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Abstract

The inhibition of ornithine aminotransferase (OAT), a pyridoxal 5′-phosphate-dependent enzyme, 
has been implicated as a treatment for hepatocellular carcinoma (HCC), the most common form of 
liver cancer, for which there is no effective treatment. From a previous evaluation of our 
aminotransferase inhibitors, (1S,3S)-3-amino-4-(perfluoropropan-2-ylidene)cyclopentane-1-

carboxylic acid hydrochloride (1) was found to be a selective and potent inactivator of human OAT 
(hOAT), which inhibited the growth of HCC in athymic mice implanted with human-derived HCC, 

even at a dose of 0.1 mg/kg. Currently, investigational new drug (IND)-enabling studies with 1 are 

underway. The inactivation mechanism of 1, however, has proved to be elusive. Here we propose 
three possible mechanisms, based on mechanisms of known aminotransferase inactivators: 
Michael addition, enamine addition, and fluoride ion elimination followed by conjugate addition. 

On the basis of crystallography and intact protein mass spectrometry, it was determined that 1 

inactivates hOAT through fluoride ion elimination to an activated 1,1′-difluoroolefin, followed by 
conjugate addition and hydrolysis. This result was confirmed with additional studies, including the 
detection of the cofactor structure by mass spectrometry and through the identification of turnover 
metabolites. On the basis of this inactivation mechanism and to provide further evidence for the 

mechanism, analogues of 1 (19, 20) were designed, synthesized, and demonstrated to have the 
predicted selective inactivation mechanism. These analogues highlight the importance of the 
trifluoromethyl group and provide a basis for future inactivator design.
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INTRODUCTION

Liver cancer is the second leading cause of cancer death worldwide;1 hepatocellular 
carcinoma (HCC) accounts for 90% of liver cancer in the United States.2 Current treatments 
for liver cancer consist of surgery, radiation, and chemotherapy; however, HCC is highly 
resistant to both radiation3 and chemotherapy4,5 The development of HCC has been shown 
to correlate with the activation of the Wnt/β-catenin signaling pathway in the liver.6 In 
addition to its diverse important physiological functions in the liver, β-catenin acts as a 
proto-oncogene to regulate transcriptional programs governing the initiation and progression 
of cancer,7 generally as a result of mutations in members of the Wnt/β-catenin pathway. 
Activation or mutation of the Wnt/β-catenin signaling pathway and the development of HCC 
in the liver correlate with the upregulation of ornithine aminotransferase (OAT), glutamate 
transporter GLT-1, and glutamine synthetase.8,9 The conditional knockout of β-catenin in the 
liver significantly reduces the level of those three proteins and blocks L-glutamine synthesis 
as a result of the loss of OAT activity.10 OAT converts ornithine and α-ketoglutarate to 
glutamate-γ-semialdehyde, which cyclizes to Δ−1-pyrroline-5-carboxylate (P5C) and L-
glutamate (Figure 1a).11–13 The L-glutamate produced is transported away from the cell (by 
the GLT-1 transporter), so it does not become toxic to the cell and is converted to 
nonessential amino acid L-glutamine by L-glutamine synthetase. Glutamine metabolism 
plays a role in the uptake of essential amino acids and redox biology; L-glutamine also 
supports anabolic processes that stimulate cell proliferation.13 Tumor cells require enhanced 
amounts of L-glutamine; therefore, they optimize L-glutamine metabolism to sustain 
proliferation.14 Generating L-glutamine from ornithine via OAT provides cancer cells with 
an additional source of L-glutamine that is distinct from canonical de novo L-glutamine 
synthesis. OAT is overexpressed in HCC; therefore, inhibiting OAT has been suggested to be 
a novel treatment for liver cancer and was shown to be effective in mice.15,16 We previously 

demonstrated that compound 1 was a potent inactivator of hOAT, and the administration of 1 

to human-derived HCC infected mice resulted in a decrease in tumor size and in the HCC 
biomarker protein, α-fetoprotein.15

To rationally develop new mechanism-based inactivators of OAT, an understanding of the 

mechanism by which 1 inactivates OAT is essential. Compound 1 was originally designed as 
an analogue of a potent inactivator of γ-aminobutyric acid aminotransferase (GABA-AT), 

namely, CPP-115 (2), and was intended to inhibit the conversion of ornithine to P5C.17 

Mechanistically, the incubation of ornithine with OAT leads to aldimine A (Scheme 1). 

