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Abstract

Potent mechanism-based inactivators can be rationally designed against pyridoxal 5’-phosphate
(PLP)-dependent drug targets, such as ornithine aminotransferase (OAT) or y-amino-butyric acid
aminotransferase (GABA-AT). An important challenge, however, is the lack of selectivity toward
other PLP-dependent, off-target enzymes, because of similarities in mechanisms of all PLP-
dependent aminotransferase reactions. On the basis of complex crystal structures, we investigate
the inactivation mechanism of OAT, a hepatocellular carcinoma target, by (17,35,45)-3-amino-4-
fluorocyclopentane-1-carboxylic acid (FCP), a known inactivator of GABA-AT. A crystal structure
of OAT and FCP showed the formation of a ternary adduct. This adduct can be rationalized as
occurring via an enamine mechanism of inactivation, similar to that reported for GABA-AT.
However, the crystal structure of an off-target, PLP-dependent enzyme, aspartate aminotransferase
(Asp-AT), in complex with FCP, along with the results of attempted inhibition assays, suggests
that FCP is not an inactivator of Asp-AT, but rather an alternate substrate. Turnover of FCP by
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Asp-AT is also supported by high-resolution mass spectrometry. Amid existing difficulties in
achieving selectivity of inactivation among a large number of PLP-dependent enzymes, the
obtained results provide evidence that a desirable selectivity could be achieved, taking advantage
of subtle structural and mechanistic differences between a drug-target enzyme and an off-target
enzyme, despite their largely similar substrate binding sites and catalytic mechanisms.

Graphical abstract
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Pyridoxal 5’-phosphate (PLP), the active form of vitamin Bg, is a coenzyme in a variety of
enzymatic reactions. Aminotransferases make up a class of PLP-dependent enzymes that
catalyze myriad biochemical reactions involving amino acid metabolism, amino acid-derived
metabolites, and the biosynthesis of amine-containing compounds.1-2 The importance of
these enzymes is further highlighted because some of them have been identified as drug
targets. For example, inhibition of y-aminobutyric acid aminotransferase (GABA-AT) was
proven to be effective in the treatment of many neurological disorders,® and inhibition of
ornithine aminotransferase (OAT) was shown to suppress the growth of hepatocellular
carcinoma (HCC).45 Although reactions catalyzed by PLP-dependent enzymes appear to be
diverse, they all share a similar catalytic mechanism that makes it challenging to design
specific inactivators for each of these drug-target enzymes without affecting one another or
other PLP-dependent, off-target enzymes like aspartate aminotransferase (Asp-AT).

As an example of the general mechanism of amino-transferases, Asp-AT catalyzes a
reversible transamination converting L-aspartate and a-ketoglutarate to oxaloacetate and L-
glutamate (Scheme 1A).8 During the catalysis, the cofactor is interconverted between its
PLP and pyridoxamine (PMP) forms, facilitating the aminotransferase reaction. The Asp-AT
reaction is crucial in both amino acid degradation and biosynthesis.” Therefore, as part of
the design of an inactivator for PLP-dependent drug targets, any molecule that also inhibits
and/or inactivates Asp-AT or similar off-target enzymes may not be promising for further
pharmacological development because of possible side effects. OAT and GABA-AT are
confirmed PLP-dependent, drug-target enzymes,3 and these two, as well as Asp-AT, catalyze
an identical second-half “ping-pong” reaction, namely, the conversion of a-ketoglutarate to
L-glutamate. OAT (EC 2.6.1.13) catalyzes the transfer of the &-amino group of L-ornithine
to a-ketoglutarate, forming glutamate y-semialdehyde and L-glutamate (Scheme 1B). OAT
is overexpressed in HCC cells, and its inhibition was shown to suppress their growth.8
GABA-AT (EC 2.6.1.19) catalyzes the transfer of the amino group of GABA to a-
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ketoglutarate, producing succinic semialdehyde and L-glutamate (Scheme 1C). GABA is the
principal inhibitory neuro-transmitter in mammalian cells,® and abnormally low levels of
GABA in the brain have been associated with several neurological disorders, such as
epilepsy, and several neuro-degenerative diseases, such as Parkinson’s, Huntington’s, and
Alzheimer’s diseases. Inhibition of GABA-AT to increase the brain level of GABA has
been proven to be beneficial in the treatment of epilepsy.1? Much of the drug design effort
has focused on mechanism-based inactivators, which are unreactive compounds that require
the catalytic activity of the enzyme to convert them into reactive species that then inactivate
the enzyme.

