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Abstract

Human ornithine aminotransferase (#OAT) is a pyridoxal 5’-phosphate (PLP)-dependent enzyme
that was recently found to play an important role in the metabolic reprogramming of
hepatocellular carcinoma (HCC) via proline and glutamine metabolic pathways. The selective
inhibition of AOAT by compound 10 exhibited potent /7 vivo antitumor activity. Inspired by the
discovery of aminotransferase inactivator (15,35)-3-amino-4-(difluoromethylene)cyclopentane-1-
carboxylic acid (5), we rationally designed, synthesized, and evaluated a series of six-membered
ring analogs. Among them, 14 was identified as a new selective #OAT inactivator, which
demonstrated 22 times greater potency than 10. Three different types of protein mass spectrometry
and two crystallographic approaches were employed to identify the structure of /OAT-14 and

the formation of a remarkable final adduct (28°) in the active site. These spectral studies reveal

an enzyme complex, heretofore not observed in a PLP-dependent enzyme, with covalent bonds
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to two nearby residues. Crystal soaking experiments and molecular dynamics simulations were
carried out to identify the structure of active site intermediate 277, and to elucidate the order of the
two covalent bonds formed, leading to 28’. The initial covalent reaction of the activated warhead
occurs with *Thr322 from the second subunit, followed by a subsequent nucleophilic attack by
catalytic residue Lys292. The turnover mechanism of 14 by AOAT also was supported by mass
spectrometric analysis of metabolites and fluoride ion release experiments. This novel mechanism
for AOAT with 14 will contribute to the further rational design of selective inactivators and an
understanding of potential inactivation mechanisms by aminotransferases.
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INTRODUCTION

Hepatocellular carcinoma (HCC) is the most common primary liver cancer and the second
leading cause of cancer death worldwide.1 The disease is highly malignant, radiotherapy-
resistant, and refractory to chemotherapy, including the standard-of-care treatment,
sorafenib.>-8 Recently, human ornithine aminotransferase (FOAT) was identified as a
metabolic regulator of HCC progression via proline and glutamine metabolic pathways.?: 10
OAT (E.C. 2.6.1.13) is a pyridoxal 5’-phosphate (PLP)-dependent enzyme,! which is
found in the mitochondrial matrix of most human and animal tissues.1?2 Mechanistically,
two coupled half-reactions are required to complete one transamination cycle of OAT
(Scheme 1).13 In the first half-reaction, ornithine binds to cofactor PLP in the active site

of OAT to form Schiff base M1, followed by tautomerization to intermediate M2; the
subsequent hydrolysis of M2 generates pyridoxamine 5 -phosphate (PMP) and glutamate »-
semialdehyde (G »S), which spontaneously cyclizes to Al-pyrroline-5-carboxylate (P5C). In
the second-half reaction, OAT catalyzes the conversion of a-ketoglutarate (a-KG) and PMP
to L-glutamate (L-Glu) and PLP. Glutamate and glutamine metabolism have acknowledged
roles in supporting the anabolic demands of tumor growth and it is increasingly clear

that proline metabolism promotes liver cancer tumorigenesis.14-17 Not only L-Glu and
proline have direct effects on metabolic rewiring, but they also induce a hypoxia-inducible
factor-1a (HIF1a) transcriptional program in HCC leading to sorafenib resistance and
retained proliferative capacity under oxygen starvation.18 AOAT is commonly overexpressed
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in HCC as a result of dysregulation and activation of the Wnt/B-catenin pathway.19: 20

The selective inhibition of AOAT exhibited potent /n vivo anti-tumor activity in the HCC
mouse model, along with dramatically reduced alpha-fetoprotein (AFP, a biomarker for
HCC) levels.10 Recently, upregulation of #OAT was found in non-small cell lung cancer
(NSCLC) cells, which contributes to the promotion of proliferation, invasion, and migration,
the inhibition of apoptosis, and the change of the cell cycle.?! The specific knockdown of
HOAT in NSCLC inhibited cell proliferation in vitro and suppressed tumor growth in vivo.21
Thus, FOAT can serve as a promising therapeutic target for the treatment of HCC and related
cancers with similar underlying metabolic alterations.

OAT belongs to the same enzyme subgroup?? as y-aminobutyric acid aminotransferase
(GABA-AT, E.C. 2.6.1.19), which demonstrates a similar catalytic mechanism to that of
OAT,23 in which GABA is converted to succinic semialdehyde (SSA) in the first-half
reaction.24 In past decades, our laboratory has been focusing on the rational design

of mechanism-based inactivators (MBIs) of GABA-AT?> for the potential treatment of
epilepsies and addictions. MBIs initially act as substrates for a target enzyme, but

after enzyme-catalyzed modification to an active intermediate, they inhibit the target
enzymes;2>-28 often they demonstrate higher potency and reduced off-target effects when
compared with traditional inhibitors. 10: 25. 29. 30 \/igabatrin (1)31, an MBI of GABA-AT,
is an FDA-approved drug for the treatment of infantile spasms and refractory complex
partial seizures (Scheme 2).32 A mechanistic study33 revealed that 1 initially forms a Schiff
base with PLP in the active site of GABA-AT, followed by tautomerization, as with the
native substrate, to afford intermediate 3. Lys329, the residue that initially is bound to
PLP, attacks the Michael acceptor of 3 to form covalent adduct 4, which accounts for

70% of the inactivation pathway of 1 (Scheme 2).33 On the basis of this mechanism,
difluoro-substituted conformationally-rigid compound 5 was synthesized and exhibited 22
times higher efficiency as an inactivator of GABA-AT than 1, determined by their Ajnact/K|
values (Scheme 2).34 35 Compound 5 produced Michael acceptor intermediate 7 via
similar steps as shown for the mechanistic pathway of 1.36 However, highly electrophilic
7 reacted with water molecules in the pocket, instead of Lys329, leading to the formation
of tight-binding adduct 8, in which the newly generated carboxylate forms an electrostatic
interaction with Arg445 (Scheme 2).36 Compound 5 has been investigated in a clinical
trial and is successfully treating a child with infantile spasms.37: 38 Cyclopentene analog

