-11a

aConditions: (a) NaHCO3, I2, KI, H2O, 0 °C to r.t., overnight; (b) NaOH, EtOH, 0 °C to r.t., 3 h; then ammonia solution (28−30%), EtOH, 45
°C, overnight; (c) 4-anisaldehyde, AcOH, NaBH(OAc)3, DCE, 75 °C, overnight; (d) XtalFluor-M, (HF)3Et3N, DCM, in a plastic container, r.t.,
overnight; (e) Pd(OH)2, Boc2O, MeOH, EtOAc, r.t., overnight; (f) PhSeCl, KHMDS (1 M in THF), −78 °C; (g) m-CPBA, DCM, r.t., 2 h; (h)
HCl (4M), AcOH, 80 °C, overnight; (i) Boc2O, EtOH, 0 °C to r.t., 5 h; (j) PCC, DCM, r.t., overnight.
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rate-determining step in earlier analogues.36 Thus, the
molecule docking study was also conducted to predict the
binding poses of active intermediates 12a (Figure S1H) and its
enantiomer (Figure S1I) at the catalytic pocket of hOAT. Both
carboxylate moieties of these intermediates establish hydrogen
bonds with Tyr55 and Arg180, while the different chirality of
the 12a-enantiomer forces its γ-proton to face the other side,
which points away from the catalytic Lys292 (3.0 Å vs 5.3 Å).
This docking simulation is also consistent with the observation
of earlier inactivators and supports the synthesis of chirally
pure analogues.
Syntheses of Fluorine-Substituted Cyclohexene Ana-

logues 8−11. The synthetic route for 8−11 is shown in
Scheme 3. The di-PMB intermediate (29) was afforded from
chirally pure starting material 27 by three sequential steps:
intramolecular annulation, stereoselective epoxide ring-open-
ing, and reductive amination with excess anisaldehyde. The
obtained intermediate (29) was treated with XtalFluor-M and
(HF)3Et3N to exclusively yield trans-isomer 30 in moderate
yields in which an aziridinium mechanism pathway might be
involved.37 The direct conversion from di-PMB protected
intermediate 30 to Boc-protected intermediate 31 was
achieved by Pd(OH)2 catalyzed hydrogenation in the presence
of Boc2O. Intermediate 31 was treated with PhSeCl and
KHMDS, followed by oxidative elimination with m-CPBA to
yield olefin isomers 32a and 32b, which were separated by
chromatography and then deprotected to 8 and 10,
respectively. On the basis of a previous report, alcohol 3338

can be prepared from chirally pure 27; 33 was then oxidized by
PCC to give ketone 34. After screening various fluorination
reagents and reaction temperatures, key intermediate 35 was
afforded in moderate yields, which avoided the production of
monofluoroalkene impurities.39 Using the same method used

to make 8 and 10, intermediate 35 was converted to
difluoroolefin isomers 36a and 36b, which were further
deprotected to 9 and 11, respectively.

Kinetic Studies of Fluorine-Substituted Cyclohexene
Analogues. In vitro studies showed that fluorine-substituted
cyclohexene analogues 8-11 inhibited hOAT with good
selectivity over GABA-AT (Table 1). The results show that
the six-membered ring analogues have a lower binding affinity
to GABA-AT than 1 with much greater KI values, indicating
that the larger ring size potentially interferes with binding
interactions between the analogues and GABA-AT, which has
a relatively small and rigid active site. The selectivity is
consistent with our initial design strategy and docking results
for the initial binding step (Figure S1A−F).
The introduction of a double bond at the α/β-position or

another fluorine at the δ-position significantly enhances the
inactivation efficiency against both hOAT and GABA-AT,
which could possibly result from the reduced acidity of the γ-
position or the change in inactivation mechanisms. Among
them, the best compound (9, kinact/KI = 20.33 min−1mM−1) is
23 times more efficient as an inactivator of hOAT than 7
(kinact/KI = 0.87 min−1mM−1), which exhibited potent in vivo
antitumor efficacy.11 Moreover, 9 displayed good selectivity
over GABA-AT with lower efficiency constants (pH 8.0, kinact/
KI = 1.52 min−1mM−1; pH 6.5, kinact/KI = 0.18 min−1mM−1)
and little or no inhibitory activities against aspartate amino-
transferase (Asp-AT) and alanine aminotransferase (Ala-AT),
even at high concentrations (5−20 mM, Figure S2).
Inactivation mechanisms of 8 and 9 were studied for a better

understanding of the capabilities of the aminotransferase and
for future rational design of new inactivators. To determine if
any of the aforementioned mechanisms (Scheme 2) are
responsible for the inactivation of hOAT by 8 and 9, we carried

