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ABSTRACT 

Hepatocellular carcinoma (HCC) is a primary cancer of liver that occurs predominantly 

in patients with underlying chronic liver diseases. Currently, HCC is the third leading cause of 

cancer-related death worldwide and, according to the World Health Organization, the incidence 

of the disease is expected to rise until 2030 in several countries including the United States. 

Current methods of HCC treatment are effective in the early stages but are found to be 

ineffective in the later disease stages. Thus, a novel approach is required to successfully suppress 

HCC. In the last twenty years, it was found that the enzyme ornithine aminotransferase (OAT) is 

overexpressed in HCC cells. Several independent studies have shown that OAT plays an 

important role in the development and division of malignant cells. This makes OAT a promising 

target for anticancer therapy, especially for the mechanism-based inactivators. In the last years, 

several OAT inactivators have been synthesized and have shown the capacity to slow the 

progression of HCC in animal models. To improve the efficacy of the designed inactivators, 

knowledge on the inactivation mechanisms is required. In this dissertation project, three novel 

OAT inactivators were investigated structurally and kinetically using a combination of X-ray 

crystallography, stopped-flow spectrophotometry, and nuclear magnetic resonance spectroscopy. 

The data gained from these experiments potentially could be used for the rational design of a 

new generation of drugs against HCC. 
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CHAPTER ONE 

INVESTIGATION OF pH DEPENDENCE, SUBSTRATE SPECIFICITY, AND TURNOVERS 

OF ALTERNATIVE SUBSTRATES FOR HUMAN ORNITHINE AMINOTRANSFERASE 

Summary 

Hepatocellular carcinoma (HCC) is the most common primary cancer of liver and occurs 

predominantly in patients with underlying chronic liver diseases. In the last decades, human 

ornithine aminotransferase (hOAT), a PLP-dependent enzyme found overexpressed in HCC 

cells, has emerged as a promising target for novel anticancer therapy, especially for the ongoing 

rational design effort to discover mechanism-based inactivators (MBIs). Despite hOAT’s 

significance in human metabolism and its clinical potential as a drug target against HCC, there 

are significant knowledge deficits with regard to its mechanism and structural characteristics. 

Ongoing MBI design efforts require in-depth knowledge of the enzyme active site, in particular, 

pKa values of the potential nucleophiles and the molecular recognition of ligands. This work 

presents a study on the fundamental active site properties of hOAT using stopped-flow 

spectrophotometry and X-ray crystallography. The results quantitatively revealed the pH 

dependence for the multi-step reaction and elucidated the roles of α and δ-amino groups in 

substrate recognition and catalysis.  The results reveal mechanistic aspects that could benefit the 

rational design of MBIs of hOAT. The manuscript with results of this work was submitted for 

publication and is currently under review (Butrin A.; et al. Investigation of pH dependence, 
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substrate specificity, and turnovers of alternative substrates for human ornithine 

aminotransferase. 2022). 

 Introduction 

Human ornithine aminotransferase (hOAT)1 is an enzyme that catalyzes the transfer of δ-

amino group from L-ornithine (L-Orn) to α-ketoglutarate (α-KG). As a pyridoxal-5′-phosphate 

(PLP)-dependent transaminase, hOAT has a “Bi−Bi, Ping-Pong” kinetic mechanism. In the first 

half-reaction, PLP and L-Orn are converted to pyridoxamine phosphate (PMP) and L-glutamate-

γ-semialdehyde (L-GSA). L-GSA is then prone to cyclize to Δ1-pyrroline-5-carboxylate (P5C). 

In the second half-reaction, hOAT catalyzes the transfer of the amino group of PMP to an α-keto 

acid, preferentially α-KG, forming glutamate and regenerating PLP (Scheme 1).  

 

Scheme 1. Summarized half-reactions of hOAT. 

 

In mammals, OAT is vital to multiple metabolic pathways including glutamine 

metabolism, proline and arginine biosynthesis, and the urea cycle. In addition, it was found that 

OAT plays a crucial role in the early development of neonates2 for the reason that mammalian 

milk is a poor source of arginine and thus it must be synthesized from citrulline, whose 

concentration is regulated by OAT in the small intestine3. The conversion of significant
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 amounts of proline from maternal milk into arginine has been confirmed for human, pig, and 

mouse neonates2-3,4-5. Deficiency and inhibition of OAT in humans was found to cause gyrate 

atrophy 6 and hyperornithinemia7. While some slow-developing diseases are associated with 

insufficient amounts of hOAT, studies have also shown that overexpression of hOAT supports 

the proliferation and development of the cancer cells8-9. Hepatocellular carcinoma (HCC) is the 

most common form of primary liver cancer, accounting for 90% of all cases of liver cancer in the 

United States10-13. If diagnosed early, HCC can be treated at the early stages via surgery. In the 

latter stages, additional treatment is required including radio- and chemotherapy14-17. In reality, 

HCC is typically diagnosed in advanced disease stages when tumors are resistant to both radio- 

and chemotherapy. Recently published works have shown that hOAT and other glutaminogenic 

enzymes were found to be overexpressed in HCC cells due to abnormal oncogenic Wnt/β-catenin 

signaling8-9. Thus, hOAT has been identified as a potential drug target for novel anticancer 

therapy against HCC. Some work on in vivo inhibition of hOAT in the HCC mouse models 

already demonstrated encouraging results for a potential antitumor effect by mechanism-based 

OAT inactivators18.  

Despite the significance of hOAT in normal human physiology and its proven 

participation in HCC development, many fundamental properties of this enzyme remain 

unknown. pH studies on hOAT have not been carried out in a quantitative manner and a 

macroscopic pKa that determines the rate-limiting step in the forward and reverse half-reactions 

has not been identified. It is also unclear if and how the conformation of the protein responds to 

changes in pH. Like several other aminotransferases, OAT is a promiscuous enzyme and a 

number of its alternative substrates have been identified experimentally19. But detailed 
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mechanistic and structural analysis of the enzyme's interaction with alternative substrates is 

currently lacking. In the current work, some of the fundamental questions on hOAT are 

addressed. A pH profile for the rate-limiting step(s) was generated and key kinetic pKa values 

were determined. Transient-state kinetic experiments on L-Orn and three other smaller 

alternative substrates have been performed (Figure 1). Crystal soaking experiments were 

employed to trap intermediate states for these ligands. The results elucidate the importance of 

substrate α and δ-amino groups in substrate recognition and catalysis. In addition, current work 

produced some experimental results that are consistent with the cyclization of the final product 

before its release from the active site. The obtained data could serve as a structural and 

mechanistic basis for the development of a new generation of hOAT inhibitors and/or 

mechanism-based inactivators that mimic the fragment-sized alternative substrates, such as γ-

aminobutyric acid or 5-aminovaleric acid. 

 

Figure 1. Chemical structures of L-ornithine and three substrate analogs: L-2,4-Diaminobutyric 

acid (DABA), 5-aminovaleric acid (AVA), and γ-aminobutyric acid (GABA). 
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Results 

Among the unanswered questions pertaining to hOAT’s structural and mechanistic 

properties, one of them addressed in this work is the determination of the macroscopic pKa 

values for the enzyme’s native forward and reverse half-reactions. It has been previously shown 

that the kinetics of each half-reaction of rat liver OAT is influenced by pH, however, those 

experiments were largely qualitative 20 because the working pH ranges of the enzyme were 

identified without measurement of the macroscopic pKa for either of the two half-reactions. In 

the current work, the pH profile of hOAT was observed for the forward half-reaction using L-

Orn and for the reverse half-reaction using α-KG with stopped-flow spectroscopy. To augment 

the kinetic experiments, holo-hOAT was crystallized at a pH of 6.0. The protein crystal 

diffracted to a resolution of 2.1Å and revealed notable changes in the orientation of specific 

active site residues. To investigate substrate specificity of hOAT, transient-state kinetic 

experiments were conducted with three analogs of L-Orn: AVA, GABA, and DABA (Figure 1). 