Deprotonation of the α-proton and tautomerization yield C via B; intermediate C undergoes 

cyclization to form P5C (D) and pyridoxamine-5′-phosphate (PMP). Compound 1 is a 
mechanism-based enzyme inactivator (MBEI) of hOAT. A MBEI is an inactive compound 
that is converted to an active species by the target enzyme’s normal catalytic machinery. 
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This active intermediate can form a covalent bond with the target enzyme itself or can bind 
tightly.18 Because of their increased selectivity toward a specific enzyme, MBEIs can exhibit 
fewer off-target side effects.

On the basis of known inactivation mechanisms of other aminotransferase inactivators, three 

of the possible mechanisms for the inactivation of hOAT by 1 are shown in Scheme 2.17 All 

of the mechanisms start with the condensation of 1 with the active-site PLP to form 3. The 
first mechanism (Michael addition mechanism) results from the direct nucleophilic attack of 
lysine on an activated Michael acceptor (Scheme 1, pathway a). This mechanism is initiated 

by the deprotonation of 3 and tautomerization via 4 to intermediate 5, which could be 

attacked by Lys292, yielding Michael adduct 6. This mechanism is related to the inactivation 
of GABA-AT by vigabatrin.19

A second possible mechanism (enamine addition mechanism) results in an enamine addition 

product (Scheme 2, pathway b). An alternative tautomerization of 3 could result in 

conjugated enamine 7, which could transiminate back with Lys292, yielding the original 

Lys292-PLP aldimine (9) and reactive enamine 8. Enamine addition of 8 to 9 would then 

yield enamine adduct 10. This mechanism is reminiscent of the inactivation of GABA-AT by 
(1R,3S,4S)-3-amino-4-fluorocyclopentane-1-carboxylic acid with GABA-AT20 and 
ornithine aminotransferase.21

A third inactivation mechanism (elimination–addition mechanism) involves a vinylogous 

elimination of fluoride ion to give activated conjugated olefin 11 (Scheme 2, pathway c). 

Intermediate 11 is attacked by Lys292 to produce intermediate 12, which aromatizes and 

hydrolyzes to 13 (alternative mechanisms could be drawn in which the remaining two 
fluoride ions are eliminated prior to aromatization and hydrolysis). Other mechanisms could 
be drawn that involve the elimination of multiple fluoride ions from both trifluoromethyl 
groups. Numerous α-halomethyl- and vinyl-substituted amino acids have been shown to 
inactivate various PLP-dependent enzymes, such as γ-cystathionase (α-trifluoromethyl-
alanine),22 aminocyclopropane-1-carboxylic acid synthase (α-vinyl glycine),23 alanine 
racemase,24a tryptophan synthase24b (α-halovinyl glycine), and lysine decarboxylase (α−1′-
fluorovinyllysine).24c Although eflornithine (α-difluoromethyl-ornithine), a difluoromethyl-
containing inactivator of ornithine decarboxylase, has been shown to undergo fluoride ion 
elimination and mostly active-site cysteine addition, it was not via a vinylogous fluoride ion 

elimination or with an aminotransferase.25 The inactivation of GABA-AT by 226 and the 
corresponding cyclopentene analogue27 were shown to proceed via a conjugated 

difluoromethylene group, but only water attacked, not an active-site residue (14, Scheme 3).