9 (Figure 1) was found to have enhanced improved potency toward GABA-AT (Kinac/K|

= 342 mM~Imin1) and to undergo the same mechanism as 5, in which the nucleophilic
attack of water molecules was potentially assisted by the catalytic lysine.2 Because of the
high similarity of the active sites of these two aminotransferases, 9 also exhibited inhibitory
activity of FOAT, but with relatively lower efficiency (Kinac/K; = 7.6 mM~Imin1).29

When comparing the active sites of /ZOAT and GABA-AT for differences, /OAT has a

more flexible and larger active site, resulting from the replacement of Phe351 and 1le72

in GABA-AT with Tyr55 and Tyr85 in /OAT, which can accommodate ornithine that is

one carbon longer than GABA.39 In 2015, the relatively bulky bis(trifluoromethyl) analog
10 (Figure 1) was found to show much improved selectivity for FOAT over GABA-AT.10
Furthermore, administration of 10 at low doses (0.1 and 1.0 mg/kg) was shown to effectively
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reduce AFP levels and suppress HCC tumor growth /n vivo.19 Recently, the enlarged-ring
strategy has been successful in improving potency and selectivity of /OAT inactivators,
leading to the discovery of cyclohexene analogs 11a and 11b (Figure 1).40

Herein, we have designed and synthesized six-membered ring analogs 12-15 based

on GABA-AT inactivators 5 and 9 (Figure 1). Among them, analog 14 is 22 times

more efficient as an inactivator of ZOAT than 10, along with excellent selectivity over

other aminotransferases. We also elucidated the inactivation mechanism of 14 with the
employment of several crystallography and mass spectrometry methods, leading to the
identification of a remarkable, but unexpected, covalent adduct attached to two residues
from two different chains in the AOAT active site. In addition, the turnover mechanism was
shown to generate an aromatic metabolite. These studies have revealed a potent and selective
HOAT inactivator for the treatment of HCC and uncovered its underlying mechanism of
inactivation for further improved rational inactivator design.

RESULTS AND DISCUSSION

Syntheses of Analogs 12-15

The synthetic route to 12-15 is shown in Scheme 3. Chirally-pure lactam 1641 was prepared
via a reported procedure. Intermediate 16 was treated with silver trifluoroacetate, followed
by Dess-Martin oxidation, to afford ketones 17a and 17b. Intermediate 18 was obtained
from 17b with the protection of PMB, followed by the treatment34 3% of CHF,PO(OEt),
and BulLi, to provide intermediate 19. Deprotection of PMB with CAN and the ring-opening
reaction under acid conditions afforded the desired product 12. Chirally-pure ester 21 was
prepared as reported,*? which was treated*2 with 2-PySO,CF,H and BuOK in DMF to
give difluoromethylene intermediate 22. Interestingly, the treatment of 22 with PhSeCl and
KHMDS afforded bicyclic lactam 23 as the major product. The sequential Boc protection,
ring-opening reaction, and oxidative elimination provided two isomers 24a and 24b. The
desired products 13-15 were afforded from the corresponding esters under acid conditions,
respectively.

Kinetic Studies of Analogs 12-15

As shown in Table 1, six-membered ring analogs 12—15 exhibited lower binding affinity

to GABA-AT (greater K, values) than 5 or 9, which is consistent with our initial design
strategy. The enlarged ring could potentially obstruct the initial binding with GABA-AT,40
which has a relatively small and rigid active site.39 Although cyclohexane analogs 12

and 13 showed enhanced selectivity for OAT, their potency was greatly decreased. The
introduction of the double bond significantly increased their binding affinity to OAT, which
may result from the reduced steric hindrance of cyclohexene.*? a, B-unsaturated analog 14
is more potent than cyclohexene analog 15, possibly because of the reduced acidity of the
y-position, which is critical for the tautomerization step and further inactivation.25

The most potent analog (14) is 22-fold more efficient (kinac/Kj = 20.0 min~ImM™1) as an
inactivator of AOAT than 10 (Kinac/K; = 0.9 min~?mM~1) and has good selectivity over
GABA-AT with lower efficiency constants (Kinac/K; = 0.3 min~mM=1). Compound 14
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also exhibited little or no inhibitory activity against alanine aminotransferase (Ala-AT) or
aspartate aminotransferase (Asp-AT), even at 20 mM concentration (Figure S1). Currently,
in vitroand /n vivo studies of 14 are ongoing in our lab for the potential treatment of HCC
and other related cancers.

Inactivation Mechanism for 14

Dialysis

MBIs of aminotransferases inactivate these enzymes through a variety of mechanistic
pathways, manifested by the formation of covalent or tight-binding adducts occupying

the active site.2> On the basis of previous reports,33:36.43. 44 two reasonable mechanistic
pathways (aand b) for the AOAT inactivation by 14 are proposed (Scheme 4). Initially,
Schiff base 25 is formed from 14 and the Lys-PLP complex similar to that for the native
substrate (Scheme 1), followed by deprotonation at the y-position to 26. Mechanistic
pathway ais similar to the mechanisms for 1 and 5 (Scheme 2), in which reactive Michael
acceptor intermediate 27 is generated by protonation at the PLP-C4" position. Nucleophilic
attack could then occur by water (Scheme 4, pathway al) to give potential tight-binding
adduct 28 or by Lys292 to give covalent complex 29. The fluorine-substituted olefin in 29
could further react (either directly or via the ketenimine) with a water molecule to afford
adduct 30 (Scheme 4, pathway a2). In addition to water, several other nucleophilic residues
(Nu) are nearby in the active site of #/OAT, such as Tyr55, Tyr85, Glu235, and *Thr322
from the other chain. Although these noncatalytic residues have never been reported to

be covalently modified in any inactivation mechanism for aminotransferases, it is possible
that 29 could further react with one of them, leading to the formation of double-addition
adduct 32 (Scheme 4, pathway a3). Mechanistic pathway b is proposed based on the
inactivation mechanism of /OAT by gabaculine (Scheme S1),43: 44 a naturally occurring
neurotoxin.*® Intermediate 33 could be formed by protonation at the difluoromethylenyl
group of intermediate 26, followed by tautomerization via 34 to 35, a stable aromatic
adduct with the PLP, similar to the product of inactivation by gabaculine. To determine

the most likely mechanism for the inactivation of #OAT by 14, we carried out dialysis
experiments, three types of protein mass spectral experiments, obtained a cocrystal structure
and a soaking crystal structure, and conducted molecular docking and molecular dynamic
simulation (MD) studies.