Table 1. Kinetic Constants for the Inactivation of hOAT and GABA-AT by 1, 7-11, and (S)-Vigabatrina

hOAT GABA-AT

Compound KI (mM) kinact (min−1) kinact/KI (mM−1min−1) KI (mM) kinact (min−1) kinact/KI (mM−1min−1)

8 0.031 ± 0.007 0.080 ± 0.007 2.56 2.53 ± 0.71 0.098 ± 0.011 0.039
9 0.0023 ± 0.0007 0.048 ± 0.004 20.33 >0.12b >0.18b 1.52 ± 0.09b

1.1 ± 0.14c 0.20 ± 0.001c 0.18c

10 4.38 ± 0.86 0.075 ± 0.005 0.017 4.28 ± 2.05 0.028 ± 0.005 0.0065
11 0.54 ± 0.017 0.083 ± 0.013 0.15 >9.63b >0.29b 0.030 ± 0.001b

1 1.40 ± 0.041 0.086 ± 0.01 0.06 0.078 ± 0.04 0.017 ± 0.002 0.22
7 0.065 ± 0.010 0.057 ± 0.003 0.87
(S)-vigabatrin 0.29 ± 0.09 0.21 ± 0.03 0.72

3.2c,d 0.37c,d 0.11c,d

akinact and KI values were determined by the equation: kobs = kinact*[I]/(KI + [I]) and are presented as means and standard errors. bRatio of kinact/KI
was determined by the slope of kobs = kinact*[I]/(KI + [I]). kinact is greater than maximum kobs, which was determined in a time-dependent assay; KI
is greater than kobs(max)/ratio. cAssays tested at pH 6.5. dReference 40.

Table 2. Mass Differences of Proposed Adducts between Experimental and Theoretical Mass Values of Native/Modified hOAT

Cmpd.
Mechanistic
pathways Adducts

Theoretical mass
difference

Experimental mass of native
hOATa

Experimental mass of modified
hOATa

Experimental mass
difference

8 a 16a 369.08 46136.79 ± 0.27 46506.08 ± 0.21 369.29
b 20a 0
c 22 368.06 or 138.03

9 a 16b 387.05 46138.32 ± 0.10 46504.66 ± 0.13 366.34
17 366.06

b 20b 0
c 26 366.06

aValues are presented as means and standard errors.
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out a series of experiments, including dialysis and fluoride ion
release studies, and obtained protein mass spectra and crystal
structures of the inactivated enzymes.
Dialysis. Although 8 and 9 were designed to inactivate

hOAT via a covalent or tight-binding mechanism, time-
dependent reactivation of hOAT was carried out to determine
if reversible components were also involved during the
inactivation.30 After hOAT activity was partially or fully
abolished by 4−25 equiv of 8 or 0.6−2.0 equiv of 9, they were
dialyzed, and aliquots at different time intervals were collected
and assayed for return of enzyme activity. No enzyme activity
was recovered after 48 h of dialysis (Figure S3), indicating
complete irreversible inhibition of hOAT.
Intact Protein Mass Spectrometry of hOAT Modified

by 8 or 9. Intact protein mass spectrometry has served as an
efficient tool to determine the covalent adducts or tight
binding adducts of modified aminotransferases.31,41 Notably,
the hydrolysis of imine groups and loss of PLP or PMP were
commonly observed.31 With the existing unstable groups in
native hOAT or potential covalent adducts being taken into
account, the theoretical mass differences were calculated as
shown in Table 2. When hOAT was inactivated by 8, one
modified species (46506.08 ± 0.21 Da) was observed by mass
spectrometry. A mass shift of +369.29 Da was observed, which
corresponds to adduct 16a in pathway a (Scheme 2). In the
case of 9, a mass shift of +366.34 Da was observed from the
native enzyme (46138.32 ± 0.10 Da) and one modified species
(46504.66 ± 0.13 Da) detected by mass spectrometry. This
mass shift corresponds to either adduct 17 in pathway a or
adduct 26 in pathway c (Scheme 2).
X-ray Crystallography of hOAT Inactivated by 8 or 9.