Previous research in the Silverman laboratory has used radiolabeled substrates and 
inhibitors,19 crystallography,26,27 and more recently, metabolomics26 to determine the 
mechanism of action of GABA-AT inhibitors. With the improved sensitivity of mass 
spectrometers, minute quantities of metabolites can be identified and quantified in a targeted 
or untargeted fashion, while covalent modifications of the intact protein can also be detected 
(through intact protein mass spectrometry) or characterized (by top-down proteomics, 
linking an intact mass and sequence-level data). Bottom-up proteomics (the digestion of the 
protein followed by detection of the fragments by LC–MS/MS and subsequent database 
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searches and bioinformatics analyses) has been used in the detection of eflornithine bound to 
ornithine decarboxylase (ODC);25 however, the use of top-down proteomics or intact protein 
mass spectrometry to determine the mechanism of an MBEI has, to the best of our 
knowledge, not been reported.

To determine if any of the aforementioned mechanisms are responsible for the inactivation 

of hOAT by 1, we obtained a crystal structure of the inactivated enzyme and intact protein 
mass spectrometry data and further confirmed the mechanism by fluoride ion release data, 
targeted and untargeted mass spectrometry, the partition ratio, and the design of a new class 
of inactivators. To fully characterize the mechanism and inactivated enzyme structure, the 
combination of crystallography and mass spectrometry was essential.

RESULTS

Crystal Structure of hOAT Bound to 1.

The structure of hOAT inactivated by 1 was solved by molecular replacement using a 
monomer from a previously reported structure of hOAT (PDB entry 1OAT) after the deletion 
of all water molecules and ligand atoms. In space group P3221, one asymmetric unit was 
found to contain three monomers. Two monomers form a biological assembly as a 
homodimer; the other monomer forms a homodimer with a monomer present in another 
asymmetric unit. The final model was refined to a resolution of 1.75 Å with Rfree/Rwork 

values of 20.18/17.31%. Final refinement statistics are listed in Supporting Information (SI) 

Table S1. A simulated annealing omit map (Fo−Fc at 2.5σ), generated by deleting only 1 

while keeping PLP and Lys292, was superimposed on the ternary adduct. The observed 

density around 1 supports the density interpretation and the position and orientation of the 

ternary adduct within the active site (SI Figure S1). The solved hOAT-1 structure (Figure 2) 
has been deposited in the Protein Data Bank (PDB code: 6OIA).

Within the active site of hOAT, a ternary adduct was observed with covalent bonds formed 
between the syn-allylic carbon of what was initially the hexafluoropropan-2-ylidine group 

and Lys292 and between 1 and PLP. The crystal structure suggests that 1 facilitates the 
inactivation of hOAT through pathway c (Scheme 2). The PLP is bound to the inhibitor 
through a Schiff base, while the inactivator is covalently bound through an amide linkage. 
The syn-trifluoromethyl group (syn to the amino group) underwent exclusive fluoride ion 
elimination, conjugate addition, and hydrolysis to form the amide linkage. A major 

difference between the observed adduct in Figure 2 and 13 (Scheme 2) is the presence of an 
sp3-hybridized carbon atom adjacent to the trifluoromethyl group (Figure 2) rather than the 

sp2-hybridized carbon atom adjacent to the trifluoromethyl group shown in 13. The PLP-
imine π system is out of conjugation by 46.5° with the pyridine π system, which results in 
the breakage of the normally strong iminium proton–phenoxide hydrogen bond.

Intact Protein Mass Spectrometry of 1 and hOAT.

The intact protein mass spectrometry of recombinant hOAT revealed that untreated enzyme 
is unmodified and exists in one form (m/z 769.97, [M + 60H]+60) (Figure 3A, bottom). Mass 
spectra were deconvoluted to determine an observed average mass of 46 139 Da, in close 
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agreement with the theoretical mass of 46 138.5 Da (Figure 3B). Further analysis of intact 

hOAT protein inactivated by 1 revealed that the product found in the crystal structure was 

indeed covalently bound to the enzyme. When hOAT was inactivated by 1, the unmodified 
enzyme and two additional species were observed by mass spectrometry (m/z 777.80, [M
+60H]+60; m/z 773.88, [M +60H]+60) (Figure 3A, top). One species corresponds to a mass 
shift of +464.4–469.6 Da, consistent with the +465 Da adduct observed in the crystal 
structure (Figure 3B). The second adduct observed was formed from the loss of PLP by 
hydrolysis of the +465 Da species (theoretical mass 46 373.7 Da; calculated mass 46 373 
Da) (Figure 3B). It is unclear as to whether hydrolysis occurs during inactivation or results 
from the weak formic acid used in the liquid chromatography prior to mass spectrometry. No 
mass shifts consistent with the Michael addition (Scheme 2, pathway a) or enamine addition 
(Scheme 2, pathway b) pathways were observed. To the best of our knowledge, this is the 
first successful intact protein mass spectrometry data with an inactivated aminotransferase.