All analogs exhibited relatively slow catalytic rates; therefore, a series of hOAT crystal soaking 

experiments were conducted in an attempt to capture structures of their reaction intermediates. 

The soaking experiments resulted in a structure of GABA covalently attached to the PLP as well 

as the structure of AVA linked both to PLP and the catalytic Lys292. 

pH dependences of the half-reactions of hOAT 

PLP-dependent enzymes exhibit prominent signature spectrophotometric absorption 

characteristics that facilitate observation of their reactions. By monitoring the spectrum of the 

cofactor during turnover explicit details of the reaction mechanism can be elucidated21-22. For the 
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pH study of hOAT, transient-state pH-jump experiments were conducted using the stopped-flow 

instrument. These data are shown in Figure 2.  

 

Figure 2. hOAT pH dependence plots for the first half-reaction with L-Orn (A) and the second 

half-reaction with α-KG (B). Each kinetic trace was fit to equation 1 to determine observed rate 

constants (kobs). The pH dependence of the kobs values was fit to equation 2. In each plot to the 

left, the gray arrow indicates the trend toward higher pH values. The observed rate was measured 

at pH values of 5.8, 6.0, 6.0, 6.3, 6.6, 6.9, 7.2, 7.5, 7.8, 8.1, 8.4, 8.7, and 9.0. The markers are 

shown as hollow black circles overlaying blue error bars, the magnitudes of which are derived 

from the fit to equation 2. Spectra extracted at equilibrium are shown as the insets and represent 

the balance of aldimine and PMP forms of the enzyme. 
 

Both reactions were observed under pseudo-first-order conditions using CCD detection 

from 250 to 800 nm. In both cases, the data are described by the fit to a single exponential and 
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thus report only interconversion between the external aldimine and PMP. From the pH profiles, it 

was determined that the first half-reaction with L-Orn approaches the maximum rate at ~ pH 9.5. 

The kinetic pKa was calculated to be 7.91 ± 0.14. For the second half-reaction with α-KG, the 

maximum reaction rate was observed at pH ≤6.0 and it decreased with higher pH. The kinetic 

pKa was determined as 7.74 ± 0.07. The observed small difference in the pKa values may 

indicate titration of the same group acting in the rate-limiting catalytic step of both the first and 

the second half-reaction, such as tethering Lys292. Although the solution pKa value for the  

amino group of lysine is 10.53 23, the pKa of Lys292 may be shifted to a lower value in the 

active site of hOAT as has been observed for aspartate aminotransferase24. 

Spectra extracted at equilibrium represent the balance of aldimine and PMP forms of the 

enzyme (Figure 2 insets). These spectra indicate that the first half-reaction is biased forward to 

the PMP state only at high pH values and that the product of the first half-reaction, L-GSA, is a 

substrate for the second half-reaction, dictating that ring closure to P5C does not occur on the 

surface of the enzyme. Conversely, the second half-reaction with -KG as a substrate is strongly 

biased toward aldimine and L-glutamate formation at all pHs. 

Crystal structure of holo-hOAT at pH 6.0 

The observed rate decrease in the first half-reaction rate of hOAT with L-Orn at low pH 

in stopped-flow experiments indicates that deprotonation of one or more active site groups 

enhances the rate of the reaction. To structurally assess the influence of low pH values, an X-ray 

crystal structure of hOAT at pH 6.0 was obtained at 2.1 Å resolution. This structure was solved 

using molecular replacement (search model PDB ID: 1OAT25). After model-building and 
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refinements, the final model presents three monomers in an asymmetric unit of the C 1 2 1 space 

group (Table S1). The active site of the structure of hOAT internal aldimine state at pH 6.0 and 

pH 7.8 is depicted in Figure 3.  

 

Figure 3. Comparison of the active site structure of hOAT at pH 6.0 and 7.8. A. The active site of 

hOAT crystallized at pH 6.0 (PDB ID: 7T9Z). The electron density (simulated annealing 

composite 2Fo-Fc map at 1.1 σ) is shown as a gray contour around Arg180. B. Overlayed 

structures of hOAT at pH 6.0 (green) and pH 7.8 (gray). C. Comparison of hOAT homodimer 

surface within the active site cavity at pH 7.8 (right) and pH 6.0 (left). The active site pocket for 

both structures is indicated by a dashed red circle. 

 

Although no major structural changes were detected in the overall quaternary and tertiary 

structure of hOAT at pH 6.0, some notable deviations were observed in local conformations of 
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the active site residues. The acidic pH altered the position of the Arg180 side chain, a residue 

responsible for initial substrate recognition and binding25-26. In addition, the side chain of Glu235 

exhibited relatively weak electron density reflecting increased mobility of this residue at lower 

pHs. In the refined low pH model, the side chain of Glu235 faces away from Arg413 (Figure 4). 

 

Figure 4. Polder map (at 2.0 σ level) of hOAT crystallized at pH 6.0. The electron density is 

shown as a gray mesh around Arg180 and Glu235. 

 

The Arg413-Glu235 salt bridge is known to act as a molecular switch that prevents a 

possible nonproductive interaction between L-Orn and Arg413 in the forward reaction27. In the 

pH 6.0 structure, Arg180 moved towards the active-site center occupying the space where the 

substrate would be localized. As shown in Figure 5, sidechains of Arg180 and Glu235 regulate 

the width of the active site pocket and act as a gate through which the ligand passes to the active 
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site. At pH 7.8, the distance between the two sidechains is 7.8 Å, but it reduces to 5.7 Å at pH 

6.0.  

 

Figure 5. Overlay of crystal structures of hOAT at pH 6.0 (orange) and pH 7.8 (dark blue). The 

Arg180 and Glu235 side chains are shown as sticks for both structures. The positions of these 

two residues control the width of the active site pocket. 

 

This results in the constriction of the active site pocket as shown in protein surface 

comparison in Figure 3C. Such conformational alterations for Arg180 and Glu235 could directly 

impair binding affinity to the substrates and/or contribute to the observed decrease in the 

catalytic rate (Figure 2). Moreover, with the loss of interaction between Arg413 and Glu235, 

there is the potential for the carboxyl group of L-Orn to form a charge-pairing interaction with 

Arg413 resulting in non-productive binding. The observed conformational changes for Arg180 

and Glu235-Arg413 could account for the decreased reaction rate at low pH in the first half-

reaction or could be additive with changes in the protonation state of other active site residues 
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and/or PLP that do not induce conformational alterations and so are not observed 

crystallographically. 

Transient-state measurements of hOAT reaction with alternative substrates 

Despite the fact that hOAT is mainly characterized as a δ-aminotransferase, several 

recent publications have shown that the enzyme is capable of reacting with cyclized ligands 

where the amino group was located in the γ position28-31. Moreover, it was demonstrated that L-

glutamate with a single α-amino group could also serve as a substrate in the first half-reaction32. 