Previously, five-membered ring analogs 5 and 9 were identified as partially irreversible
inhibitors of GABA-AT, leading to the formation of tight-binding adducts.2®: 30 Thus, time-
dependent reactivation experiments of #FOAT for cyclohexene analog 14 were carried out to
determine if similar reversible components were also involved during the inactivation. After
HOAT was treated with 0.6-2.0 equivalents of 14, aliquots at different time intervals were
taken and assayed for the return of enzyme activity. No matter how many equivalents of

14 were used, no enzyme activity was recovered, even after 91 h of dialysis (Figure S2),
supporting a fully irreversible inhibition of #OAT.

JAm Chem Soc. Author manuscript; available in PMC 2022 June 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zhu et al. Page 6

Native Mass Spectrometry

To determine the mass of the potential covalent or tight-binding adduct in the active site

of AOAT-14, we turned to native mass spectrometry (nMS), which preserves noncovalent
substrate binding and protein quaternary structure.*6 To evaluate the applicability of nMS
for the study of MBIs, native untreated #OAT, /OAT-11b%0, and AOAT-gabaculine?* samples
were first used as positive controls. In these cases, the active site would be occupied

by an unstable covalent adduct, a stable covalent adduct, and a tight-binding adduct,
respectively. Theoretical mass shifts for control samples were calculated on the basis of
known mechanisms; AOAT-14 mass shifts were calculated from the proposed inactivation
pathways aZ-a3and b6 (Scheme 4, Figure S3). Data for protein dimers were deconvoluted

to generate average dimer mass values (Figure S4). The experimental mass difference per
monomer was calculated from the observed average mass of the apo-/OAT dimer (92275.0
Da). As shown in Table 2, independent of the binding mechanism for control samples,

the experimental adduct masses are consistent with their theoretical masses. Among the
proposed adducts for /OAT-14, only adduct 32 from pathway a3 (Scheme 4) shows a mass
shift (378.1 Da) that matches the experimental result (378.3 Da), indicating the involvement
of a second nucleophilic residue.

Intact Protein Mass Spectrometry in Denaturing Mode

Protein mass spectrometry has served as an efficient tool for the identification of covalent
adducts in studies of inactivation of aminotransferases.4%:47- 48 The hydrolysis of unstable
groups under acidic conditions, such as imine or enamine groups, has been observed with
intact protein mass spectrometry to create masses that correspond to stable covalent adducts
alone.*2 Accordingly, unstable adducts for 14 may suffer from similar hydrolysis and release
of PMP or result in cleavage of newly formed covalent bonds with Lys292/Nu. As shown in
Figure S5, adducts and their corresponding theoretical mass differences for pathways aZ-a3
and b are depicted with partial adduct loss. For the cases of pathway aZ or 5, no mass

shift should be observed for tight-binding adduct 28 or 35. A mass shift of +166.0 Da is
expected with the hydrolysis of PMP from adduct 30 (pathway a2); a range of mass shifts
per monomer (148.0-166.0 Da) is proposed for pathway a3 arising from different degrees of
hydrolysis of adduct 32.

By intact protein mass spectrometry, native unmodified, dimeric AOAT presented a
deconvoluted mass compatible with the monomeric protein under acidic spray conditions
and reversed-phase nanocapillary high performance liquid chromatography (nano HPLC,
Figure 2A). 40. 47 However, using the same analytical conditions, analysis of /OAT-14
yielded a deconvoluted mass consistent with dimeric, cross-linked #/OAT, accounting for
82% of the total protein abundance (Figure 2B/C), suggesting covalent attachments to
two residues, each from a different monomer in complex. Relative to the low abundance,
unmodified dimer mass seen in the control (92275.0 + 1.3 Da), a 305.0 Da mass shift
was observed for the /OAT-14 species (92580.0 £ 2.1 Da) (Figure 2D). The observed
mass shift is not consistent with any single adduct but may result from a mixture of
adducts (296.1-314.1 Da) in pathway a3 (Scheme 4, Figure S5). To determine if modified,
monomeric #FOAT could be rescued from the observed dimer, the nanoHPLC analytical
column temperature was increased from 25 °C to 55 °C. Subsequent analysis of /OAT-14
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at 55 °C reduced the dimer to 33% relative abundance and increased the abundance of
unmodified AOAT and two additional monomeric forms of the protein (46137.5 £ 1.0 Da;
46304.0 +2.5 Da; 46470.0 + 2.2 Da) (Figure 2C/E). The mass shifts of 166.5 Da and 332.5
Da observed for the two #OAT-14 monomer might be single (166.0 Da) and double adducts
(2 x166.0 Da, 332.0 Da), each attached to a single chain (Figure 2E), which would be
consistent with the hydrolysis of adducts in pathway a3 (Scheme 4, Figure S5).