Structure 13 in Scheme 2 indicates that the cofactor should be in the PMP form. The 
cofactor form cannot be discerned from the crystal structure; however, the sp3 carbon 
adjacent to the unmodified trifluoromethyl group suggests that PLP is the cofactor form in 
the adduct. To determine the identity of the cofactor, previously desalted hOAT, thereby 
removing any excess or unbound inhibitor, metabolites, and PLP, was heated to 37 °C with 
trifluoroacetic acid to hydrolyze imine bonds. After size exclusion filtration, the filtrate was 
analyzed by untargeted metabolomics (+ESI HRMS) to detect PLP and/or PMP (Figure 4). 
Only PLP was detected by mass spectrometry (m/z 248.0315); neither PMP nor adducts or 
fragments thereof were observed. Standards of PLP and PMP were monitored by HRMS and 
MS/MS to confirm the metabolite detection and retention time (SI Figure S3). This high-
resolution mass spectrometry-based method represents a new technique for analyzing the 
PLP/PMP composition, which previously was accomplished through the tedious synthesis 
and incorporation of tritium-labeled PLP into enzymes.17,26

Design and Synthesis of Monotrifluoromethyl Analogues.

If the adduct in Figure 2 were indeed the complex that formed, then only the syn-
trifluoromethyl group (syn to the amino group) would be necessary for inactivation. Both 
isomeric monotrifluoromethyl compounds were previously assessed with hOAT,16 and both 
compounds inactivated hOAT similarly (KI of 0.21 and 0.17 mM and kinact of 0.20 and 0.15 

min−1 for 15a and 15b, respectively; Figure 5A). Given that hOAT has a large active site,28 

it is possible that after initial deprotonation bond rotation occurs, resulting in identical 
intermediates (Figure 5B). Monotrifluoromethyl-containing inactivators that restrict rotation, 
however, may be able to verify our proposed mechanism. We have recently shown that the 
introduction of an enone adjacent to the α-amino group vastly improves kinact·27 If only one 
trifluoromethyl group is necessary for inactivation, we hypothesized that replacing the other 
trifluoromethyl group with an ester group could help to verify the mechanism (a syn-CF3 

should be active while an anti-CF3 should not), but the electron-withdrawing nature of the 
enone should further lower the pKa of the α-amino proton. Furthermore, the analysis of the 

active site of hOAT bound with 1 indicates that there is an arginine and a glutamate in the 
region occupied by the second inactive CF3 group. This arginine (Arg413) is known to be 
flexible and is hypothesized to break its salt bridge with Glu235 upon binding of α-
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ketoglutarate.29,30 The introduction of an ester would possibly provide additional 
electrostatic interactions with the enzyme, thus decreasing KI (Figure 5C). We therefore 

synthesized syn- and anti-monotrifluoromethyl esters 19 and 20, respectively (Figure 5C).

The synthesis of 19 and 20 (Scheme 4) was initiated with the addition of methyl 3,3,3-

trifluoropropionate to ketone 21. Although methyl 3,3,3-trifluoropropionate had been used 
in the Knoevenagel condensation with aldehydes using various Lewis acids, its use with 

ketones was less prevalent.31,32 The exposure of ketone 21 and methyl 3,3,3-
trifluoropropionate to Bu2BOTf cleanly resulted in addition; however, elimination of the 
alcohol was not possible. When TiCl4 (2 equiv) was used, followed by the addition of 

triethylamine, a mixture of isomers 22 and 23 was obtained in a modest yield. Careful 

chromatography allowed the separation of 22 and 23. Deprotection of the p-methoxybenzyl 

group from 22 and 23 with ceric ammonium nitrate followed by hydrolysis yielded pure 19 

(syn) and 20 (anti), respectively.