Other works on hOAT included mutations of Tyr55 and Arg180 and confirmed their role in 

anchoring L-Orn through noncovalent interactions with the carboxylate and α-amino group33-34, 

respectively. However, how the active-site recognition of the δ- and α-amino groups of L-Orn as 

well as how the substrate size contributes to both binding and catalysis haven’t been investigated 

in detail. The mechanistic and structural determinants of the substrate preference displayed by 

hOAT for L-Orn are not clear, as aminotransferases are commonly known for their catalytic 

promiscuity35-36. To explore the determinants of substrate selectivity, three substrate analogs of 

L-Orn were selected and allowed to react with hOAT. The results of transient-state kinetics 

experiments were compared to that of L-Orn. Each compound was titrated against hOAT, and 

the absorption changes associated with the reaction were observed. The results of transient-state 

absorption changes at 335 nm, which report the formation of PMP produced in the first half-

reaction for all tested substrates, are shown in Figures 6, 7. 



12 
 

 

 

 

Figure 6. Transient-state absorption changes observed at 335 nm for hOAT reacting with L-Orn 

(A), AVA (B), and DABA (C). hOAT concentration for the reaction with L-Orn and AVA was 9 

µM. For the studies with DABA, the enzyme concentration was 10.4 µM. The observed rate 

constants were plotted against substrate concentrations and fit to hyperbolic function (L-Orn, 

AVA, equation 3) or linear function (DABA, equation 4). The direction of the gray arrow in the 

plots to the left indicates the trend of substrate’s concentration change towards higher values. 

The markers are shown as hollow black circles overlaying the blue relative error bars. 
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Figure 7. Top: Transient-state absorption changes observed at 420 nm for 9 µM (final) hOAT 

reacting with 250, 500, 1000, and 2000 µM (final) GABA. Bottom: The binding assay of 14.5 

µM (final) hOAT with 4, 8, 16, 32, 64, 128, 256, 512, 1024 µM (final) GABA. In the top right 

corner is shown dependence of enzyme’s fractional saturation from GABA concentration, the 

data were fit into hyperbolic curve. 

 

For each ligand, including L-Orn, it was evident that an early step of the reaction was 

rate-limiting; hence, no intermediates after the formation of the external aldimine (that forms in 
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the dead-time) were observed. This early rate-limiting step is assigned to the conversion of the 

external aldimine to the quinonoid state. A comparison of the observed spectra with the initial 

spectra after the addition of the AVA, GABA or DABA, revealed a small red shift from ~420 nm 

to ~425 nm. This happened within the deadtime of the instrument and was assigned as the 

conversion of internal to external aldimine (Figure 8).  
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Figure 8. Comparison of the hOAT holoenzyme spectrum with the initial spectrum after addition 

of the 2 mM GABA (top), 1 mM AVA (middle), or 8 mM DABA (bottom). 

 

The observed small red shift is a unique signal of the external aldimine formation for the 

alternative substrates. For L-Orn, the conversion of internal to external aldimine was less 

apparent than those of other ligands presumably because the structure of the external aldimine 
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complex closely resembles the internal aldimine tethered by the catalytic Lys292. Nevertheless, 

the existence of external aldimine in the reaction with L-Orn was validated through the following 

pH-dependent phenomena. The absorption spectra of 9 µM holo-hOAT were measured and 

compared at different pH values. No observable shift of the internal aldimine peak was detected. 

Then, initial absorption spectra of the reaction between 36 µM hOAT and 2 mM L-Orn at 

different pH values were compared (Figure 9). It transpired that the peak observed at ~420 nm at 

pH 9.0 is progressively shifted to ~425 nm at lower pH values. This transition was assigned to 

the different protonation states of the external aldimine, where the absorption peak of the 

protonated form is red-shifted compared to the deprotonated form. 

 

Figure 9. The absorption spectra of 9 µM holoenzyme hOAT at pH 6.0 and pH 8.5 (left). Initial 

absorption spectra of the reaction between 36 µM hOAT and 2 mM L-ornithine at pH 6.0 and pH 

9.0. 

 

The reaction traces with L-Orn, AVA, and DABA were fit into a single exponential 

(equation 2) to obtain sets of observed rate constants. For each substrate, the observed rates were 
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plotted against substrate concentrations and fit to a hyperbolic function (L-Orn, AVA, equation 

3) or linear function (DABA, equation 4). The kinetic data are summarized in Table 1. 

Table 1. Summary of kinetic parameters for hOAT using various substrates. N.D. = Not 

determined. 

 

Ligand 
Limiting rate constant 

(klim) 

Dissociation 

Constant (Kd) 
klim/Kd 

L-Orn 48.6 ± 1.2 s-1 4700 ± 290 µM 
10,340 ± 687 M-1 

s-1  

AVA 0.097 ± 0.003 s-1 735 ± 78 µM 
131.9 ± 14.6 M-1 

s-1  

DABA N.D. N.D. 
0.249 ± 0.006 M-1 

s-1  

GABA N.D. 110 ± 15 µM N.D. 

 

The native substrate L-Orn possesses the highest observed limiting rate constant and 

highest pseudo-second-order rate constant klim/Kd, which is a measure of substrate specificity in 

the first half-reaction. AVA exhibited a higher binding affinity to hOAT, ~6.4-fold that observed 

for L-Orn but reacted ~500-fold more slowly. For DABA, the dependence of the observed rate 

on substrate concentration was linear from 4 to 64 mM, indicating that the reaction of hOAT 

with DABA is either collision-based and/or has a diminished tendency to form the external 

aldimine state. The slope of the line either represents the true second order rate constant or is 

klim/Kd for DABA. If the latter is true, hOAT has ~41,500-fold less specificity for DABA than for 

L-Orn and ~530 times less for AVA. 

Among the four substrates studied, GABA expressed the highest binding affinity towards 

hOAT. However, in reaction with GABA, the full decay of external aldimine was never 

achieved, even when the enzyme was fully saturated, possibly due to a bias in terms of binding 
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and rate for the second half-reaction returning the enzyme to the external aldimine state. The 

binding of GABA was confirmed spectrophotometrically by the rapid and small red shift of 

absorbance peak from ~420 nm (internal aldimine) to ~425 nm (external aldimine) within the 

deadtime of the instrument. The subsequent decay of external aldimine and formation of PMP 

went slowly and was completed in 1000 seconds (Figure S5). According to the observed change 

in the amplitude of the external aldimine at 425 nm, only a fraction of the enzyme accumulated 

as the PMP state at equilibrium (Figure S5). The Kd of GABA was measured separately (Figure 

S5) and was estimated to be 110 ± 15 µM, ~40 times lower than that for L-Orn and ~6 times 

lower than that for AVA.  

Crystal structure of hOAT soaked with GABA and AVA 

The transient-state kinetics of hOAT using alternative substrates suggest possible 

diversity in their binding modes and chemical mechanisms. Much like observations made for L-

Orn, the decay rate of the external aldimine species is the rate-limiting process in the first half-

reaction for all alternative substrates. Soaking experiments of holo-hOAT crystals were set up in 

an attempt to trap the reaction intermediates for all three compounds under the assumption that 

the catalysis may occur slowly in crystallo. For each ligand, the crystals were soaked for various 

time intervals from three minutes to an hour for AVA and DABA, and from 50 minutes to 2.5 

hours for GABA. The crystals soaked with GABA for one hour and 30 minutes and the crystals 

soaked with AVA for 30 minutes, diffracted to similar resolutions of ~2.2 Å. DABA crystals had 

poor diffraction and were omitted from further structural analysis. Complex structures were 

solved by molecular replacement (search model PDB ID: 1OAT25). The hOAT-GABA crystal 

structure was processed in the P 31 2 1 space group, while that of hOAT-AVA was processed as 
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P 32 2 1. The active sites for structures of hOAT soaked with GABA and AVA are shown in 

Figure 10. 