Although a highly accurate mass shift of +369.29 Da was
observed in the intact protein mass spectrum of hOAT
inactivated by 8, there is only a 1.02 Da difference between
adducts 16a and 22. In addition, it is difficult to distinguish
adducts 17 and 26 by intact protein mass spectrometry of
inactivated hOAT by 9. To better interpret the inactivation
mechanism(s) for 8/9, protein crystallography of hOAT
inactivated by 8/9 was conducted to confirm the adducts
formed in the active site, respectively.

The structure of hOAT inactivated by 8/9 was solved by
molecular replacement using a monomer from a previously
reported structure of hOAT (PDB code 1OAT), after all water
molecules and ligand atoms were deleted. For hOAT-8, in
space group C121, one asymmetric unit was found to contain 3
monomers. Two monomers in the asymmetric unit formed a
biological assembly as a homodimer. The third monomer
formed a homodimer with another monomer present in
another asymmetric unit. For hOAT-9, in space group P3112,
one asymmetric unit was also found to contain 3 monomers.
The biological assemblies can be observed through crystallo-
graphic symmetry. Final models for hOAT-8 and hOAT-9
were refined to a resolution of 2.20 and 1.90 Å, with RFree/
Rwork values of 15.70%/19.90% and 27.49%/23.98%, respec-
tively. Final refinement statistics are presented in Table S1. A
polder map42 for each structure was generated by omitting
PLP, ligand, and Lys292 (Figure S4). The density for PLP was
clearly represented in the polder map for both structures.
Densities for 8 and 9 were also observed, clearly showing the
presence of a ring and carboxylate moiety, as expected for the
final adducts. The solved structures of hOAT-8/9 have been
deposited in the PDB bank (PDB codes: 6V8D and 6V8C).
Ternary adducts were observed within both active sites of

hOAT-8 and hOAT-9. As seen in Figure S5, 8 and 9 reacted
with and covalently linked to both PLP and Lys292, albeit at
different positions, each forming ternary adducts. In the
hOAT-8 crystal structure, PLP and Lys292 are linked with the
inactivator at a central carbon atom, affording 16a. This result
agrees with the MS data and rules out 22 as the final adduct,
where PLP and Lys292 form covalent bonds at different
positions with the inactivator. Therefore, pathway a is the most
probable mechanism of inactivation by 8, rather than pathway c
(Scheme 2). In the hOAT-9 crystal structure, Lys292 and PLP
form covalent bonds with the inactivator to give 26. No
density was observed to suggest a fluorine atom remained on
the adduct. The complete loss of fluorine and the presence of
covalent bonds on the adduct thereby excludes pathway b
(Scheme 2) as a possible mechanism for inactivation, as was
concluded by intact protein mass spectrometry. The ternary
adduct in the active site of hOAT-9 is linked at two separate
positions along the ring, rather than at a central atom as in 17.

Figure 3. Co-crystal structures of hOAT inactivated by 8 (left) and 9 (right).
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The electron density generated by the polder map (Fo-Fc)
completely encloses the C−N bond formed between the lysine
and PLP, suggesting 9 inactivates hOAT via pathway c to 26
(Scheme 2). Furthermore, Thr322 is positioned at the center
of the six-membered ring and appears to form a lone-pair−
aromatic interaction43 (2.9 Å) with the adduct (Figure S5),
which supports the formation of 26.
As shown in Figure 3 (right), both oxygen atoms on the