In this study, we investigated the mechanism by which (1R,35,45)-3-amino-4-
fluorocyclopentane-1-carboxylic acid (FCP), a known inactivator of GABA-AT1! and OAT,?8
inactivates OAT, and the effects of FCP on the PLP-dependent, off-target enzyme Asp-AT.
Our study serves as a proof of principle that new OAT inactivators could be developed from
GABA analogues, without targeting other off-target, PLP-dependent enzymes. Previously,
Storici et al.}! studied the inactivation of GABA-AT by FCP. It inactivated GABA-AT
through an enamine mechanism (Figure 1A), with the crystal structure of the inactivated
enzyme showing adduct 5 derived from this mechanism (Figure 1B). In this study, we
obtained the crystal structure of inactivated OAT by FCP and examined the implications for
the inactivation mechanism. We also report the crystal structures of the off-target enzyme
Asp-AT in complex with FCP in the presence and absence of a-ketoglutarate during
cocrystallization. The crystal structures of Asp-AT in complex with FCP, along with
attempted inhibition assays and high-resolution mass spectrometry, support the turnover of
FCP by Asp-AT and the proposed mechanism.

MATERIALS AND METHODS

Unless otherwise noted, all chemicals were purchased from Sigma-Aldrich (St. Louis, MO),
and all enzymes used for cloning were purchased from New England Biolabs (Beverly,
MA).

Cloning, Expression, and Purification of Human OAT

A shuttle vector (p)CMV-SPORT®) carrying the OAT cDNA gene from Homo sapiens was
purchased from plasmID (Harvard Medical School, Boston, MA). The coding sequence for
OAT was cloned in a pMAL-C5X vector for expression in Escherichia coli. A sequence
encoding the cleavage site for tobacco etch virus (TEV) protease (ENLYFQG) was inserted
atthe 5" end of the OAT coding region using forward primer 5’ GCGCT-
CGGGGAAAACCTGTATTTTCAGGGCGCCTCTGCTAC-ATCTGTTGCAAC3’ and
reverse primer 5" GCGGAATTCT-CAGAAAGACAAGATGGTC3’; restriction sites Aval
and £coR1 were added to the 5" and 3" ends, respectively. A commercial protein expression
vector, pPMAL-C5X (New England Biolabs), was digested using restriction enzymes EcoRl
and Aval, and the resulting polymerase chain reaction insert containing the OAT coding
region was ligated into the expression vector using T4 DNA ligase (New England Biolabs)
to yield a protein expression plasmid encoding an N-terminal maltose binding protein
(MBP) linked through a TEV cleavage sequence to the full length OAT enzyme. The
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resulting vector (PMAL-t-OAT) was used to transform £. coli DH5a cells for plasmid
storage and amplification. The entire coding region in pMAL-t-OAT was verified by DNA
sequencing (CRC DNA Sequencing, University of Chicago, Chicago, IL).

For protein production and purification, pMAL-t-OAT was used to transform E. coli
BL21(DE3) cells. The resulting £. coli BL21(DE3) (pPMAL-t-OAT) cells were incubated at
37 °C while being shaken in Luria-Bertani (LB) medium supplemented with 100 g/mL
ampicillin. When the culture ODgq value reached 0.6-0.8 absorbance unit, expression of
the MBP—t-OAT fusion protein was induced by addition of 0.3 mM isopropyl 5-D-1-
thiogalactopyranoside, and the expression was continued for an additional 16-18 h at 25 °C
after induction. Cells were harvested by centrifugation at 12400g, washed with wash buffer
[20 mM Tris-HCI buffer with 200 mM NaCl and 100 ¢M PLP (pH 7.4)], and stored at

—80 °C after being flash-frozen in liquid nitrogen. The frozen cell pellet was thawed,
sonicated in wash buffer, and centrifuged at 40000¢ to pellet cell debris, which was
discarded. The resulting supernatant was loaded onto an amylose affinity column (16 mm x
25 mm Dextrin Sepharose-MBL Trap HP, GE LifeSciences, pre-equilibrated with wash
buffer). The column was washed with wash buffer, and the MBP—t-OAT fusion protein was
eluted from the column using wash buffer supplemented with maltose (10 mM). Fractions
were evaluated using Coomassie-stained sodium dodecy! sulfate—polyacrylamide gel
electrophoresis (SDS—-PAGE), and those fractions containing the MBP-t-OAT fusion protein
were combined and treated batchwise with TEV protease using previously published
protocols.12 Fractions containing untagged OAT protein were combined, concentrated using
a 30000 molecular weight cutoff (MWCQO) Amicon (Millipore, MA) Ultra centrifugal filter
device, and further purified by size exclusion chromatography using a HiLoad
Superdex-200PG column (16 mm x 600 mm) (GE Lifesciences). The column was
equilibrated, and the protein was purified using size exclusion buffer [50 mM HEPES buffer
and 300 mM NaCl (pH 7.5)]. During the purification, fractions were assayed for the
presence of the MBP-t-OAT fusion protein or OAT at each step by using 12% SDS-PAGE,
followed by staining with EZ-Run Gel Staining Solution (Fisher BioReagents) to detect
bands at ~92 or ~49 kDa, respectively. The final purified untagged OAT protein appeared to
be homogeneous upon being characterized on a Coomassie-stained 12% SDS—-PAGE gel.
Protein concentrations in solution were measured using bovine serum albumin (BSA)
standards and the Bradford assay (Bio-Rad). This purification procedure typically results in
a yield of 30 mg of purified untagged OAT/L culture medium.