 

Figure 10. Polder map (Fo-Fc, at 3.0 σ) of the hOAT structure soaked with GABA (left, PDB ID: 

7TA1) and AVA (right, PDB ID: 7TA0). In both structures, the reaction intermediates of GABA 

and AVA with hOAT are shown within its active site. Based on the observed electron density 

and transient kinetic results, an external aldimine intermediate state was built for the reaction 

with GABA, while gem-diamine intermediate was built for the reaction with AVA. Dashed black 

lines indicate hydrogen bonds or charge interactions. Electron density maps are shown as gray 

mesh around the ligands and catalytic lysine. 

 

In both soaking experiments, reaction intermediates were trapped. For GABA, an 

intermediate formed that exhibited a covalent linkage with PLP and was detached from the 

catalytic Lys292, a structure consistent with the proposed external aldimine intermediate. The 

carboxylate group of the ligand formed two hydrogen bonds with Tyr55 instead of interacting 

with Arg180, which is proposed to interact with the carboxylate of L-Orn37. No other interactions 

were observed between the ligand and the active site residues. For two monomer copies in an 

asymmetric unit, the Glu235-Arg413 salt bridge that is a key feature in the holo-hOAT was 
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found partially disrupted: the side chain of Arg413 moved away from Glu235 and Gln266. In 

other monomer copies, the Glu235-Arg413 salt bridge remained intact. Previous kinetic 

experiments on GABA carried out by Markova et al.33 showed that hOAT has the capacity to 

process GABA into succinic semialdehyde despite a low rate constant (klim = 0.006 ± 0.004 s-1 at 

25°C). Considering the exceedingly slow reaction rate, relatively short soaking time, and good fit 

of the model into the observed electron density, it can be concluded that the species observed in 

the structure is not a final adduct, but rather an external aldimine intermediate. 

The structure of the hOAT crystal soaked with AVA revealed an intermediate that closely 

resembles the gem-diamine intermediate (Figure S1). Unlike other intermediates in a typical 

transamination reaction, gem-diamine is a species in which the catalytic lysine, the PLP, and the 

substrate are covalently joined together, and the observed electron density can be fit 

convincingly to such an intermediate state (Figure 10). The carboxylate group of AVA formed a 

strong hydrogen bond (measured as 2.2 Å) with Tyr55 and indirectly interacted with Arg180 

through hydrogen bonds via a water molecule, and the Glu235-Arg413 salt bridge remained 

intact.  

It also should be noted that in the soaking structure of AVA a strong tetrahedral electron 

density was detected in the proximity of Ser186, Met201, and Phe204 in two out of three 

monomer copies in the asymmetric unit (Figure 11). 
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Figure 11. Comparison of the phosphate binding site in the  crystal structure of hOAT soaked 

with AVA (left) and biological dimer of holoenzyme (right). 

 

Out of all chemical species present in the crystallization conditions, only the phosphate 

group of PLP possesses the right geometry to fit into the observed electron density. The electron 

density elongates toward Asp205, but it becomes weaker extending from the tetrahedral center. 

For this reason, only the phosphoryl group of PLP was built and refined into the observed 

density. This phosphate-binding site is located at the interface of two monomers that are 

crystallographically adjacent creating a cavity where PLP could potentially bind. This cavity 

does not exist in the biological dimer of hOAT. In the biological dimer, the Ser186-Met201-

Phe204 site is located on the surface of the enzyme, exposed to the bulk solvent. The electron 

density observed in the Ser186-Met201-Phe204 site likely represents a PLP bound only as a 

crystallographic artifact. Theoretically, the binding triad of Ser186, Met201, and Phe204 could 

interact with tetrahedral ligands such as phosphate in the biological dimer, but it is unclear 

whether this potential binding site is functional. 
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Discussion 

Despite the fact that hOAT is an important target in anticancer therapy, many of its 

structural and mechanistic properties remain poorly described. In our current work, we attempted 

to address some of the fundamental questions associated with the substrate recognition, catalysis, 

and pH dependence of hOAT. Continued development of rationally designed mechanism-based 

inactivators of hOAT will be facilitated by an expanded understanding of the enzyme's structure 

and mechanism. Moreover, the discovery of various GABA analogs as potent and specific MBIs 

of hOAT prompted the investigation of the binding of GABA to the hOAT active site. 

Virtually the same pKa values were determined for the initial and rate-limiting step of 

both the first and second half-reactions, suggesting that these dependencies arise from titration of 

the same group. Catalytic residue Lys292 is a candidate residue whose protonation state would 

critically influence multiple steps of the catalysis. For the first half-reaction, the rate is dependent 

on the abstraction of the proton from the δ-carbon of ornithine in the external aldimine state by 

the deprotonated amino group of Lys292. Hence, a basic pH facilitates the first half-reaction as 

Lys292 can more readily act as a general base to form the quinonoid intermediate (Figure 12). 
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Figure 12. Simplified mechanism of reaction of hOAT with its native substrate L-ornithine. 
 

In the second half-reaction, the rate likely depends on the formation of the PMP-α-KG 

Schiff base, which requires the amino group on the side chain of Lys292 to be in a protonated 

state. In the process of the ketimine formation, protonation of Lys292 lowers the pKa of the PMP 

amino group facilitating nucleophilic attack of the -ketoglutarate carbonyl. Thus, it is 

conceivable that in both half-reactions, the protonation state of Lys292 governs the rate-limiting 

step. 

The structure from hOAT crystallized at pH 6.0 revealed that the enzyme’s active site has 

rearranged sidechain conformations that hinder ligand entry to the catalytic pocket. The side 

chains of Arg180 and Glu235 were found to deviate from their functional positions observed at 
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pH values above neutrality. At low pH, both residues partially occupy the L-Orn binding pocket. 

Almost no activity was observed with L-Orn at pH 6.6 and lower, but the second half-reaction 

with α-KG had the maximum reaction rate at pH values below 6.0 and decreased toward higher 

pH values. Despite the constriction of the active site pocket at low pH, α-KG is evidently able to 

react with the PMP form of the enzyme productively. Moreover, this observation may infer a 

critical role of Arg413 in facilitating the reverse reaction of hOAT. It is possible to surmise that 

once PMP is formed and the Arg413-Glu235 salt bridge is broken, the active site has a 

preference to bind α-KG for the second half-reaction through direct interaction with Arg413. 

This conformational constriction selectively inhibits the first half-reaction and ensures that the 

enzyme remains in a PLP form at low pH values.   

hOAT can be found in almost all tissues of the human body, but it predominates in the 

liver (pH 7.0), kidney (pH 7.4), intestine (pH varies from ~6.0 to ~7.4), duodenum (pH 6.0), and 

retina (pH 7.2)38-41. In most cases, hOAT is found in tissues where pH is below the determined 

kinetic pKa, in some cases by multiple pH units. In the most acidic conditions, the first half-

reaction of hOAT with L-Orn would be ostensibly non-functioning. It should be noted, however, 

that in mammals, OAT localizes within the mitochondrial matrix where the pH is ~7.842-43. Thus, 

the enzyme is likely less or nonfunctional outside the mitochondria, especially if 

intracellular/extracellular pH is lower than 7.8. Cancer cells are generally associated with higher 

values of intracellular pH (pHi) of 7.12–7.65 (compared to pHi 7.0–7.2 for normal cells)44-45. 