carboxylate of 26 establish hydrogen bonds with Tyr55 (2.7
and 3.3 Å), whereas only one oxygen atom on the carboxylate
of 16a (Figure 3, left) was observed to engage in a hydrogen
bond with Tyr55 (2.7 Å). The interaction with Tyr55 has
precedence; there is a similar interaction in the crystal
structure of inactivated hOAT-7.31 The carboxylates of both
16a and 26 were observed to form an n-π* interaction with the
peptide backbone of Gly320 (both 3.3 Å) but no interaction
with Arg180, which is essential for native substrate
recognition.43 Tyr55 is a unique residue in the active site of
hOAT, compared with that of GABA-AT, which is assumed to
form a hydrogen bond with the α-amino group of
ornithine.44,45 The interaction of GABA analogues 8 and 9
with Tyr55 contributes to their high potency, even though they
are one carbon less than the native substrate ornithine.
Turnover Mechanism. Previously, it was found that 1 can

be converted to metabolites by aminotransferases, with the
release of PLP or PMP.27 Considering the structural similarity
between 1 and 8/9, two possible turnover pathways are
proposed, as shown in Scheme 4. Schiff base formation of PLP
with 8/9 and subsequent lysine-assisted deprotonation yields
intermediates 13a/13b. Intermediates 13a/13b could be
converted to intermediates 37a/37b via direct protonation of
the coenzyme. The formed imines could be further hydrolyzed
with the release of PMP and metabolites 38a/38b. This PMP
turnover mechanism is similar to the degradation of ornithine
by hOAT. Intermediates 13a/13b also could undergo
elimination of fluoride ion and hydrolysis of the imine with
release of enamines 15a/15b, which could be hydrolyzed to
afford ketones 39a/39b. In this PLP turnover mechanism, the
regenerated PLP would further form Schiff bases with
inactivators even in the absence of α-KG. To determine if
any of the above turnover mechanisms are involved during the
inactivation process of hOAT by 8 and 9, we carried out a
partition ratio experiment, determination of fluoride ion
release, and mass spectrometric analysis of metabolites for
these two inactivators.
Partition Ratio and Fluoride Release. The partition

ratio is the ratio of the compound acting as a substrate relative
to the compound inactivating the enzyme. Ideally, a plot of
enzyme activity remaining vs equivalents of compounds added
will give a straight line from 100 to 0% enzyme activity
remaining. The intercept with the x-axis gives the number of
inactivator molecules required to inactivate each enzyme
molecule (the turnover number). This number includes the
one molecule of inactivator required to inactivate the enzyme;
consequently, the partition ratio is the turnover number minus
one (assuming there is a 1:1 stoichiometry of inactivator to
enzyme). Therefore, the partition ratios of 8/9 were
determined by titrating the enzyme with varying equivalents
of inactivator with a known amount of hOAT (Figure S6). The
linear relationship was extrapolated to yield the exact
equivalents required to inactivate the enzyme completely.
From this, we determined the partition ratio of 8 to be 22.0
and the partition ratio of 9 to be 0.8.

Different equivalents of fluoride ions can be released in PLP
and PMP turnover pathways.29,31 In the absence of α-KG, if
PMP is formed in the turnover mechanism, it cannot be
converted back to PLP, which results in less than one
equivalent of fluoride ion released. If PLP is regenerated during
the turnover mechanism after fluoride ion is released, multiple
equivalents of fluoride ions will be released. The number of
fluoride ions released per enzyme turnover can be detected
using a fluoride ion selective electrode. When hOAT is
inactivated with an excess of 8 in the absence of α-KG, 22.7
equiv of fluoride ions were released per enzyme active site
(Table S2). In the case of 9, 2.9 equiv of fluoride ions were
released per enzyme active site (Table S2). These results
indicate that turnover mechanisms of 8 and 9 must regenerate
PLP as part of the turnover mechanism with the release of
additional equivalents of fluoride ion before inactivation, which
is consistent with their partition ratios, respectively.