Assay with hOAT.

The activity of the inhibitors was tested in a previously developed coupled enzyme hOAT 

assay.16,33 syn isomer 19 proved to be similarly potent to the inactivator of hOAT as 1. kinact 

was similar to that of 1 (0.10 min−1 for 19 versus 0.08 min−1 for 1). KI, however, was more 

than double for 19 when compared to that for 1 (130 μM versus 54 μM, respectively). This 
could indicate that the methyl ester is sterically too large for the active site and thus the 

binding is slightly reduced. The anti-CF3 ester (20) was shown to be inactive against hOAT 
(Ki > 2 mM). This result indicates that a syn-CF3 or a rotatable bond is required for 
inactivation via pathway c (Scheme 2). Both compounds were inactive against GABA-AT.

Intact Protein Mass Spectrometry of 19.

Intact protein mass spectrometry of hOAT inactivated by 19 showed an observed mass of 46 
362.83 ± 0.78 Da (SI Figure S3). This mass corresponds to a mass shift of +224.3 Da, which 
is consistent with the loss of a trifluoromethyl group and the formation of an enzyme–
inhibitor amide bond, as depicted in Figure 5C.

Computer Modeling.

Molecular docking simulations were employed to help visualize the active intermediates.34 

Molecular docking showed that when intermediate 11 (Scheme 2) was docked into hOAT, 
the 1,1′-difluoro-olefin was located in an area close to that of Lys292 (Figure 6A). The syn-

CF3 19-PLP adduct also docks effectively into the active site in a similar manner and is 
consistent with the pathway c mechanism in Scheme 2 (Figure 6B). The anti-CF3 adduct 

(20-PLP), however, does not dock into the active site, consistent with the mechanism of 
action.

Partition Ratio of 1.

The partition ratio, which is the ratio of the compound acting as a substrate (and 
transaminating) relative to the compound inactivating the enzyme, is calculated by titrating 
the enzyme with varying equivalents of inactivator with a known amount of hOAT (Figure 
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7).26,27 The linear relationship was extrapolated to yield the exact equivalents required to 
inactivate the enzyme completely. Non-pseudo-firstorder kinetics were observed (x = 20–40 
equiv), most likely arising from product (metabolite) inhibition and consistent with the 
turnover of other known aminotransferase enzymes.26,27 From this, we determined the 

partition ratio of 1 to be 12 ± 1 (i.e., it requires 13 equiv of 1 to completely inactivate hOAT, 
with 12 being converted to product and 1 leading to the inactivation of the enzyme).

Fluoride Ion Release and Metabolomics of 1.

The number of fluoride ions released per enzyme turnover can be detected using a fluoride 
ion selective electrode.26 In the absence of α-ketoglutarate, the enzyme can turn over only 
once because the PLP cofactor is converted to PMP, which cannot return to PLP. When, for 

example, CPP-115 (2) was tested under these conditions, it was found that two fluoride ions 
were released per enzyme active site.26 Under these conditions, when hOAT is inactivated 

with an excess of 1, 79 equiv of fluoride ions was released per enzyme active site (SI Table 
S3). This indicates that the turnover of the inhibitor must regenerate PLP about 78 times 
prior to inactivation. A mechanism consistent with this observation is shown in Scheme 5.

As depicted in Scheme 5, when hOAT was inactivated with 20 equiv of 1 in the presence of 

α-ketoglutarate, metabolite 32 (m/z 257.024, [M – H]−1) was detected by mass spectrometry 

(SI Figure S4). Ketone 34, which corresponds to the transamination of 1 (m/z 275.015, [M – 
H]−1), was not detected, even with a highly sensitive and targeted selective ion monitoring 
(SIM) scan for the theoretical ion. Furthermore, pathway b would release PMP, which also 
was not detected.