Such a rise in pH could result in activation of hOAT and acceleration of its first half-reaction 

without significant diminishment of the second half-reaction (Figure 2). Recently published work 

suggests that HCC cells are characterized by hydroxyproline accumulation and accelerated 
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consumption of L-proline19 resulting from an abnormal proline metabolism. At the end of its first 

half-reaction, hOAT produces L-GSA which cyclizes to form P5C, a precursor to L-proline. 

Thus, hOAT could serve as a regulator of HCC progression via the proline metabolic pathway18. 

For this reason, the pH dependence of hOAT may exacerbate its contribution to HCC 

progression.  

Of the substrates studied, AVA and GABA demonstrated a tighter binding to hOAT than 

L-Orn. The turnover of AVA serves as a proof that the missing α-amino group doesn’t prevent 

substrate’s initial binding to the enzyme. In comparison to L-Orn, it appears that the α-amino 

group plays a crucial role in further catalysis since the observed reaction rate for L-Orn was ~500 

times faster than for AVA. It’s also important to note that the first half-reactions with L-Orn and 

DABA went to completion and didn’t demonstrate significant reversibility unlike the fractional 

net conversion to predominant PMP form for the enzyme observed with AVA and GABA. The 

stopped-flow experiments with AVA showed the dependence of absorbance amplitudes at 

different ligand concentrations. We propose that the reaction is readily reversible based on the 

observation that ~50% of products are converted back to reactants when 8 mM of AVA is added 

(Figures 13, 14, 15). 
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Figure 13. Initial (black) and final (red) spectra of the reaction between 8 mM AVA and 9 µM 

hOAT. 

 

 

Figure 14. Initial (black) and final (red) spectra of the reaction between 8 mM DABA and 10.4 

µM hOAT. 
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Figure 15. Initial (black) and final (red) spectra of the reaction between 8 mM L-ornithine and 9 

µM hOAT. 

 

The reversibility of the reaction could be explained by the missing α-amino group in the 

structure of AVA. Due to the absence of the α-amino group, the reaction product of AVA, 5-

oxopentanoic acid, cannot cyclize, unlike products from other substrates such as glutamate 

semialdehyde and 2-amino-4-oxobutanoic acid. As a result, it can react with PMP to form PLP 

and AVA. A similar result was observed for GABA; the reversibility of the GABA reaction 

catalyzed by hOAT is even more dramatic, displaying ~92% PLP at equilibrium in the presence 

of 1 mM GABA (based on the observed change in the amplitude of external aldimine at 423 nm). 

The slow reaction rate of AVA could also indirectly support a hypothesis that the last 

reaction step of hOAT may not be solely hydrolysis followed by spontaneous cyclization of the 

product in solution. Instead, the dissociation of the ligand from PMP could also proceed through 

5-exo-trig cyclization initiated by the nucleophilic attack of the α-amino group (Scheme 2) 
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before release. Moreover, we speculate that a faster product release route can be achieved via a 

cyclization step initiated by the α-amino group within the active site by bypassing a hydrolysis 

step and the formation of GSA. However, our data for hOAT with L-Orn indicate that the 

reaction comes to aldimine/PMP equilibrium at low pH values establishing L-GSA as the 

product of the reaction and that cyclization to P5C occurs in solution. 

 

Scheme 2. Two potential pathways for cyclization in the last step of the forward half-reaction of 

hOAT (left). AVA, in turn, has only one possible way to dissociate from PMP: through 

hydrolysis. 

 

For all hOAT ligands studied in this work, the transient-state kinetic experiments showed 

that an early step in all reactions was rate-limiting in the first half-reaction. The rate-limiting step 

corresponding to the decay of a species with an absorbance peak at ~425 nm likely indicates the 

conversion of external aldimine. The crystal soaking experiments with GABA and AVA 

revealed two different stable intermediates. The structure obtained by soaking with GABA could 

be equally well described by the external aldimine, quinonoid, or ketimine species. However, 

considering the transient-state data, the external aldimine appears to be the most probable 
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reaction intermediate to be observed in the crystal structure. For AVA, the observed structure 

correlates with a gem-diamine species. The gem-diamine intermediate found in the AVA crystal 

structure was not detected in the kinetic studies. This could mean that in crystallo the rate-

limiting step of the hOAT reaction with AVA is the decay of the gem-diamine rather than the 

external aldimine. To the best of our knowledge, this is the first experimentally observed gem-

diamine structure among all hOAT substrates. 

AVA is a natural metabolite of L-lysine catabolism in the aminovalerate pathway in 

various bacteria46. In some bacteria, it is involved in the L-proline anabolic pathway47. It is also a 

normal metabolite present in human saliva. The elevated concentration of AVA is typically 

found in the mouths of patients with chronic periodontitis48. Being a methylene homolog of 

GABA, AVA functions as a weak GABA agonist by interacting both with GABAA (IC50 = 4 

µM) and GABAB (IC50 = 9 µM) receptors49. In the context of hOAT, AVA acts as a slow 

substrate with a binding affinity ~6.4 times higher than that for L-Orn. In fact, its binding affinity 

is comparable and, in some situations, stronger than those of some known hOAT inactivators.  

In the current work, structural and kinetic properties of hOAT were tested and analyzed. 

New important information concerning kinetic pKa, potential routes for product cyclization, and 

roles of α- and δ- amino groups in substrate recognition and catalysis was obtained. The kinetic 

and structural results could enhance the foundation for the rational design of a new generation of 

hOAT inactivators. Specifically, the reported results revealed intrinsic information about the 

active site nucleophile Lys292, which often forms a covalent linkage attacking the electrophilic 

centers during MBI inactivation21-22, 29. In addition, the results also provided a rationale that the 

potent GABA-mimicking MBIs follow the same binding mode as GABA. This supports the 
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notion that mimicking fragment-sized slow-reacting alternative substrates like GABA could be a 

more effective approach in structure-based drug design instead of mimicking the enzyme’s 

native substrates (ornithine or glutamate).  

As alternative substrates, GABA and AVA displayed potential inhibitory effects against 

an established drug target (hOAT) due to a combination of stronger binding affinity and slow 

turnovers. The data for AVA and GABA also lead to a hypothesis of an alternative catalytic 

mechanism in which a cyclization step bypasses hydrolysis of the ketamine state. Potentially, the 

“uncyclizable” analogs of GABA could be developed as inhibitory therapeutics against the 

cancer target hOAT if binding selectivity was achieved. 

Experimental procedures 

Expression and purification of human OAT  

hOAT was expressed and purified according to previously published protocols30. Briefly, 

E. coli BL21(DE3) cells containing the pMAL-t-hOAT plasmid were incubated at 37 °C with 

shaking in Lysogeny Broth (LB) medium supplemented with 100 μg/mL ampicillin. When the 

culture OD600 reached a value of 0.7, expression of the MBP−t-hOAT fusion protein was 

induced by the addition of 0.3 mM isopropyl β-D-1-thiogalactopyranoside and incubated for an 

additional 16−18 h at 25 °C. Cells were harvested by centrifugation, washed with buffer A 

comprised of 20 mM Tris-HCl, 200 mM NaCl, and 100 μM PLP, pH 7.4, frozen in liquid 

nitrogen, and stored at −80 °C. The frozen cell pellet was then thawed, sonicated in buffer A, and 

centrifuged at 40,000 x g for 20 min. The resulting supernatant was loaded onto an amylose 

affinity column pre-equilibrated with buffer A. The column was washed thoroughly, and the 

MBP−t-hOAT fusion protein was eluted from the column with 10 mM maltose. Fractions 
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containing the fusion protein were combined and treated with TEV protease to remove the MBP 

tag. The cleaved hOAT protein was collected and concentrated using a centrifugal filter. The 

protein was then further purified by size exclusion chromatography using a HiLoad Superdex-

200PG column. The column was pre-equilibrated, and the protein was eluted in buffer containing 

50 mM HEPES, 100 μM PLP, and 300 mM NaCl, pH 7.5. 