Purification of E. coli Aspartate Aminotransferase

The pJO2 plasmid (provided by J. F. Kirsch) containing the wild-type aspC gene was
transformed into the DH5a E. coli strain. Wild-type Asp-AT was overexpressed and purified
by following a published protocol.13 Accordingly, 0.1% PLP was added to the expression
culture. After the harvested cells were broken via sonication and the cell extract was
centrifuged at 12400¢, the supernatant was removed and mixed with PEG 8000 that was
slowly added to a final concentration of 20% of the total volume of the supernatant. The
resulting suspension was again centrifuged at 12400g. The supernatant was diluted in a
DEAE running buffer and run through a DEAE column and a hydroxyapatite column on an
FPLC instrument consecutively. For crystallization, an additional purification step was
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added using a HiLoad Superdex-200PG column (16 mm x 600 mm) (GE Lifesciences). The
final yield of purified Asp-AT was 80-100 mg/L of culture. For crystallization, the purified
protein was exchanged into a 25 mM potassium phosphate buffer at pH 6.5 at a final
concentration of 10 mg/mL. A 1 mM PLP solution was added to the protein solution to
stabilize the enzyme. All purification procedures were performed at or near 4 °C. During the
purification, fractions were assayed for the presence of Asp-AT at each step using 12%
SDS-PAGE, followed by staining with EZ-Run Gel Staining Solution (Fisher BioReagents)
to detect bands at ~47 kDa.

Attempted Inhibition Assays of FCP against Asp-AT

Microtiter plate wells were loaded with 90 4 of an assay mixture containing potassium
phosphate (100 mM, pH 7.4), a-ketoglutarate (5.55 mM), NADH (1.11 mM), L-aspartate
(5.55 mM), malate dehydrogenase (5.5 units), and various concentrations of FCP. After the
mixture was incubated at room temperature for a few minutes, 10 1 of Asp-AT [2.0
units/mL in 100 mM potassium phosphate (pH 7.4)] was added. The plate was shaken at
room temperature for 1 min, and the absorbance was measured at 340 nm every 10 s for 60
min. All assays were performed in duplicate.

Crystallization of OAT and FCP

Potassium pyrophosphate buffer (500 zL, 100 mM, pH 8.0), containing human OAT (2.2
mg, 49 nmol), a-ketoglutarate (10 mM), g-mercaptoethanol (10 mM), and FCP (50 mM),
was protected from light and incubated at room temperature for 14 h until the human OAT
was inactivated (activity of £0.1%). The inactivated OAT was then concentrated to 10
mg/mL using a 30000 MWCO Amicon Ultra centrifugal filter device, and the concentrated
protein was exchanged into a crystallization buffer [50 mM Tricine HCI (pH 7.8) and 10 t/M
PLP]. Crystals were grown using previously published conditions.1# Crystallization was
performed in 24-well Cryschem Plates (Hampton Research). Crystals with the best
morphology appeared in the well solution containing NaCl (175 mM) and 8-10% (v/v) PEG
6000 after incubation for 1 week at room temperature. OAT crystals with the best
morphology were transferred into a cryo-protecting solution [well solution supplemented
with 25% (v/v) glycerol] before being flash-cooled in liquid nitrogen.

Cocrystallization of Asp-AT and FCP in the Presence and Absence of a-Ketoglutarate

The cocrystallization of Asp-AT and FCP in the absence of a-ketoglutarate was conducted
using the hanging-drop method. The well solutions contained 25 mM potassium phosphate
and 43% saturated ammonium sulfate. Hanging drops were set up by mixing 4 L of the
protein solution (10 mg/mL), 2 x4 of FCP (50 mM, stock solution), and 4 4L of the well
solution. The pH values of the solutions were adjusted to 6.5. The crystals appeared
overnight. The crystals were then transferred to a cryo-protectant solution that consisted of
48% saturated ammonium sulfate, 25 mM potassium phosphate, 20% glycerol, and 1 mM
PLP and was adjusted to the pH value at which the crystals were formed. The crystals were
frozen in liquid nitrogen after being dipped into the cryo-protectant solution. For the
cocrystallization of Asp-AT and FCP in the presence of a-ketoglutarate, the protein buffer
was substituted with a solution containing a-ketoglutarate (10 mM); other crystallization
conditions remained the same.
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Data Collection and Processing

Monochromatic data sets were collected at the LS-CAT, Advanced Photon Source (APS), at
Argonne National Laboratory (ANL, Argonne, IL). Diffraction data were collected at a
wavelength of 0.98 A at 100 K using a Mar300 Charge Coupled Device (CCD) detector. All
collected data sets were indexed and integrated using the HKL2000 suite.1® Data collection
statistics are summarized in Table 1.