DISCUSSION

Bis(trifluoromethyl) compound 1 is an inactivator of hOAT that has been shown to be a 
potential treatment for HCC.16 To develop more potent mechanism-based inactivators of 

hOAT, it is important to determine the mechanism of 1. Although 1 was developed from 

CPP-115 (2), a potent inactivator of both GABA-AT and hOAT, 1 is highly selective for 
hOAT over GABA-AT.16 In GABA-AT, Phe351 crowds the active site, whereas this position 
in hOAT has a glycine residue, resulting in a larger active site, which is responsible for the 
selective binding of 1 to hOAT. This is further verified through molecular modeling, while 

intermediate 11 (Scheme 2) (also intermediate 37, Scheme 6) docks effectively into the 
active site of hOAT (Figure 6A), forming the prerequisite electrostatic interactions with 
Tyr55 and failing to dock into the active site of GABA-AT.

On the basis of what is known about aminotransferase inhibitors,17 we postulated three 
reasonable mechanisms: Michael addition (pathway a, Scheme 2), enamine addition 
(pathway b), and elimination–addition (pathway c). From the crystal structure (Figure 2) and 
intact protein mass spectrometry (Figure 3), we were able to conclude that the elimination–
addition mechanism was most likely. Intriguingly, Arg413 and Glu235, which in the native 

enzyme form a salt bridge with one another, have dissociated in the presence of 1, favoring 
instead hydrogen bonds with the trifluoromethyl moiety (Figure 2). Of note is the loss of an 
interaction between Arg180 and the inhibitor carboxylate, a common interaction observed in 
other hOAT inhibitor crystal structures. Instead, hydrogen bonds were observed between the 
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inactivator carboxylate and Tyr55 and between the amide carbonyl and Gln266. Arg180 has 
been shown to bind to the carboxylate of other hOAT inhibitors such as 5-
fluoromethylornithine35,36 and 3-amino-4-fluorocyclopentane-1-carboxylic20 and has 
previously been reported to be responsible for the correct positioning of the terminal amino 
group of L-ornithine within the active site to facilitate transamination.36 The loss of this 

interaction with 43 (Scheme 6) suggests that the inhibition of hOAT can be achieved without 
any interaction with Arg180. Rather, the interaction with Tyr55, one of several residues 
responsible for substrate recognition, and/or Arg413 and Glu235 might be of more 
importance for the selective inhibition of hOAT. The hydrogen bond to Tyr55 is not 
unprecedented because it is seen in the crystal structure of gabaculine with hOAT.37 There 
was also a difference observed in the orientation of Phe177, when compared with other 
inhibited structures of hOAT. For inhibitors where an interaction is observed between the 
inhibitor and Arg180, Phe177 is positioned so as not to obstruct the inhibitor–Arg180 
interaction.

However, because the interaction with Arg180 is absent here, Phe177 was observed to be in 
an alternate orientation, possibly stabilizing the ternary adduct by increasing the surrounding 
hydrophobicity. The overall orientation of binding of this carboxylic acid ligand is 
unconventional, possibly because of its bulkiness. Another potentially important interaction 
for adduct formation is hydrogen bonding between the unmodified trifluoromethyl group 
and Glu235 and Arg413.38 Finally, the PLP-imine π system is out of conjugation by 46.5° 
with the pyridine π system, which results in the breakage of the normally strong iminium 
proton–phenoxide hydrogen bond. This broken π system is a relatively common feature in 
PLP-dependent enzymes, as evidenced by the X-ray crystal structure of CPP-115 and 
OV329 with GABA-AT26,27 and gabaculine and L-canaline with hOAT.37 A table of seven 
PLP-dependent enzymes with PLP-imine pyridine dihedral angles of up to 50° is in the 
Supporting Information (Table S2). The breaking of this hydrogen bond could be a result of 
bond rotations forced upon the complex by the formation of the newly formed lysine 
covalent bond.