Top-down Mass Spectrometry

We next turned to tandem mass spectrometry (MS/MS) to fragment intact proteins and
localize the 14-induced adduct within the AOAT primary sequence. Fragmentation of
HOAT-14 was first assessed using electron transfer dissociation (ETD), as this method
preserves weaker covalent interactions and cross-linked peptides, and minimizing further
adduct loss was desirable in this study.*% 50 ETD fragmentation of unmodified control
HOAT gave a set of 54 ztype ions that were readily mapped to the primary sequence as
C-terminus containing fragments. In contrast, ETD fragmentation of /OAT-14 created a
complex MS/MS (MS2) spectrum with only 6 ztype ions that all mapped to positions after
Leu340 (Figure S6). ETD fragmentation of /OAT-14 is not consistent with the expected
MS2 spectra for a single amino acid modification and suggests a more complex adduct,
possibly because of the cross-linking from two different chains as observed in the intact
protein MS (Figure 2). Therefore, as a complementary fragmentation method, higher-energy
collisional dissociation (HCD)>! was applied to untreated control AOAT, FOAT-11b%0 as a
positive control, and AOAT-14 (Figure 3). HCD fragmentation of control AOAT generated
y199and y140ions corresponding to the cleavage between Val240/Pro241 and Tyr299/
Pro300. These ions were used as diagnostic fragments for residue adduction between
Lys292 and the C- terminus (Figure 3B, Figure S7/S8). For /OAT-11b, a +366 Da mass
shift was observed and could be mapped to 799, consistent with the reported adduct

mass (Figure 3C).40 Neither y:Z40nor any other y-ions corresponding to the cleavage
between Lys292 and Val339 were identified for A/OAT-11b, possibly because of stabilizing
interactions between 11b and active site residues. Nonetheless, fragmentation of /OAT-11b
benchmarked these top-down fragmentation methods and their utility to retain and localize
adducts. For MOAT-14, an addition of 166 Da in mass was observed on both y799and y140
fragment ions (Figure 3D, Figure S7/S8). Given the mass shift on yZ40and not for any
subsequent y-type ions that report on more C-terminal residues (i.e., the yZ01 and smaller
y-type fragment ions), 14-mediated adduction must occur between Pro300 and Glu338
(Figure 3D). Of the nucleophilic residues in the active site of AOAT (Tyr55, Tyr85, Glu235,
Lys292, and *Thr322), only *Thr322 occurs in the above range.

Collectively, the mass spectrometry supports a pathway where AOAT inactivated by 14
produces a covalent, dimeric protein complex, with modification of *Thr322. Native mass
spectrometry studies support AOAT-14 adduction between *Thr322 and Lys292, leading to
adduct 32 within +1 Da mass accuracy for the protein dimer. This study also suggests that
loss of the adduct occurs as a result of imine hydrolysis?’: 48 under the acidic conditions

of intact protein MS. Indeed, using a technique we previously developed,*2 we could detect
PMP as the adduct cofactor following untargeted metabolomics of the flowthrough from
fully inactivated, previously desalted hOAT-14, treated with trifluoroacetic acid at 37 °C
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(Figure S9). A similar loss of adduct cofactor was previously observed when an imine bond
was present.#2 Together, native mass spectrometry and top-down mass spectrometry serve as
tools to directly readout molecular details and thereby help the future investigation of MBI
characterization.

Cocrystal structure of hOAT Inactivated by 14

Although the mass spectrometry strongly indicated the formation of adduct 32 (pathway

a3, Scheme 4) in the active site of /OAT when inactivated by 14, top-down MS/MS was

able to provide direct evidence for the covalent attachment to *Thr322 but not to catalytic
residue Lys292. Hence, protein crystallography of AOAT inactivated by 14 was employed to
interpret the adduct formed in the active site. The cocrystal structure of /OAT inactivated

by 14 was solved by molecular replacement using a monomer from a previously reported
structure of FOAT>3 (PDB code 10AT), while water and ligand molecules were deleted.

The refined model is shown in Figure 4: two covalent bonds are formed with Lys292 and
*Thr322 of the other protein subunit, which is consistent with the mass spectrometry studies.
The carboxylate group of the final adduct is located in proximity to Tyr55 with the formation
of two hydrogen bonds. A similar arrangement is observed in the cocrystal structure of
HOAT-11b. Considering the relative stability of the internal double bonds, adduct 32 was
proposed initially, but tautomer 32" (Scheme S2), with an external double bond, was built

in the model based on its better fit to the 2F,-F. map after refinement (Figure 4). Although
the resolution of the cocrystal (1.95,&) does not allow a definitive conclusion regarding the
enantiomeric form of 327, the R-isomer was built into the model on the basis of its lower
Riree factor and better fit to the omit map.

Previously, several #OAT inactivators#0: 47- 54 55 were found to form a covalent bond with
Lys292, but no inactivator has been found to covalently interact with *Thr322 or any other
noncatalytic residues. Given the surprising involvement of *Thr322 during the inactivation
process, a multiple sequence alignment was performed for 223 manually annotated and
reviewed ornithine aminotransferase enzymes. By this analysis, we find that the active

site residue Lys292 and *Thr322 are conserved throughout evolutionary history down

to E. coli, suggesting a conserved functional role for these residues (Figure S10A). In
contrast, a similar analysis of 18 known human PLP-dependent aminotransferases (EC 2.6.1)
demonstrated that Thr322 is poorly conserved across this family of aminotransferases in
humans (Figure S10B). Catalytic residue Lys292 plays an important role in the protein
native reaction, which is covalently bonded to PLP and located close to *Thr322 (3.8 f&), as
shown in the holoenzyme structure of AOAT (Figure S11A). Cocrystal*4 structures of #/OAT
with gabaculine (PDB: 1GBN, Figure S11B) and L-canaline (PDB: 2CAN, Figure S11C)
reveal a potential hydrogen bond between the free Lys292 and *Thr322 (2.8 f\), indicating
*Thr322 could be “activated” during the native reaction or inactivation process.