Model Building and Refinement

The OAT structure and Asp-AT structures were determined by molecular replacement using
PHASER in the Phenix software suit.18 The initial search model was based on a previously
published structure of OAT [Protein Data Bank (PDB) entry 10AT] and Asp-AT (PDB entry
2AAT). Models were rebuilt using COOT, 7 refined using Phenix,6 and analyzed using
COOTY" and UCSF Chimera.18 All ligands were built and regularized using JLigand in the
CCP419 program suit. Final refinement statistics are listed in Table 1. Structural figures were
made using UCSF Chimera.

Mass Spectrometry Study on a Single Turnover of FCP

Ammonium bicarbonate buffer (200 £, 50 mM, pH 7.4) containing Asp-AT (39.5 M) and
FCP (15.8 mM) was protected from light and incubated at room temperature for 12 h. A
similar control solution that did not contain FCP was also incubated. After 12 h, formic acid
(5 4) was added to each solution, and both were centrifuged in a 0.5 mL 10 kDa MWCO
centrifuge tube at 13400¢ for 20 min or until most of the solution had passed through.
Triplicate deproteinated reaction mixtures from incubation of Asp-AT with FCP, or the
control, were analyzed by high-performance liquid chromatography with electrospray
ionization mass spectrometry (HPLC-ESI-MS). Ten microliters of each mixture was
injected on a Phenomenex Luna C18(2) column (2.1 mm x 150 mm) and analyzed by a
linear gradient at 200 gL/min from 10 to 90% buffer B over 15 min, where buffer A was
water with 0.1% formic acid and buffer B was acetonitrile with 0.1% formic acid. The eluent
from LC was split 1:4 so that 20% of the eluent (40 zi/min) flowed directly into a Thermo
lon Max ESI source connected to a Thermo Q-Exactive. Data were collected in negative ion
mode through a data-dependent top five method where the first duty cycle scan was a global
scan from 100 to 1000 Th, followed by MS? fragmentation of the five most abundant ions
with the higher-energy collisional dissociation cell set to a normalized collision energy of 45
arbitrary units. Extracted ion chromatograms for ions of interest were integrated for total
peak area and normalized relative to the total ion current for each run. Normalized values
were then scaled to represent normalized absolute ion abundances. Values from triplicate
samples were averaged, and error bars were generated on the basis of the standard deviation.

RESULTS AND DISCUSSION

Cloning and Protein Purification

The cloning results were confirmed by DNA sequencing. Heterologous expression of OAT
and Asp-AT in £. coli BL21(DE3) cells led to good yields of purified proteins (~10 and ~30
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mg/L of culture, respectively). The purified enzymes were used for structural and
biochemical studies.

Inactivation of OAT by FCP

Crystallographic Studies of OAT Inactivated by FCP (OAT-FCP) Yielded a
Complex Structure with a Ternary Adduct—FCP was previously shown to inactivate
GABA-AT and OAT.8 On the basis of a reported complex structure with GABA-AT,11 FCP
inactivates GABA-AT through an enamine mechanism (Figure 1A). In this work, the
obtained OAT-FCP complex structure was determined by molecular replacement using a
monomer of a known OAT structure as a search model (PDB entry 10AT) after deletion of
all water and ligand molecules. In space group £3224, three monomers were found in one
asymmetric unit. Two of the three monomers form a biological assembly that is a
homodimer; the other one forms a homodimer with a monomer from another asymmetric
unit. The final model was refined to a resolution of 1.8 A with R ee and Ryork Values of 21.3
and 18.4%, respectively. Final refinement statistics are listed in Table 1.

No major conformational changes were observed when the known structure of OAT (PDB
entry 10AT) was compared to that of the OAT-FCP complex (root-mean-square deviation of
0.4 A using SSM superposition2? in COOT). The active site of the OAT-FCP complex
(Figure 2A) displays a ternary adduct formed by Lys292, PLP, and FCP. Atom C4 of PLP, at
which three parts of the ternary adduct are joined covalently, was refined with an /R
configuration and tetrahedral geometry. This ternary adduct is similar to the adduct observed
in the active site of the crystal structure of inactivated GABA-AT by FCP! (Figure 1B). In
the OAT-FCP complex, Arg180 forms a salt bridge with the carboxyl group of FCP; this
noncovalent interaction has been reported to be important for substrate binding at the active
site.3 Figure 2B shows a simulated annealing omit map (%, — /) superimposed with the
ternary adduct.

The formation of the ternary adduct implies that the inactivation of OAT by FCP proceeds
via an enamine mechanism, similar to that of the inactivation of GABA-AT by FCP. This
mechanism is initiated by the formation of the Schiff base between FCP and PLP (1),
followed by y-proton removal and tautomerization that lead to the release of the fluoride ion
and enamine 7 (Scheme 2). Subsequent nucleophilic addition of 7 to the lysine-bound PLP
on OAT gives rise to ternary adduct 8, which is similar to 5 in the mechanism of inactivation
of GABA-AT by FCP (Figure 1A).