It is apparent from the crystal structure (Figure 2) that the carbon atom bound to the α-

trifluoromethyl group is sp3 hybridized instead of sp2-hybridized as shown in 13 (Scheme 
2). This alters the mechanism from that predicted in Scheme 2 because an sp3-hybridized 
carbon atom adjacent to the trifluoromethyl group would require that upon inactivation the 
cofactor would be in the PLP form. High-resolution mass spectrometry was used to identify 
the cofactor form as PLP (Figure 4), consistent with the crystal structure. Intact protein mass 
spectrometry ruled out the other mechanisms because only two species were observed. One 

species was observed to be expected adduct 43, while the other was the adduct with the loss 

of PLP from 43. We could not determine whether this hydrolysis occurred as a result of the 
formic acid used in liquid chromatography or during inactivation.

On the basis of the intact protein mass spectrometric data and the crystal structure, a revised 

inactivation mechanism by 1 is shown in Scheme 6. The condensation of 1 with PLP yields 

aldimine 35. The base-catalyzed elimination of the fluoride ion via 36 gives 37. The base in 
this reaction is most likely Lys292, as has been suggested in GABA-AT that a conserved 
lysine accomplishes this deprotonation.17 Toney and co-workers have shown that the 
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formation of quinonoid intermediates, such as 36, is likely accomplished with 
aminotransferase enzymes.39,40 Furthermore, additional direct evidence has revealed the UV 
absorbance of the quinonoid species with both OAT (λmax = 490 nm)41 and 
adenosylmethionine-8-amino-7-oxononanoate aminotransferase (λmax = 540 nm).42 It is 

therefore likely that 36, along with subsequent quinonoid species, form transiently.

The formation of intermediate 37 was verified by metabolomics, which identified 32 as the 

major metabolite (SI Figure S4). The partition ratio and the number of equivalents of 1 

converted to product per inactivation event are higher than those observed for both 
CPP-11526 and OV32927 with GABA-AT. Given the continuous release of fluoride ion 
detected in the absence of α-ketoglutarate, it is likely that turnover proceeds through a 
fluoride ion elimination mechanism, which would regenerate PLP, rather than through 

transamination to yield 38 and PMP, neither of which was observed. Intermediate 37 could 
undergo attack by Lys292 at the PLP imine bond (pathway a), followed by hydrolysis to give 

32 (92% of the time based on the partition ratio of 12), or Lys292 could undergo conjugate 

addition at the difluoromethylenyl group of 37 (pathway b) to give 40 (via 39) 8% of the 

time. The hydrolysis of 40 gives 43 (via possible intermediates 41 and 42), one of the 

observed species by intact protein mass spectrometry, and the hydrolysis of 43 gives 44, the 
other species observed by intact protein mass spectrometry. To obtain the sp3-hybridized 

center at the carbon adjacent to the α-trifluoromethyl group, enolate 42 must be protonated 
stereoselectively. Given that the iminium proton has broken its phenoxide hydrogen bond 
and is 2.7 Å from the enol alkene (Figure 8) and because of the geometric constraints of the 
newly formed covalent bond to Lys292 and the lack of rotatable bonds, we propose an 

intramolecular stereoselective proton transfer (42) to produce 43, as depicted in Scheme 6.

We postulated a similar turnover mechanism to occur with 3-amino-4-fluorobutanoic acid 
and GABA-AT,43 which had a partition ratio of 7.6 and released a total of 6.7 fluoride ions. 
Using14 C-labeled inhibitor, we previously showed that both turnover and inhibition yielded 
products in which fluoride ions had been eliminated; a bifurcated mechanism also was 
suggested to occur after fluoride ion elimination. However, this radioactive approach relies 
on a comparison of standards of each metabolite with the14 C metabolites isolated from 
inactivation or turnover. The use of mass spectrometric techniques, as employed here, to 
determine specific metabolites and the form of the coenzyme streamlines the identification 
and removes the need to synthesize and work with radioactive materials.

If the above mechanism is indeed valid, then only one trifluoromethyl group is required. 

Compound 19 was shown to inactivate hOAT, while 20 was inactive. This further supports 
the involvement of the trifluoromethyl group in inactivation and that it must be oriented syn 

to the amino group. Intact protein mass spectrometry of hOAT inactivated by 19 showed a 
loss of a trifluoromethyl group and covalent attachment to hOAT through an amide bond. 