Intermediate 27 was proposed to be the active Michael acceptor for the inactivation

process, whose difluoromethylene warhead is positioned near the internal H-bond between
the protonated imine and oxygen anion (Scheme 4). Surprisingly, the #/OAT-14 complex
demonstrates that the newly formed covalent linkage is moved to the phosphate side (Figure
4), suggesting an imine isomerization°6-59 of the intermediate during the inactivation
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process. Arg413 is known to form a salt bridge with Glu235 before binding dicarboxylic
substrates (L-Glu or a-KG),53 as shown in the crystal structures of native #OAT (Figure
S11A) and inactivated /OAT (Figure S11B/C). Disruption of Arg-Glu salt bridges in
aminotransferases was observed previously when the final adduct formed a H-bond with
another arginine residue?®: 36 or when there was full occupation of the active site by a
bulky adduct (Figure S11D)*’. In the case of #FOAT-14 the Arg413-Glu235 salt bridge is
disrupted and interactions of Arg413 with both GIn266 and Glu235 can be observed. One
of the oxygens in the carboxylate group of Glu235 is 3.6 A away from the amido group of
the GIn266 side chain and potentially could also form a hydrogen bond with this residue.
However, neither Arg413 nor Glu235 forms a H-bond with the adduct, and the space
proximal to these residues remains unoccupied, indicating that this stable salt bridge might
be broken during the inactivation process.

Molecular Docking and Molecular Dynamics (MD) Simulations

Although the structure of the final adduct for /OAT-14 is well supported by mass
spectrometry and crystallography studies, the inactivation process is not quite clear. Two
covalent bonds are formed with catalytic Lys292 and *Thr322 from the other chain, which
potentially resulted from two nucleophilic attacks at the Michael acceptor intermediate
(Scheme 4), but it cannot be concluded which covalent bond formed first. Catalytic Lys292
is more nucleophilic than *Thr322, which was found to react with active intermediates
previously. However, the highly electrophilic difluoro Michael acceptor was previously
found to react with water molecules in the active site of the aminotransferase (Scheme
2),29. 36 sypporting its potential to react initially with *Thr322. The cocrystal structure

of AOAT inactivated by 14 (Figure 4) provides some clues for further elucidation of the
inactivation process. Imine isomerization appears to occur between proposed intermediate
27 and final adduct 32", which might happen after the nucleophilic attacks by the two
residues or result from rotation/tautomerization of adduct 32. It seems highly unlikely that
after attachment of two residues a 180° bond rotation would occur readily. However, rotation
prior to nucleophilic attack might be possible, transforming 46 to 47, then on to 27°,
possibly resulting from steric hindrance between the fluorine of the warhead and the internal
H-bond (Scheme S2). The salt-bridge between Arg413 and Glu235 becomes disrupted, as
shown in the cocrystal structure (Figure 4), which might play an important role during the
rotation and inactivation process. To evaluate the potential and sequence of the nucleophilic
addition steps (Lys292 vs. *Thr322), molecular docking and molecular dynamics (MD)
simulations of intermediates were conducted in the active site of /OAT, with salt bridge
maintained and disrupted, respectively.

Intermediate 25 showed similar docking poses in the active site of AOAT with the salt
bridge maintained (Figure S12A) and disrupted (Figure S12B), in which the -y-proton is
positioned close to catalytic residue Lys292, facilitating the following deprotonation step.
In addition, the salt bridge status demonstrated a significant effect on the docking poses
of intermediates 27 and 27". For the case of the salt bridge maintained, the carboxylate of
intermediate 27 establishes hydrogen bonds with Tyr55, and the warhead is located close
to Lys292, Arg413, and Glu235 (Figure S12C). No significant change was observed after
a 25 ns MD simulation (Figure 5A), in which the C is slightly closer to Lys292 (5.8 +
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0.4 A) than to *Thr322 (7.0 + 0.8 A), with an average difference of 1.2 A (Figure 5A).
Considering the higher nucleophilicity of the amino group, Lys292 is expected to react with
the warhead preferentially if this binding pose were presented (Figure 5A). Furthermore,
rotamer intermediate 27 would not fit well if the salt bridge were maintained, in which case
the PLP moiety would slip away from its original position.

For the case where the salt bridge of #OAT is disrupted, there is a strong interaction
between Arg413 and the carboxylate of intermediate 27 in the docking studies, which
forces the warhead to rotate to the other side near Tyr55 and *Thr322 (Figure S12D).
However, the MD simulation showed that it failed to maintain these interactions, and the
warhead group stayed away from both Lys292 (7.4 + 0.3 A) and *Thr322 (7.3 + 0.7

A), indicating that inactivation could not be achieved with this binding pose (Figure 5B).
However, molecular docking results of rotamer intermediate 27" showed that its carboxylate
formed similar interactions with Arg413 with its internal H-bond maintained in the active
site of MOAT when the salt bridge was disrupted (Figure S12E). MD simulations confirmed
a stable interaction between 27" and surrounding residues, maintaining its warhead moiety
positioned much closer to *Thr322 (3.4 + 0.3 A) than to Lys292 (5.9 + 0.4 A), which would
favor a reaction with the threonine residue (Figure 5C). Notably, Lys292 is positoned near
*Thr322 with an average distance of 3.4 + 0.5 A (Figure 5C), which is similar to that seen
in the cocrystal structure of AOAT with tight-binding adducts (Figures S11B & S11C). Thus,
we hypothesize that final adduct 32" could be generated from either intermediate 36 or 49,
depending upon the order of nucleophilic additions (Scheme S2).