Transient-state experiments for pH studies  

To ensure a constant osmotic pressure for experiments that required a range of pH values, 

a mixture of 50 mM MES, 50 mM acetic acid, 100 mM Tris, and 50 mM NaCl (MAT buffer) 

was used to buffer for pHs 5.0 - 9.350. For the forward hOAT reaction with L-Orn, the enzyme 

was buffer-exchanged into 1/20 MAT buffer, pH 7.5, and concentrated to 36 µM. A separate 2/1 

MAT buffer with 2 mM L-Orn was prepared and its pH was adjusted to 5.0 using concentrated 

acetic acid. Solutions with 36 µM hOAT and 2 mM L-Orn were mounted into two separate 

syringes and loaded onto a Hitech Scientific (TgK) stopped-flow spectrophotometer. The 

absorption changes that occurred when these solutions were combined were observed at all 

wavelengths from 250 to 800 nm using charge-coupled device (CCD) detection at the 

temperature of 10°C. Depending on the pH, the time recorded for each reaction varied in 

accordance with the observed rate. For pH 5.8 spectra were recorded for 0.001-30 and 0.001-

1600 seconds, for pH 6.0 to 6.6 spectra were recorded for 0.001-30 and 0.001-790 seconds, for 

pH 6.9 to 7.2, 0.001-1.5 and 0.001-317 seconds, for pH 7.5 to 7.8, 0.001-1.5 and 0.001-30 

seconds, for pH 8.1 to 9.0, spectra were collected for 0.001-1.5 seconds. Kinetic data collected 

on two time-frames were spliced together at the limit of the shorter collection period to form 

composite datasets with time resolution sufficient to describe all events. 
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For pH studies of the second half-reaction of hOAT, the enzyme was buffer-exchanged to 

1/20 MAT, pH 7.0 with 2 mM (final) L-Orn and left to react at 4°C for 16 hours. The PMP form 

of hOAT was then extensively buffer-exchanged to 1/20 MAT, pH 7.0. The protein was further 

concentrated to 24 µM by centrifugation using 10 kDa molecular weight cut-off filters (Amicon). 

A separate 2/1 MAT buffer with 2 mM α-KG was prepared and its pH was adjusted to 5.0 using 

concentrated acetic acid. Solutions with 24 µM hOAT and 2 mM α-KG were placed into two 

separate syringes and loaded onto the stopped-flow spectrophotometer. The absorption changes 

were observed at all wavelengths from 250 to 800 nm using a CCD detector at 10°C. Depending 

on the pH, the time recorded for each reaction varied in accordance with their observed rates and 

completeness. For pH 5.0 to 8.7 the spectrum was recorded for 0.001 - 1.5 seconds, for pH 9.0, 

0.001 - 3 seconds, for pH 9.3, 0.001 - 8 seconds. Since reactant ratios establish pseudo-first-order 

conditions, the obtained data for 420 nm were extracted from the data set for each pH value and 

fit to a single exponential to obtain the observed rate constants (equation 1). In this equation, kobs 

is the observed rate constant, Abst is 420 nm absorbance at time t, Absend is final absorbance at 

420 nm, ∆Abs is the difference between the initial absorbance and the final absorbance (Absend) 

Equation 1:    𝐴𝑏𝑠𝑡 =  ∆𝐴𝑏𝑠 • 𝑒(−𝑘𝑜𝑏𝑠𝑡) + 𝐴𝑏𝑠𝑒𝑛𝑑   

The pH dependence of kobs was fit into equation 2. Ka values determined from titratable 

phenomena X, (in this case kobs) were determined by plotting the pH against kobs; where XAH and 

XA
- represent the respective fully protonated and unprotonated arms of the titration. 

Equation 2:    𝑋 =  
(𝑋𝐴𝐻[𝐻+]+ 𝐾𝑎 𝑋𝐴−)

[𝐻+]+ 𝐾𝑎
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Transient-state kinetics for hOAT substrate analogs  

For the stopped-flow experiments, purified hOAT was buffer-exchanged into 100 mM 

HEPES, 50 mM NaCl, pH 7.5 buffer, and concentrated by centrifugation using 10 kDa molecular 

weight cut-off filters. For the single turnover experiments, three substrate analogs of hOAT were 

chosen: AVA, DABA, and GABA. Equivalent experiments were carried out on L-Orn as a 

control. For each ligand, a stock solution in 100 mM HEPES, 50 mM NaCl, pH 7.5 was prepared 

and two-fold serially diluted using the same buffer. Chemical reactions were observed using a 

stopped-flow spectrophotometer in combination with CCD in a range from 250 to 800 nm. For 

all reactions, the temperature was held constant at 20°C. For each set of experiments, hOAT and 

one of the ligands were mounted from two separate syringes onto the stopped-flow instrument 

where they were rapidly mixed at a 1:1 ratio. For the hOAT reaction with L-Orn, the final 

concentrations after mixing were: 9 µM hOAT, and 16 mM, 8 mM, 4 mM, 2 mM, 1 mM, 500 

µM, 250 µM, 125 µM for L-Orn. For the hOAT reaction with AVA, the final concentrations 

after mixing were: 9 µM hOAT, and 8 mM, 4 mM, 2 mM, 1 mM, 500 µM, 250 µM, 125 µM 

AVA. For the hOAT reaction with DABA, the final concentrations after mixing were: 10.40 µM 

hOAT, and 64 mM, 32 mM, 16 mM, 8 mM, 4 mM DABA. For the hOAT reaction with GABA, 

the final concentrations upon mixing were: 9 µM for hOAT, and 2 mM, 1 mM, 500 µM, 250 

µM, 125 µM GABA. The above reactant ratios establish pseudo-first-order conditions for all 

reactions. As such, the data for 335 nm obtained for L-Orn, AVA, and DABA were extracted 

from the data set for each and fit to a single exponential to obtain the observed rate constants 

(equation 1). In this equation, kobs is the observed rate constant, Abst is 335 nm absorbance at 
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time t, Absend is final absorbance at 335 nm, ∆Abs is the difference between the initial 

absorbance and the final absorbance (Absend). 

For each alternative substrate, the rates were plotted against the ligand’s concentration 

and fit into hyperbolic (L-Orn, AVA, equation 3) or linear fit (DABA, equation 4). In equation 3, 

kobs represents the observed rate constant, klim is the limiting rate constant, [S] is the 

concentration of alternative substrate, and Kd is a dissociation constant. In equation 4, kobs 

represents observed rate constant, kon is association rate constant, [S] is the concentration of 

alternative substrate, koff is the dissociation rate constant. 