These results are further supported by the molecular docking of 19-PLP, as shown in Figure 

6B, whereas 20-PLP does not dock.
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CONCLUSIONS

Our results provide a novel mechanism for the inactivation of hOAT. On the basis of intact 

protein mass spectrometry and crystallographic data, 1 is shown to inactivate hOAT via the 

elimination of a fluoride ion and Lys292 attack on activated intermediate 37 (Scheme 6, 
pathway b). A mechanism by which a trifluoromethyl group undergoes vinylogous fluoride 
ion elimination followed by nucleophilic attack is novel for aminotransferase enzymes, and 

1 and 19 constitute a new class of aminotransferase mechanism-based inactivators that 
appear to utilize that mechanism. In this study, we used targeted mass spectrometry to aid in 
PLP/PMP identification, which shortcuts previous approaches involving radioactive labeling. 

We currently are carrying out IND-enabling studies to bring 1 into clinical trials for the 
treatment of hepatocellular carcinoma.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 

Catalytic mechanism of human ornithine aminotransferase (hOAT) and earlier-designed 

aminotransferase inactivators 1 and 2.
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Figure 2. 

Crystal structure of hOAT inactivated by 1 (PDB code: 6OIA).
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Figure 3. 

(A) Expanded view of the intact mass spectrum of untreated hOAT (bottom) and 1-
inactivated hOAT (top) with the region containing the highlighted [M + 60H]60+ adduct 
annotated to show theoretical native hOAT (in blue), 1·hOAT-PLP (in orange), and 1·hOAT 
(in cyan). The mass-to-charge ratios of the observed ion species is provided. (B) 
Deconvoluted mass spectra for unmodified hOAT and 1-inactivated hOAT with theoretical 
masses (red), calculated masses, and associated standard deviations (black).
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Figure 4. 

Inactivated samples were treated with trifluoroacetic acid and filtered through a 30 kDa 
MWCO filter. The flowthrough was then processed for LC–MS. The TFA-treated 
flowthrough (B) and a non-TFA-treated control (A) were run in an untargeted fashion. 
Extracted ion chromatograms for PLP (248.02–248.04 m/z) and PMP (249.04–249.06 m/z) 
are shown. See Supporting Information Figure S3 for the mass spectra of PLP and PMP 
standards.
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Figure 5. 

(A) Previously developed monotrifluoromethyl inhibitors and their associated activities.15 

(B) Similarities in the activities of both syn- and anti-monotrifluoromethyl inhibitors can be 
explained by a bond rotation after the formation of the 1,1′-difluoroolefin. (C) Elaboration 

of the anti-CF3 of 1 to an ester might provide additional hydrogen bonding interactions with 
the enzyme.
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Figure 6. 

Molecular docking of intermediate 11 (A) and 19-PLP (B) into hOAT.
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Figure 7. 

Titration of hOAT with 1 to obtain a partition ratio of 12 ± 1. The number of equiv of 1 
required for inactivation is derived from the x intercept (y = 0%) of the linear regression of 
the initial linear (first-order) relationship (x = 0–10 equiv); the non-pseudo-first-order 
kinetics and deviation from linearity (x = 20–30 equiv) are possibly a result of product 

inhibition. The partition ratio is the number of equiv of 1 for inactivation minus 1.
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Figure 8. 

Crystal structure of the 1-hOAT inactivation adduct shows the possible stereoselective 
protonation of the enolate by the PLP iminium proton. Distances are shown in angstroms.
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Scheme 1. 

Catalytic Mechanism of Ornithine Conversion by Ornithine Aminotransferase
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Scheme 2. 

Possible Pathways for the Inactivation of hOAT by 1

Moschitto et al. Page 22

J Am Chem Soc. Author manuscript; available in PMC 2020 July 10.

A
u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t



Scheme 3. 

Mechanism of Inactivation of GABA-AT by 2
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Scheme 4. 

Synthesis of Trifluoromethyl Esters 19 and 20
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Scheme 5. 

Proposed Mechanism for the Turnover of 1 by hOAT
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Scheme 6. 

Revised Inactivation Mechanism of 1 with hOAT
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