FCP Acts as an Alternative Substrate, Not an Inactivator of Asp-AT—FCP was
tested for its potential inhibitory capacity on Asp-AT using the coupled enzyme assay
described in Materials and Methods. The results showed FCP did not inactivate or inhibit the
activity of Asp-AT at a concentration of <10 mM (Figure S1). Cocrystallization of Asp-AT
and FCP in the absence of a-ketoglutarate (Asp-AT—FCP) yielded crystals that diffracted to
1.8 A. The data set was processed in space group PL, and the crystal structure was
determined by molecular replacement using a known structure of Asp-AT (PDB entry
2AAT) as a search model. The resulting structure has four monomers per asymmetric unit,
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and the model was refined with Rfee and Ryork Values of 18.7 and 16.4%, respectively. Final
refinement statistics are listed in Table 1.

PMP was identified in the crystal structure of the Asp-AT—FCP complex. The active site of
the Asp-AT-—FCP complex (Figure 3A) displays the electron density that is not consistent
with the formation of a ternary adduct as being observed in the crystal structures of FCP-
inactivated GABA-AT or OAT. Instead, this electron density fits well with PMP. The
discontinuity in the electron density between Lys246 and the putative pyridoxamine moiety
is consistent with the turnover of PLP to PMP. In addition, the electron density around C7 of
the putative PMP fits well with an sp3 hybridized carbon, providing further evidence that the
coenzyme is in the pyridoxamine rather than the pyridoxal form (Figure 3C). Figure 3B
shows a simulated annealing omit map (/, — F¢) superimposed with the atomic model of
PMP. The interactions between the active site residues and PMP (Figure 3A) in this crystal
structure are the same as those in a previously reported structure of the Asp-AT_PMP
holoenzyme.21.22

The conversion of PLP to PMP indicates that off-target Asp-AT can turn over FCP as an
alternative substrate. £. coli Asp-AT is similar to H. sapiens (human) Asp-AT with >40%
sequence identity and is a model enzyme among Asp-ATs, which are known to catalyze
reactions via the same mechanism.2:6 Overexpressed and purified £. coli Asp-AT has been
used as the off-target model enzyme to design inactivators against PLP-dependent
enzymes.23:24 The lack of inactivation by FCP and the observation of PMP bound to Asp-AT
in the presence of FCP suggest that Asp-AT catalyzes the conversion of the amino group on
FCP to a keto group through the same mechanism by which it converts aspartate to
oxaloacetate, and this reaction stops at the generation of PMP after the first half of the
“ping-pong” catalytic cycle.

Trapping a Ketimine Intermediate in the Asp-AT Crystal Structure Further
Supports the FCP Turnover—On the basis of the interpretation of the turnover of FCP
by Asp-AT and the conversion of PLP to PMP, it is expected that cocrystallization of Asp-
AT in the presence of FCP and its second substrate, a-ketoglutarate, should reveal a
structure representing regeneration of the enzyme back to the PLP form, as proposed in the
second half of the Asp-AT catalytic cycle.

Cocrystallization of Asp-AT and FCP in the presence of a-ketoglutarate yielded crystals that
diffracted to 1.7 A. Interestingly, the obtained complex structure (Asp-AT-FCP-a-
ketoglutarate) revealed electron density at the active site that was interpreted as a ketimine
intermediate (Figure 4A). After refinement, the B factors of the built ligand are between 11.9
and 33.5 A2 (Table 1). Figure 4B shows a simulated annealing omit map (/, — £)
superimposed with the atomic model of this ketimine intermediate. The carbon—nitrogen
double bond formed between N2 on the pyridoxamine moiety and C2 on a-ketoglutarate is
the key structural characteristic for this ketimine intermediate (Figure 4C). There is no
electron density between Lys246 and the pyridoxal moiety, consistent with the measured
distance of ~3.2 A. The carboxyl group on the a-ketoglutarate makes a salt bridge with
Arg374. The phosphate group on the pyridoxal moiety interacts with Arg254 and Thr104
through hydrogen bonds. These electrostatic interactions are consistent with the previous
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understanding that they hold the substrate and cofactor in the active site during the catalytic
transformation.® This ketimine intermediate has long been proposed as a transient
intermediate in the Asp-AT catalytic mechanism before the generation of the final products,
glutamate and the cofactor PLP (Scheme S1). Ketimine intermediates have been previously
trapped in the crystal structures of DesV from Streptococcus pneumoniae (PLP-dependent
transaminase)2® and ColD from E. coli (dehydratase),25:27 but to the best of our knowledge,
they have not reportedly been trapped in Asp-AT.

In the Asp-AT active site, PMP, which is a product in the reaction of FCP with Asp-AT, can
react with a-ketoglutarate to form a ketimine intermediate, which undergoes fast
tautomerization and then hydrolysis to produce L-glutamate and PLP in solution. The
trapping of this ketimine intermediate in the crystal may have occurred serendipitously
during cocrystallization, providing evidence of the occurrence of the second half of the
catalytic cycle, and further suggesting that FCP is an alternate substrate of Asp-AT.