Soaking structure of hOAT inactivated by 14

As indicated in the above molecular docking and MD simulation studies, the order of
nucleophilic addition by the two residues could be determined by different binding poses
of 27 (Figure 5A, Figure S12C) and 27" (Figure 5C, Figure S12E), whose carboxylate
interacts with either Tyr55 or Arg413 on the basis of the status of the Arg413/Glu235 salt
bridge. Previously, we successfully obtained the active intermediate for AOAT inactivated
by 10 via soaking experiments.5% To determine the dominant binding orientation, soaking
experiments of AOAT with 14 were performed. Holoenzyme AOAT crystals were obtained
within four days and then soaked with 5 mM 14 (1 pL added to a 4 uL hanging drop) for
different time durations from 17 to 44 minutes. After soaking, the crystals were transferred
to a cryo-protectant solution and flash-frozen in liquid nitrogen. The crystal soaked for 44
minutes diffracted to a resolution of 2.1 A, and its structure was solved using molecular
replacement and then compared to the AOAT-14. cocrystal structure.

Satisfyingly, intermediate 36 (Scheme S2) was trapped in the soaking study of AOAT and

14 (Figure 6) based on observed electron density, as found in one out of three copies

in an asymmetric unit, in which the connection between the warhead and *Thr322 was
confirmed prior to the attachment of Lys292. In the other two protein copies, relatively
weak electron density was observed between the warhead and both Lys292 and *Thr322
(Figure S13), suggesting some proportion of Lys292 had already begun to react with the
warhead of 36. Importantly, the Arg413-Glu235 salt bridge was disrupted, and the “free”
arginine residue established a stable H-bond with the carboxylate of 36, which could explain
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the broken salt bridge in the cocrystal structure of #OAT inactivated by 14 (Figure 4).
Overall, the soaking structure is quite similar to the docking pose of active intermediate
27" (Figure S12E), whose warhead is positioned close to *Thr322 with an internal H-bond
maintained. Supported by the above experiments, adduct 36 is proposed to be formed by
the initial nucleophilic attack of *Thr322 on the difluoromethylenyl group of intermediate
27", followed by reaction of 36 with Lys292 to afford final adduct 32" (Scheme S2). This
outcome suggests that the inactivation mechanistic pathway follows from rotation of 46 to
47 prior to nucleophilic attack by either active site residue.

Turnover Mechanism

MBIs act as substrates that bind at the active sites of target enzymes initially; therefore, it
is common that many MBIs are converted to metabolites during the inactivation process.2>
On the basis of the reported turnover mechanisms for 1 and 5 with GABA-AT, 33. 36

two possible turnover pathways for 14 by AOAT are proposed, with the release of PMP

or PLP, respectively (Scheme 5). Lys292-assisted deprotonation of Schiff base 25 affords
intermediate 26, followed by the protonation at different positions to give intermediate 27°
(pathway a) or 33 (pathway b). Intermediate 27" could be further hydrolyzed with the
release of PMP and metabolite 37 (pathway al) or 38 (pathway a2), which is similar to
the transamination of ornithine by #OAT (Scheme 1). The reaction of intermediate 33 with
Lys292 could afford intermediate 39, followed by the release of PLP and metabolite 40
(pathway bI) or 42 (pathway b2) with hydrolysis to 44. Enamine 40 could be hydrolyzed
to give ketone 41; imine 42 could undergo aromatization to generate metabolite 43, and
aromatization of 44 would give 45. To identify which of the above-mentioned turnover
pathways are involved, partition ratio and fluoride ion release experiments and mass
spectrometric analysis of metabolites were carried out.

Partition Ratio and Fluoride lon Release

The partition ratio is used to determine the ratio of degradation to inactivation, calculated by
titrating the enzyme with varying equivalents of inactivator. Ideally, a linear relationship
(between enzyme activity remaining and equivalents of compound incubated) can be
extrapolated to yield the exact equivalents (the intercept with the x-axis, turnover number)
required to inactivate the enzyme completely. Since this number includes the one molecule
of inactivator required to inactivate one enzyme monomer, the partition ratio is equal to the
turnover number minus one. Therefore, the partition ratio of 14 (0.6) was determined by
titrating AOAT with varying equivalents of inactivators (Figure S14).

Different equivalents of fluoride ions can be released in PLP and PMP turnover pathways.
If PMP is formed in the turnover mechanism, it cannot be converted back to PLP in the
absence of a-KG, which results in, at most, two equivalents of fluoride ions released
(pathway a, Scheme 5); more equivalents of fluoride ion would be released in the presence
of a-KG if PMP is formed after the fluoride ion release step (pathway al, Scheme 5). If
PLP is regenerated during the turnover mechanism, at least two equivalents of fluoride ion
will be released in the absence of a-KG (pathway b, Scheme 5 in addition to the fluoride
ion released for inactivation), which should be close to the equivalents in the presence of
a-KG. On the basis of the partition ratio and the confirmed inactivation mechanism for 14,
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the theoretical equivalents of fluoride ions that are released per enzyme active site during
different turnover pathways can be calculated in the presence and absence of a-KG (Table
3). The concentration of released fluoride ions can be monitored by a fluoride ion-selective
electrode. When AOAT was inactivated with an excess of 14, 2.9 equivalents of fluoride ions
were released in the presence of a-KG and 2.7 equivalents of fluoride ions were released

in the absence of a-KG (Table 3). These results indicate that the regeneration of PLP is
involved in the turnover mechanism for 14, in which the experimental fluoride ions released
are close to the theoretical calculations for turnover pathway b2 (Scheme 5).

Mass Spectrometry-Based Analysis of Turnover Products

To identify the potential metabolites generated during the inactivation process of /OAT by
14, the inactivated /OAT sample was filtered through a 10 kDa MWCO filter, followed

by the use of untargeted LC-HRMS with alternating +/— mode electrospray to analyze the
filtrate obtained. Among the possible metabolites proposed in Scheme 5, only metabolite 43
(observed: 170.0610 m/z, [M+H]™; theoretical: 170.0612 m/2) in pathway b2 was detected,
followed by the confirmation of its fragmentation spectrum (Figure 7). Notably, metabolite
45 in pathway b2 was not observed by HRMS, indicating the aromatization step is much
faster than the hydrolysis step. Precursor 42 was generated in the active site that is not filled
with “free” water molecules. Thus, we believe 42 probably has been converted to amine

43 before being transported out of the pocket, which prevented further hydrolysis. Taken
together, both the metabolomic result and the fluoride ion release experiments indicate that
14 undergoes turnover by pathway b2 with the regeneration of PLP and the release of
metabolite 43 (Scheme 5).