Equation 3:     𝑘𝑜𝑏𝑠 =  
(𝑘𝑙𝑖𝑚×[𝑆])

(𝐾𝑑+[𝑆])
 

Equation 4:    𝑘𝑜𝑏𝑠 =  𝑘𝑜𝑛 • [𝑆]  + 𝑘𝑜𝑓𝑓 

The Kd of GABA was measured in a separate titration experiment. 14.5 µM (final) hOAT 

in 100 mM HEPES, 50 mM NaCl, pH 7.5 buffer was titrated with 4, 8, 16, 32, 64, 128, 256, 512, 

1024 µM (final) GABA and was allowed to react over 12,000 seconds. The absorbance spectrum 

was measured on a UV-Vis spectrophotometer from 250 to 700 nm. From the resulting data, a 

double-reciprocal plot of 1/[GABA] vs 1/∆Abs at 335 nm was made and fit into equation 5. 

∆Absmax represents the maximum change in absorbance, [GABA] is the concentration of GABA, 

Kd is dissociation constant.  

Equation 5:    
1

∆𝐴𝑏𝑠
=

𝐾𝑑
1

∆𝐴𝑏𝑠𝑚𝑎𝑥
×[𝐺𝐴𝐵𝐴]

+ 
1

∆𝐴𝑏𝑠𝑚𝑎𝑥
 

The GABA concentration was plotted against the saturated fraction of hOAT and fitted 

into a hyperbolic curve (equation 6). In equation 6, fmax represents a fraction of fully saturated 

enzyme, [GABA] is the concentration of GABA, Kd is dissociation constant.  
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Equation 6:     𝑓 =  
(𝑓𝑚𝑎𝑥×[𝐺𝐴𝐵𝐴])

(𝐾𝑑+[𝐺𝐴𝐵𝐴])
 

hOAT holoenzyme pH 6.0 crystallization  

Purified holo-hOAT was buffer-exchanged into 100 mM MES, 200 mM NaCl, 100 µM 

PLP, pH 6.0 buffer, and then concentrated to ~6 mg/mL. The crystallization was performed via 

the hanging drop vapor diffusion method according to previously published conditions with 50 

mM Tricine pH 7.8 substituted to 50 mM MES pH 6.0 buffer. The crystals grew at room 

temperature within three days and reached their maximum size in a week. The crystals had cubic 

morphology with the largest dimension of ~ 0.3 mm. Once no further growth of crystals was 

observed, they were transferred into cryoprotectant solution (well solution + 30% glycerol) and 

flash-frozen in liquid nitrogen. 

hOAT crystal soaking with GABA and AVA  

Once hOAT was purified, it was transferred to a 10 kDa centrifugal filter tube and 

concentrated to ~6 mg/mL. The holoenzyme crystals were first grown via a hanging drop vapor 

diffusion method. Each drop contained 2 µL of protein and 2 µL of well solution. The best 

crystallization condition contained 8% PEG 6000, 100 mM NaCl, 5% glycerol, and 50 mM 

Tricine pH 7.8. Once holoenzyme crystals reached their maximum size within seven days, 1 µL 

of 10 mM GABA or AVA was added to the drop with crystals. The crystals were soaked for 

different time periods from 3 to 59 minutes for AVA and from 50 minutes to 2.5 hours for 

GABA. After soaking, crystals were transferred into a cryoprotective solution (well solution 

supplemented with 30% glycerol), and then flash-frozen in liquid nitrogen. 
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X-ray diffraction and data processing  

Monochromatic X-ray diffraction data were collected at the LS-CAT beamline 21-ID-D 

at the Advanced Photon Source at Argonne National Laboratory. Data were collected at a 

wavelength of 1.127 Å and a temperature of 100 K using a Dectris Eiger 9M detector. Data sets 

were processed and analyzed with autoPROC51 or iMosflm52 software. 

Model building and refinement  

The hOAT structure was solved by molecular replacement using PHASER53 in Phenix54. 

The starting search model was the previously published structure of hOAT (PDB code: 1OAT). 

The model building and refinement were accomplished in Coot55 and Phenix, respectively, as an 

iterative process until the lowest possible Rfree/Rwork factor values were attained. Structural 

depiction figures were prepared using UCSF Chimera56. 
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Table 2. Statistics of the crystal structures of holoenzyme hOAT crystallized at pH 6.0, soaked 

with AVA, and soaked with GABA. 

Complex 
hOAT: holoenzyme, 

pH 6.0  

hOAT:  

AVA soaking 

hOAT:  

GABA soaking  

PDB code 7T9Z 7TA0 7TA1 

Space group C 1 2 1 P 32 2 1 P 31 2 1 

Cell dimension 

α, β, γ (deg) 90.0, 106.4, 90.0 90.0, 90.0, 120.0 90.0, 90.0, 120.0 

a, b, c (Å) 200.9, 110.8, 56.9 114.9, 114.9, 185.1 114.6, 114.6, 349.3 

Processed Resolution (Å) 2.15 2.33 2.20 

Rmerge a (%) 16.9 (121.4) 48.7 (524.4) 18.7 (182.4) 

Rpim c (%) 10.3 (73.8) 12.8 (135.3) 8 (84.1) 

I/σ (I) 4.9 (1.2) 7.0 (0.8) 6.7 (1.0) 

CC ½ d (%) 98.6 (37.1) 99.4 (33.0) 99.3 (41.7) 

Completeness (%) 92.5 (90.2) 99.9 (100.0) 99.8 (99.9) 

Multiplicity 3.4 (3.4) 15.3 (16.0) 6.1 (5.4) 

No. Reflections 258822 (14325) 939082 (47999) 1075016 (137321) 

No. Unique Reflections 75968 (4201) 61264 (2995) 177531 (25577) 

Refinement 

Rworke/Rfreef (%) 27.6/28.0 21.3/23.5 25.3/27.1 

No. of Atoms 

protein 9458 9440 18951 

ligand 45 106 118 

water 576 325 896 

B factors (Å2) 

protein 23.0 45.0 39.0 

RMSD g 

bond lengths (Å) 0.66 0.55 0.82 

bond angles (deg) 0.006 0.002 0.005 

Ramachandran plot (%) 

favored 97.0 95.0 95.0 

allowed 3.0 4.9 4.8 

outliers 0.0 0.1 0.2 
aRmerge = Σ|Iobs − Iavg|/ΣIavg 

bThe values for the highest-resolution bin are in parentheses 
cPrecision-indicating merging R 

dPearson correlation coefficient of two “half” data sets 
eRwork = Σ|Fobs − Fcalc|/ΣFobs 

fFive 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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CHAPTER TWO 

STRUCTURAL AND TRANSIENT KINETIC ANALYSES REVEAL THE DUAL 

INHIBITION MODES OF HUMAN ORNITHINE AMINOTRANSFERASE BY (1S,3S)-3-

AMINO-4-(HEXAFLUOROPROPAN-2-YLIDENYL)-CYCLOPENTANE-1-CARBOXYLIC 

ACID (BCF3) 

Summary 

Hepatocellular carcinoma (HCC) is the most common form of liver cancer and the 

leading cause of death among people with liver cirrhosis. HCC is typically diagnosed in 

advanced stages when tumors are resistant to both radio- and chemotherapy. Human ornithine 

aminotransferase (hOAT) is a pyridoxal-5′-phosphate (PLP)-dependent enzyme involved in 

glutamine and proline metabolism. Because hOAT is overexpressed in HCC cells and a 

contributing factor for the uncontrolled cellular division that propagates malignant tumors (Ueno, 

A. et al., J. Hepatol. 2014, 61, 1080-1087), it is a potential drug target for the treatment of HCC. 

(1S,3S)-3-Amino-4-(hexafluoropropan-2-ylidenyl)-cyclopentane-1-carboxylic acid (BCF3) has 

been shown in animal models to slow the progression of HCC by acting as a selective and potent 

mechanism-based inactivator of OAT (Zigmond et al., ACS Med. Chem. Lett. 2015, 6, 8, 840–

844). Previous studies have shown that the BCF3-hOAT reaction has a bifurcation in which only 

8% of the inhibitor inactivates the enzyme while the remaining 92% ultimately acts as a substrate 
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and undergoes hydrolysis to regenerate the active PLP form of the enzyme. In this chapter, the 

rate-limiting step of the inactivation mechanism was determined by stopped-flow 

spectrophotometry and time-dependent 19F-NMR experiments to be the decay of a long-lived 

external aldimine species. A crystal structure of this transient complex revealed both the 

structural basis for fractional irreversible inhibition and the principal mode of inhibition of 

hOAT by BCF3, which is to trap the enzyme in this transient but quasi-stable external aldimine 

form. 