Identification of the Products and Proposed Mechanism of the Turnover of
FCP by Asp-AT—To test for the turnover of FCP by Asp-AT and probe its turnover
mechanism, we incubated Asp-AT with FCP in the absence of a-ketoglutarate, allowing the
putative first half-reaction of FCP turnover to occur in a single-turnover fashion. After being
desalted and deproteinated, FCP turnover samples were analyzed by high-mass accuracy
HPLC-ESI-MS/MS, using a Q-Exactive mass spectrometer in negative ion mode to detect
reaction products. The relative abundance of ions with molecular formulas corresponding to
several putative FCP turnover products was observed changing significantly when FCP and
Asp-AT were incubated together (Table 2 and Figure 5).

lons were putatively identified on the basis of intact mass, and, when possible, isotopic
envelopes, MS? fragment assignment, and comparison to synthetic standards. Figures S2-S5
present MS2 and/or isotopic envelope evidence for the identification of 3-
oxocyclopentane-1-carboxylate (12), PLP, PMP, and 7. In some cases, analysis of isotopic
envelopes and MS? was not possible because of the low overall abundance (Table 2). The
relative level of each of these metabolites is shown in Figure 5. Notably, the level of each
metabolite increased when FCP and enzyme were mixed, relative to negative controls, with
the exception of PLP and PMP, which decreased, and 7 and FCP itself, which did not change
significantly. FCP levels did not change significantly because of the large molar excess of
FCP used in these experiments, and 7 (in addition to being a product of pathway b) is an in-
source fragmentation product of FCP, which explains why its relative levels mirror those of
FCP. Altogether, this is consistent with the mechanism proposed in Figure 6, where FCP
turnover is partitioned between the two separate pathways.

The resulting Schiff base from the reaction of FCP and the lysine-bound PLP on Asp-AT is
subjected to y-proton removal, followed by tautomerization that leads to the formation of
intermediates 9 and 10 (Figure 6, path a) and the release of the fluoride ion (Figure 6, path
b). In path a, hydrolysis of intermediate 10 gives 3-fluoro-4-oxocyclopentane-1-carboxylate
11 and releases PMP. In path b, hydrolysis of 3, the intermediate formed after the release of
the fluoride ion, gives enamine 7 and releases PLP; hydrolysis of 7 generates 3-
oxocyclopentane-1-carboxylate 12. Pathways a and b occur concurrently. Levels of
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intermediates 9 and 10, 3-fluoro-4-oxocyclopentane-1-carboxylate (11), 3-
oxocyclopentane-1-carboxylate (12), and 7 increased in the incubated solution of FCP and
Asp-AT. The observed decrease in the levels of PLP and PMP is likely due to ion
suppression effects of FCP, because PLP and PMP both co-elute with FCP, as well as due to
the fact that some PLP and PMP cofactors are sequestered in the formation of intermediates
1-3, 9, and 10. Notably, the PMP:PLP ratio increases significantly upon the addition of FCP
to OAT, indicating that PLP is converted to PMP through the FCP turnover mechanism
(Figure S6).

Comparison of Structures of OAT-FCP, GABA-FCP, and Asp-AT-FCP
Complexes—OAT, GABA-AT, and Asp-AT (Figure S7) belong to the type 1 fold class of
amino-transferases.28 Within this type | fold class, Asp-AT belongs to subclass | (AT-1),
while OAT and GABA-AT belong to subclass 11 (AT-11).2528 A structural alignment of
GABA-AT and OAT (root-mean-square deviation of 2.2 A using SSM superposition?? in
COQT) shows no major differences in the positions of the conserved key catalytic residues
(Figure S8A), including the catalytic Lys and an Arg that is involved in substrate binding.
Lee et al.3 previously proposed that inactivators of GABA-AT could also bind to OAT
because the distances between the catalytic Lys residue and the Arg residues are similar
(Figure S8A). Therefore, it is reasonable that FCP inactivates both GABA-AT and OAT via a
similar enamine mechanism. Despite the presence of the catalytic Lys and PLP, the active
site residues in Asp-AT do not align well with those of OAT and GABA-AT (Figure S8B),
displaying subtle differences (Tyr65 from subunit b and the position of R254 for substrate
recognition)® that could contribute to the difference in reaction mechanisms with FCP.

In the mechanisms of inactivation of OAT and GABA-AT by FCP (Figure 1A and Scheme
2), 7 is held in position in the active site via a salt bridge between a conserved Arg and the
carboxyl group on FCP, allowing 7 to irreversibly form a covalent adduct with the catalytic
Lys and PLP, which leads to the inactivation of the enzyme. In the mechanism of FCP with
Asp-AT, this ternary adduct is not formed; instead, FCP is turned over to a keto product,
which could be the result of the hydrolysis of 3 that occurs before the ternary adduct could
be formed (Figure 6, path b). Examination of the active site pockets reveals that, in GABA-
AT and OAT, the pyridine ring of the cofactor is buried in the enzymes’ active sites and is
barely exposed to the solvent (Figure 7A,B), which likely helps to retain 7 in the active site
cavities long enough for the formation of the final ternary adducts to occur. In Asp-AT
(Figure 7C), the pyridine ring of the cofactor is more exposed and closer to the surface of the
protein, which may account for the availability of a water molecule that performs the rapid
hydrolysis of 3.