Mass Spectrometry-Based Analysis of Metabolites.
After size exclusion filtration of inactivated hOAT samples 8/9,
the filtrate was analyzed by untargeted metabolomics (±ESI
HRMS) to detect metabolites. As shown in Figure S7,
metabolites 39a (m/z 139.0393, [M-H]−1) and 39b (m/z
157.0301, [M-H]−1) in the PLP turnover pathway were
detected and confirmed by their fragmentation spectra.
Standards of PLP and PMP were monitored by HRMS, and
the HCD-based fragmentation of precursors was used to
confirm metabolite detection and retention time (Figure
S8A,B). In both samples of 8 and 9, only PLP was detected

Scheme 4. Proposed Turnover Mechanism for 8 or 9 by
hOAT
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by mass spectrometry (m/z 248.0316, [M + H]+1); neither
PMP nor adducts of PMP were observed (Figure S8C,D).
Overall, metabolomic results indicate these two compounds
undergo a similar PLP regeneration turnover mechanism
(Scheme 4).
Plausible Mechanisms for 8 and 9 with hOAT. On the

basis of the above inactivation and turnover mechanism
studies, a modified mechanism pathway for inactivator 8 is
shown in Scheme 5. Schiff base 12a is initially formed and

subsequently deprotonated to afford intermediate 13a. On the
basis of the fluoride ion release experiment and the
metabolomics results, intermediate 13a is fully converted to
intermediate 14a. Schiff base 14a is then attacked by Lys 292
at the PLP imine position instead of the conjugate olefin
position. According to the partition ratio of 8, only 4% of
active enamine 15a attacks the Lys-PLP complex for
inactivation (pathway a), and 96% of that is hydrolyzed to
yield 39a (pathway b).

Scheme 5. Plausible Mechanism for 8 with hOAT

Scheme 6. Plausible Mechanism for 9 with hOAT
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As shown in in Scheme 6, a modified mechanism pathway
for inactivator 9 is proposed. Although active intermediate 14b
is formed via a similar fluoride ion release process, inactivation
occurs by lysine addition at the conjugated double bond. The
formed adduct is further converted to the more stable aromatic
adduct (26; 56%, pathway a), and 44% of intermediate 14b is
converted to inert enamine 15b, which does not attack the Lys-
PLP complex, and is hydrolyzed to yield metabolite 39b
instead (pathway b).
The structure of adduct 16a/26 was confirmed by intact

protein MS and its crystal structure complex, and the
corresponding metabolite 39a/39b was detected by mass
spectrometry, along with multiple equivalents of fluorine ion
released. Taken together, the difference of a single fluorine
atom results in different inactivation mechanism pathways for
8 (enamine pathway) and 9 (addition-aromatization pathway)
but by the same turnover mechanism (PLP pathway).
Molecular Dynamics (MD) Simulations and Electro-

static Potential (ESP) Charge Calculations. Although very
similar intermediates (14a/14b and 15a/15b) are formed
during inactivation by 8 and 9, the resulting covalent adducts
(16a and 26, respectively) are quite different. Previously,
different inactivation mechanisms for alanine racemase
inhibitors were demonstrated as a result of a different number
of fluorines (one-fluorine vs three-fluorines).46 For a better
understanding of the impact the additional fluorine atom had
on these intermediates, molecular docking/dynamics and ESP
charge calculations were carried out to demonstrate their

binding poses in the catalytic pocket of hOAT and reaction
affinity with Lys292 or the Lys292-PLP complex.
As shown in Figure 4A, the docking poses of 14a and 14b

are almost identical in the active site of hOAT, where Lys292
lies in the middle of two potential electrophilic sites: the
carbon of the PLP imine moiety (C4′) and the terminal carbon
of the conjugated olefin (Cδ). Molecular dynamics simulations
were conducted to calculate the average distance between the
nitrogen of the nucleophilic Lys292 (NLys) and the C4′/Cδ

positions of 14a/14b, respectively (Figure 4B). The average
distance of NLys-C4′ (4.3 Å) and NLys-Cδ (4.1 Å) in 14a is very
similar, whereas the C4′ of 14b is closer to the NLys (5.0 Å)
than the Cδ of 14b (6.6 Å), with an average difference of 1.6 Å.
The average dihedral angles between the cyclohexadiene rings
and the pyridine rings were also monitored during the
molecular dynamics simulations (Figure S9). The average
dihedral angle of 14b (−148.26°) is much closer to −180°
(fully conjugated) than that of 14a (−91.64°; orthogonal and
not in conjugation), indicating that the olefin in 14b has a
greater propensity to conjugate with the pyridine ring. ESP
charges (Figure S10) and electron density/electrostatic
potential maps (Figure 5) for intermediates 14a/b and 15a/
b were calculated to evaluate the impact of the additional
fluorine atom. The significant differences are demonstrated
between Cδ-14a (−0.28) and Cδ-14b (+0.49) with the
introduction of an additional fluorine atom, as well as Cδ-
15a (−0.70) and Cδ-15b (+0.07), while the charge at C4′-14a
(+0.42) is close to that at C4′-14b (+0.45). Therefore, from the
molecular dynamics simulation (Figure 4) the accessibility of