Plausible Mechanism for 14 with hOAT

On the basis of the above inactivation and turnover mechanism studies, a modified pathway
for 14 with AOAT is proposed in Scheme 6. Initially, Schiff base 25 was generated from

14 and PLP, followed by deprotonation at the -y-position. According to the partition ratio
(0.6) of 14 (Figure S14), 63% of 26 is converted to active intermediate 27" (pathway a),
which involves rotation about the C-N single bond of 46 and protonation at the PLP-C4°
position of 48. Molecular docking and MD simulation studies suggest that the carboxylate
of 27" forms a stable interaction with Arg413 (Figure 5C) when the original salt bridge is
disrupted. This binding pose allows the warhead to be positioned close to *Thr322 from the
other chain (Figure 5C, 3.4 A vs. 5.9 A), leading to the formation of 36, which was trapped
in the soaking crystal structure (Figure 6). Considering the short distance (3.4 A) between
Lys292 and *Thr322 observed in the MD simulation studies of 277, Lys292 might play a
role in activating *Thr322 for this nucleophilic attack, which is similar to the activation of
water molecules by Lys329 in the case of 5 and 9 with GABA-AT (Scheme 2). The covalent
attachment to *Thr322 pulls the warhead closer to Lys292 and allows a second nucleophilic
attack on 36 to give 50. Finally, adduct 32" is formed to release the potential strain from
two covalent attachments (Figure 4), while its carboxylate stays away from Arg413 and
forms a H-bond with Tyr55 instead. Interestingly, Arg413 and Glu235 do not form a salt
bridge after inactivation but interact with nearby GIn266 (Figure 4). The formation of the
double-covalent adduct (32°) in the active site of /OAT-14 is supported by three types

JAm Chem Soc. Author manuscript; available in PMC 2022 June 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zhu et al. Page 13

of protein MS and X-ray crystallography. With regard to the turnover pathway, 37% of
intermediate 26 is converted to intermediate 33 by protonation at the difluoromethylenyl
group, followed by Lys292 attack at the PLP iminium group, leading to regeneration of PLP
and the release of 43 as the final metabolite. Among the proposed metabolites (Scheme 5),
only 43 was detected by HRMS and confirmed by its fragmentation spectrum (Figure 7) and
results of fluoride ion release experiments (Table 3).

CONCLUSIONS

Recently, selective pharmacological inhibition of human ornithine aminotransferase (/OAT)
has been shown as a potential therapeutic approach to treat hepatocellular carcinoma (HCC)
and other related cancers. Inspired by the inactivation mechanism for aminotransferase
inactivators 5 and 9, a novel series of six-membered ring analogs (12-15) was rationally
designed and chirally synthesized on the basis of the difference in the active sites of
aminotransferases. Among them, analog 14 was identified as a selective AOAT inactivator
and is 22 times more potent than analog 10, which has good /7 vivo anticancer activity. A
plausible mechanism for 14 with AOAT is proposed (Scheme 6) on the basis of four distinct
applications of mass spectrometry, two types of protein crystallography, and molecular
dynamics (MD) simulations with the aid of a dialysis experiment, total turnover, and
measurement of fluoride ion release. Notably, this is the first time in which native mass
spectrometry and top-down proteomics have been applied to a mechanistic study of a
PLP-dependent enzyme inactivator. Remarkably, double-covalent adduct 32" was formed in
the active site of AOAT via sequential nucleophilic attacks, first by the noncatalytic residue
*Thr322 and then by the catalytic residue Lys292, at the warhead of active intermediate 27°.
To the best of our knowledge, this is the first example of an MBI forming a single adduct
with two covalent bonds from two residues in the active site of an enzyme, one of which a
noncatalytic residue. Moreover, an unusual turnover mechanism also has been demonstrated,
in which aromatic metabolite 43 was generated along with regeneration of cofactor PLP.
Interestingly, no water molecule was involved in the inactivation mechanism of AOAT with
14, whereas water molecules play an important role in the mechanisms of 5 and 9 with
GABA-AT (Scheme 2). We believe this mechanistic difference derives from the enzymatic
machinery of these two aminotransferases, which should contribute to the further rational
design of selective inactivators.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

DMP Dess-Martin periodinane

PMB p-methoxybenzyl

CAN cerium (IV) ammonium nitrate

Boc tert-butyloxycarbonyl

KHMDS potassium bis(trimethylsilyl)amide

DIPEA N, N-diisopropylethylamine

Boc,0 di-fert-butyldicarbonate

m-CPBA meta-chloroperoxybenzoic acid

'BUOK potassium tert-butoxide

DMAP 4-dimethylaminopyridine

DMF dimethylformamide

DCM dichloromethane
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Figure 1.
Structures of analogs 9-15
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Figure 2.

Deconvoluted intact protein mass spectra for AOAT samples. (A) Unmodified AOAT. (B)
HOAT-14 analyzed at 25 °C (left); hOAT-14 analyzed at 55 °C (right). (C) The ratio of
monomer and dimer in samples as a percent of the total protein signal. (D) Expanded view
of unmodified #OAT (red) and #OAT-14 at 25 °C from 92-93 kDa. (E) Expanded view of
unmodified AOAT (red) and /OAT-14 at 55 °C from 46-46.6 kDa.
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Figure 3.

length protein sequence (Uniprot accession: P04181) used in crystallography studies and
not to the recombinantly expressed version of AOAT. For clarity, amino acid cleavage sites

corresponding to AOAT adducts. HCD fragmentation maps for (B) unmodified #OAT, (C)
generating y199, y140, and y101 are shown in panel (B).