To further analyze the possible hydrolysis in Asp-AT, structures of the Asp-AT-PMP and
OAT-PLP-FCP complexes are manually superimposed by overlapping the atom positions of
the atoms in the PLP moieties (Figure 8). Assuming that FCP reacts with PLP and the
catalytic Lys in a similar fashion in the active sites of both enzymes, this superimposition
reveals a hypothetical position of bound FCP in Asp-AT. In Asp-AT, Tyr214, instead of a
Thr in OAT, is close to the PLP and places a water molecule via hydrogen bonding close to
the hypothetical binding position of FCP, presenting an estimated distance of ~3.3 A to the
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point of the nucleophilic attack. Thus, this water could be the nucleophile that performs the
hydrolysis to complete the alternative turnover of FCP, instead of inactivation, in Asp-AT.

Selectivity of Mechanism-Based Inactivators for PLP-Dependent Enzymes—
Although FCP is not selective for OAT or GABA-AT, the active sites of GABA-AT and OAT
display certain structural differences. Comparison of their substrates shows that ornithine is
one carbon longer than GABA, and it has an additional amino group at the a-carbon.
Previous studies of mechanism-based inactivators of these two enzymes showed that
vigabatrin is specific for GABA-AT0 and (25,5.5)-5-fluoromethylornithine (5SFMOrm)2° is
specific for OAT. 5FMOrn is one carbon longer than vigabatrin, and it has an additional
amino group at the a-carbon. An overlap of the active sites of GABA-AT and OAT (Figure
S8A), though very similar, shows differences in some amino acid residues that could account
for their selectivity for one substrate over the other. It has been suggested that residues Tyr55
and Tyr85 make the active site of OAT more flexible to accommodate substrates that are
larger and have an amino group at the a-carbon, when compared to the hydrophobic
environment in the active site of GABA-AT, which is created by residues Ile72 and Phe351.3
These subtle differences can be exploited when designing mechanism-based inactivators that
are specific for either OAT or GABA-AT.

CONCLUSION

FCP inactivates a drug-target OAT via an enamine mechanism similar to that of another
drug-target GABA-AT, but it is an alternate substrate for an apparent PLP-dependent off-
target Asp-AT. The proposed mechanisms of inactivation and alternative turnover in all three
enzymes are complex, and all contain multiple reaction pathways. Although FCP is still too
toxic to become a drug itself,11:29 it displays a desirable selectivity in the context of drug
development as a mechanism-based inactivator. The reason for this desirable selectivity
results from the subtle differences in the shapes of the active site cavities for retaining an
intermediate, as well as the availability of a water molecule for a proposed hydrolysis in a
complex mechanism with multiple reaction pathways. In general, the reactive intermediates
generated during the complex reactions of these mechanism-based inactivators in the active
sites could be capable of displaying desirable specificity of inactivation, discerning drug-
target and off-target enzymes, even with similar structures and reaction mechanisms.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Mechanism of inactivation of GABA-AT by FCP. (A) Scheme representing the mechanism
of inactivation of GABA-AT by FCP. (B) Crystal structure of inactivated GABA-AT
showing adduct 5 derived via an enamine mechanism.11
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CcCoo

Figure 2.
Structure of the adduct formed after the inactivation of OAT by FCP. Protein atoms are

shown as sticks, with oxygen colored red, nitrogen colored blue, and phosphorus colored
orange. (A) Active site of OAT with the ternary adduct formed by K292, FCP, and PLP,
which is colored yellow (PDB: 5VWO). The dashed lines represent hydrogen bonds or
electrostatic interactions between the active site residues of OAT (green) and the adduct. (B)
Simulated annealing omit map (~, — /) of the adduct. The omit map is shown as a gray
mesh at 3. The omit map was generated after FCP, PLP, and K292 had been omitted from
the coordinates. (C) Chemical structure of the adduct formed by FCP, PLP, and K292.

Biochemistry. Author manuscript; available in PMC 2018 September 19.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Mascarenhas et al.

Figure 3.

Page 16

Structure of Asp-AT and PMP. Protein atoms are shown as pink sticks, with oxygen colored
red, nitrogen colored blue, and phosphorus colored orange. (A) Active site of Asp-AT and
PMP (colored yellow, PDB: 5VWQ). The dashed green lines represent the hydrogen bonds

or electrostatic interactions between PMP and the active site residues of Asp-AT. (B)