Figure 4. Molecular docking of 14a (orange) and 14b (blue) in the active site of hOAT (left); distance changes between NLys and Cδ /C4′ of 14a
and 14b during molecular dynamics (right).

Figure 5. Electron density maps colored coded to the electrostatic potential of intermediates and ESP charges of Cδ and C4′.
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Lys292 to Cδ-14a and C4′-14a is similar, but the dihedral angle
(−91.64°) and carbon charges (−0.28 vs +0.42) significantly
disfavor nucleophilic attack of Lys292 on the olefin of 14a;
attack at C4′ gives enamine 15a and leads to final adduct 16a
(Scheme 5). In the case of 14b, the distance NLys-C4′ is favored
for nucleophilic attack of Lys at C4′ of 14b relative to Cδ of 14b
(5.0 Å vs 6.6 Å), but the electrophilicity of the Cδ of 14b is
greatly enhanced by the additional fluorine atom, resulting in
the generation of final adduct 26 and inactive enamine 15b,
which gets protonated and hydrolyzed to 39b (Scheme 6). The
additional fluorine atom in 15b significantly decreases its
nucleophilicity, which prevents the formation of adducts 16b
and 17 (Scheme 2). Both molecular docking/dynamics and
ESP charge calculations clearly rationalize our observations
during the inactivation of hOAT by 8 and 9.

■ CONCLUSIONS
Over the past few years, selective inhibition of human
ornithine aminotransferase (hOAT) has been gradually
recognized as a potential treatment for cancers, especially
hepatocellular carcinoma (HCC).11 On the basis of the known
inactivation mechanism for nonselective inactivator 1,31 a
novel class of fluorine-substituted cyclohexene analogues (8−
11) was rationally designed, with the aid of molecular
dynamics simulations and docking, synthesized, and evaluated.
Among them, analogues 8 and 9 showed significantly improved
inhibitory activities against hOAT with excellent selectivity
over GABA-AT, compared with 1 (Table 1). Inactivation
pathways for 8 and 9 were elucidated by mass spectrometry
and crystallography with the aid of a dialysis experiment, total
turnover, and measurement of fluoride ion release. While
monofluoro substituted analogue 8 inactivates hOAT via an
enamine pathway (Scheme 2, pathway a), difluoro analogue 9
inactivates hOAT via a novel addition-aromatization mecha-
nism (Scheme 2, pathway c), contributing to its significantly
enhanced potency. Notably, strikingly accurate masses of intact
protein were obtained with errors of less than 1 Da, thereby
allowing the facile determination of adduct masses prior to
their crystal structures (Table 2). Interestingly, despite the
difference in inactivation mechanisms, the turnover mecha-
nisms for 8 and 9 by hOAT are almost identical (Scheme 4,
the PLP pathway), and the metabolites were identified with the
aid of targeted mass spectrometry. The plausible inactivation
and turnover mechanisms for 8 and 9, supported and
rationalized by the use of molecular dynamics (MD)
simulations and electrostatic potential (ESP) charge calcu-
lations, indicate that a single fluorine atom difference in
molecules can control enzyme inactivation mechanisms.
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PMB, p-methoxybenzyl; XtalFluor-M, (diethylamino)-
difluorosulfonium tetrafluoroborate; Boc, tert-butyloxycarbon-
yl; KHMDS, potassium bis(trimethylsilyl)amide; DCM,
dichloromethane; DCE, 1,2-dichloroethane; THF, tetrahydro-
furan; m-CPBA, m-chloroperoxybenzoic acid; PCC, pyridi-
nium chlorochromate; Boc2O, di-tert-butyl decarbonate
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