Localization of covalent modifications on AOAT. (A) Proposed structures and masses
HOAT-11b, and (D) HOAT-14, with associated scoring metric®2 and modified residues

colored for each adduct mass. Amino acid residues are numbered according to the full-
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Figure 4.
Omit map (Fo-Fc at 2.5 o) of the /OAT-14 cocrystal structure. Black dashed lines indicate

hydrogen bonds.
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Figure 5.
Final binding poses and average distances for the nucleophilic additions for 27 and 27" after

25 ns MD simulations. (A) MD simulation of 27 in the active site of ZOAT with the intact
salt bridge; (B) MD simulation of 27 in the active site of AOAT with the disrupted salt
bridge; (C) MD simulation of 27" in the active site of AOAT with the disrupted salt bridge.
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Tyr55

Omit map (Fo-Fc at 2.5 o) of intermediate 36 within the active site of AOAT. Black dashed

lines indicate hydrogen bonds.
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Detection of metabolite 43 as the turnover product for /OAT-14. (A) Extracted ion
chromatogram for 43 (+ESI, 170.04-170.08 m/2). (B) Confirmation of metabolite 43 using

tandem mass spectrometry
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Catalytic Mechanism of OAT

JAm Chem Soc. Author manuscript; available in PMC 2022 June 02.



Page 26

Zhu et al.

" w- i 2 % :
" §% O 35 9 "
| T2 o S35 o |
" >% O Q2 .
: S v £ '
i o C.n 0 -Mu.m 1
i O = | = N i
" 72 OL; \|+NH w!
2 = 7 M,.
o Fo w m
Tz o ° m
c
o
-
=
. ~
ey < S
m o
2 o
i 7
N
o / 32T o O\N\ — \|+NH =
s _ z
\ o \ *°
. w R &
23 [
lo) o
o o
(o) @]
i i
N
o s, Yzz « O\r s~ ‘2z o
aZzZ — -4 —
T I
o
\ * ° W/n
w
.0 ! . 0 :
L _ N !
O g | 04 © !
! 8 : <
1 1 1 P_
' © | ' . '
: - " 2 &
_ Z 5 | : | £ 9
! | 2 _ i
] £ byt m

Scheme 2.

Inactivation mechanisms of GABA-AT by vigabatrin (1) and CPP-115 (5)
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Scheme 3.
Syntheses of six-membered ring analogs 12-15

Reagents and conditions: (a) AgOC(O)CF3, CH3NO», 0 °C —r.t., 16h; then NH3/MeOH, 1
h; (b) DMP, CH3CN, NaHCO3 (b) NaH, DMF; PMBCI, 0 °C - r.t., 16h; (c) CHF,PO(OEt),,
BuLi (1.7 M in pentane), —100 °C - r.t., 2h; then reflux, 16h; (d) CAN, CH3CN, H,0, 0 °C
-r.t., 10 h; () HCI (ag. 4 M), 75 °C, 5h. (e) 2-PySO,CF,H, BuOK, DMF -60 °C, then —40
°C, 2h, NH4CI (saturated ag.), HCI (3M), overnight; (f) PhSeCl, KHMDS (1M in THF), -78
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°C -r.t., 3h; (g) Boc,,0, DIPEA, DMAP, DCM, r.t., overnight; (h) KoCO3, EtOH, 0 °C - r.t.
3h; (i) m-CPBA, DCM, r.t., 3h; (j) HCI (ag. 4 M), AcOH, 80 °C, overnight.
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Possible turnover mechanisms for 14 by AOAT
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Table 1.

Kinetic constants for the inactivation of /OAT and GABA-AT by 1, 5, 9, 10, and 12-15°

hOAT GABA-AT
Comp.
Ki(MM)  Kinaet M) Kinaee/Ki (MM7MIn™) Ky (MM) Kingee (MIN™Y) Kinge/Ky (MMmin™)
12 1.3+0.2 0.1+0.007 0.08 1.3+04 0.03+0.002 0.02
13 15+0.2 0.1+ 0.005 0.07 >13.1 >0.2 0.02 + 000117
14 0.01 +0.002 0.2+0.01 20.0 >12 >04 03+ 0.0117
15 0.1+0.01 0.05 +0.002 0.5 >25 >0.2 0.09 + 0.003 b
529 0.12 0.1 0.8 0.06 2.1 34.9
920 0.003 0.03 7.6 0.01 3.3 342
1040 0.07 0.06 0.9 - - -
140 - - - 0.3 0.2 0.7

a/(mact and K| values were determined by the equation: Agps = Ainact™[1]/(K] +[I]1) and are presented as means and standard errors.

bThe ratio of Ajnact/ K| was determined by the slope of Agps = Ainact*[11/(K1 +[1])- Ainact is greater than the maximum kghs determined in the
time-dependent assay; K| is greater than kgps(max)/the ratio of Ajnact/K1.
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The mass differences for the proposed adducts between theoretical and experimental mass values of native/
modified AOAT observed in native MS.

Experimental mass difference

Samples Theoretical mass difference (per monomer, Da)  Experimental mass (dimer, Da) (per monomer, Da)
Native /OAT 231.0 92736.6 + 1.8 230.8
HOAT- gabaculine 368.1 93014.8+ 1.5 369.9
HOAT-11b 366.1 93009.2 £ 1.0 367.1
414.1 (28 in pathway aI)
396.1 (30 in pathway a2)
HOAT-14 93031.6 + 0.9 378.3

378.1 (32 in pathway a3)
418.1 (35 in pathway b)
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Table 3.

Fluoride ion release during different turnover pathways with and without a-KG

Conditions Pathway al Pathway a2 Pathway bl Pathway b2 Experimental

With a-KG 3.2 equiv 2.0 equiv 2.0 equiv 2.6 equiv 2.9 equiv
Without a-KG 2.0 equiv 1.3 equiv 2.0 equiv 2.6 equiv 2.7 equiv
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