Simulated annealing omit map (/~, — /) of the adduct. The omit map is shown as a gray

mesh at 2.50. The omit map was generated after PMP had been omitted from the

coordinates. (C) Chemical structure of PMP.
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Figure 4.
Structure of Asp-AT with a ketimine intermediate. Protein atoms are shown as pink sticks,

with oxygen colored red, nitrogen colored blue, and phosphorus colored orange. (A) Active
site of Asp-AT and a ketimine intermediate formed between PMP and a-ketoglutarate,
which is colored yellow (PDB: 5VWR). The dashed green lines represent the electrostatic
interactions or hydrogen bonds between the ketimine and the active site residues of Asp-AT.
(B) Simulated annealing omit map (/, — F) of the adduct. The omit map is shown as a gray
mesh at 2.5¢. The omit map was generated after the ketimine had been omitted from the
coordinates. (C) Chemical structure of the ketimine intermediate.
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Relative levels of proposed FCP turnover products and intermediates. The relative
abundance of each compound was determined by LC-MS and normalized relative to the
total ion current. The level of each compound increased in the incubated solution of FCP and
Asp-AT, except for those of PLP and PMP, which were detected at lower levels probably
because of an ion suppression that resulted from their co-elution with FCP, and because of
the sequestration of some PLP and PMP molecules in the formation of intermediates 1-3, 9,
and 10. Abbreviations: Blank, acetonitrile; Buffer, reaction buffer; FCP, FCP at 15.8 mM;
Enz., Asp-AT at 39.5 tM; Rxn., Asp-AT (39.5 ¢M) and FCP (15.8 mM). Molecular anions
of compounds 1, 9, and 10 have the same mass and cannot be distinguished.
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Proposed turnover mechanism of FCP by Asp-AT based on mass spectrometry analysis of a
single turnover of FCP. Species detected to be increased are boxed in green. Both pathways a
and b are proposed to occur concurrently.
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Figure 7.
Cofactor binding pockets. (A) A surface-coated GABA-AT is colored green and purple to

represent the amino acids from two different subunits. PLP is represented as yellow sticks,
with oxygen colored red, nitrogen colored blue, and phosphorus colored orange. (B) A
surface-coated OAT is colored green and brown to represent the amino acids from two
different subunits. PLP is represented as yellow sticks, with oxygen colored red, nitrogen
colored blue, and phosphorus colored orange. (C) A surface-coated Asp-AT is colored pink
and salmon to represent the amino acids from two different subunits. PMP is represented as
yellow sticks, with oxygen colored red, nitrogen colored blue, and phosphorus colored
orange.
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FCP Binding Site
PLP Binding Site

-

Figure 8.
Superposition of the structures of the OAT-PLP-FCP and Asp-AT-PMP complexes by

manually overlapping the atom positions of PLP moieties. The carbon atoms in the OAT-
PLP-FCP complex are colored brown. The carbon atoms in the Asp-AT-PMP complex are
colored cyan. The estimated distance from the water molecule that potentially performs the
nucleophilic attack on the hypothetical FCP position in Asp-AT is colored green.
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General Mechanism of (A) Aspartate Aminotransferase, (B) Ornithine Aminotransferase,
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Table 1

Crystallographic Data for OAT-FCP, Asp-AT-FCP, and Asp-AT-FCP-KG Complexes

OAT-FCP Asp-AT-FCP Asp-AT-FCP-KG
Data Processing?
space group P322; PL C222y
no. of molecules per asymmetric unit 3 4 1

cell dimensions
a, f, Adeg)
a b cA)

resolution (A)

resolution at /o(/) =2
Rinerge (%)

Rpimc (%)

Ho(l)

cCy?

completeness (%)
multiplicity

no. of reflections

no. of unique reflections

Rorko® Riree (%)
no. of atoms
protein
ligand
water
Bfactor (A2)
protein
ligand
RMSDY
bond lengths (A)
bond angles (deg)
Ramachandran plot (%)
most favored
allowed

outliers

115.3,115.3, 187.9
90, 90, 120

1.78

1.84

9.3 (0.0)

3.9(79.3)

26.2 (1.5)
1.00 (0.57)

99.8 (99.0)

9.4 (7.5)

1315591

139552
Refinement

17.8,21.0

9626
32
1309

26.4
16.7-32.9

0.01
111

96.41
3.27
0.33

a . S .
The values for the highest-resolution bin are in parentheses.

b
Rmerge = Zl/obs — favgl/Z/avg-

DPrecision-indicating merging R.

a . =
Pearson correlation coefficient of two “half” data sets.

118.8,90.1, 89.6
78.9,84.9, 88.0
1.80

1.80

6.1 (40.0)

20.0 (2.8)

98.2 (83.4)
3.8(3.3)
676385
178845

16.2,19.2

13737
64
1434

30.3
17.72-32.7

0.01
1.49

96.47
3.04
0.50

84.4,1555,77.4
90.0, 90.0, 90.0
1.72

1.75

4.0 (98.0)

2.7 (53.0)

25.3 (1.9)
1.00 (0.70)

99.7 (99.5)
43(4.0)
240049
55946

16.7, 19.04

3105
25
366

25.2
11.9-32.0

0.01
1.14

95.77
4.23
0.00
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e
Rwork = ZlFobs ~ Fealcl/ZFobs-

f_. .
Five percent of the reflection data were selected at random as a test set, and only these data were used to calculate Rfree.

gRoot-mean-square deviation.
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