Introduction 

 Aminotransferases represent a group of PLP-dependent enzymes that use a “Bi-Bi, Ping-

Pong” mechanism to catalyze the transfer of an amino group, typically donated by an amino 

acid, to an acceptor α-keto acid57-59. In the first half-reaction, an amino acid is oxidized with the 

concomitant reduction of the PLP coenzyme to pyridoxamine-5’-phosphate (PMP). In the second 

half-reaction, the amino group from PMP is transferred to a suitable α-keto acid acceptor with 

the concomitant oxidation of PMP to regenerate the PLP coenzyme. The transamination 

mechanism of hOAT exhibits these two canonical half-reactions, with the conversion of L-

ornithine and PLP to glutamate-γ-semialdehyde and PMP followed by the conversion of α-

ketoglutarate and PMP to L-glutamate and PLP.  

hOAT in mammals is transported into the mitochondrial matrix and is in high abundance 

in the brain, intestines, kidneys, and liver. It functions at a nexus for multiple metabolic 

pathways including glutamine metabolism, proline synthesis, and the urea cycle60. Knockout 

experiments of the oat gene revealed that OAT may not have an important role in mitosis within 

normally developing cells60. However, studies by Wang et al. have implicated hOAT in the 
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assembly of the mitotic spindle in human cancer cells61. Complex coordination of the 

components of the mitotic spindle is essential for successful separation of the sister chromatids. 

Moreover, inhibition of OAT is expected to diminish cellular glutamate and proline, both of 

which are important metabolites in neoplastic cells. Therefore, inhibition of hOAT is one path to 

slow cell division in cancer cells.  

Mehta et al.58 performed a sequence alignment of 14 aminotransferases, including GABA 

aminotransferase (GABA-AT), L-aspartate aminotransferase (Asp-AT), and hOAT, and found 

that while they share low sequence identity, the available structures indicate highly similar 

tertiary folds57, 62. The highly conserved residues in the active sites of different aminotransferases 

make it difficult to selectively inhibit one enzyme without generating off-target reactivity and 

associated toxicity. Known irreversible inhibitors for both OAT and GABA-AT, such as 

gabaculine and 4-amino-5-hexynoic acid, indicate that available inactivators lack desired 

selectivity62. Although active site residues may be conserved, aspects of the chemical mechanism 

of each enzyme are unique. Therefore, the key to the rational design of a selective inactivator of 

an aminotransferase is based on an understanding of the specific chemistry involved.  
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Scheme 3. Proposed Inactivation Mechanism of hOAT by BCF3 

 

 (1S,3S)-3-Amino-4-(hexafluoropropan-2-ylidenyl)-cyclopentane-1-carboxylic acid 

(named here as BCF3 after the (Bis)trifluoromethyl feature) is an irreversible inhibitor of hOAT 
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that showed promising results for suppression of HCC tumor growth in athymic mice implanted 

with human-derived HCC18. BCF3 covalently and irreversibly modifies both the catalytic lysine 

292 and PLP, forming a tethered tertiary adduct that inactivates the enzyme. The currently 

proposed inactivation mechanism of BCF3 lacks experimental proof for the proposed 

intermediate complexes, and the rate-limiting step was hitherto yet to be identified63. To better 

understand the nature of hOAT as a drug target and facilitate the rational design of agents active 

against HCC, it is essential to quantitatively establish and verify the mechanism of BCF3 

inhibition. This work presents an investigation of hOAT inactivation by BCF3 using a combined 

approach of transient-state kinetics and X-ray crystallography. The conclusions we have drawn 

incorporating the data from these additional methodologies are summarized in Scheme 3. 

  



43 
 

 

 

Results 

 Mechanism-based inactivators commandeer the chemical mechanism of an enzyme to 

covalently and irreparably alter functional groups in the active site64. The rational design of 

covalent inactivators based on a detailed understanding of the chemical mechanism has great 

potential for drug discovery, as such an approach builds in both potency and specificity 

simultaneously. Methods to verify the chemistry of such inactivators most often include 

inhibition assays, mass spectrometry and X-ray crystallography65-69. Although these approaches 

have been successful in evaluating the inactivation mechanisms of PLP-dependent enzymes, the 

amenability of such enzymes to transient-state approaches allows for more comprehensive 

evaluation of the mechanism of inactivation, particularly those that exhibit multiple 

intermediates and partitions.  

 PLP-dependent transaminase reactions are often studied by spectrophotometric transient-

state measurements as they exhibit predictable sequences of spectrophotometrically identifiable 

intermediates with absorption transitions from 300-650 nm70-72. Such approaches can be quite 

definitive, identifying signature spectra of known intermediate states. However, the identity of 

new intermediates or reaction endpoints cannot be based solely on absorption spectra. For such 

species, it is necessary to employ complementary approaches in parallel to define the chemistry 

that is occurring. The kinetics of the BCF3 inhibition of hOAT has rates that span seven orders of 

magnitude (Scheme 3) and, therefore, can be studied by spectroscopic methods that have fast and 

slow integration times. Here we employ rapid mixing spectrophotometric, time-dependent NMR, 

and steady-state X-ray crystallography/crystal-soaking methods to reveal the detailed inhibition 

mechanism of hOAT reacting with BCF3. 
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Transient State Measurements of hOAT Inactivation by BCF3  

A combination of spectrophotometric and NMR measurements was used to capture the kinetics 

of the inhibition of hOAT by BCF3. This inhibition process had previously been characterized by 

mass spectroscopy and X-ray crystallography63. The approach used here takes advantage of the 

highly conjugated species that occur sequentially in the inactivation reaction in combination with 

additional X-ray structural data (see below). These measurements provide a more complete 

assignment of the inactivation chemistry of hOAT by BCF3. Titration of hOAT with BCF3 

modulated the rate of accumulation of a quinonoid intermediate observed maximally at 567 nm 

(Figure 16).  

 

Figure 16. Transient state absorption changes observed at 567 nm for hOAT reacting with BCF3. 

hOAT (9.84 µM) was allowed to react with BCF3 (63, 127, 254, 508, 1016, 2035, 4065 µM) and 

CCD spectra were collected on two timeframes (0.009-12.3 seconds for concentrations 63, 127, 

254 µM, and 0.02 – 24 sec for concentrations 508, 1016, 2035, 4065 µM). The extracted 576 nm 

data were fit to a linear model shown in beige in Scheme 4 and returned the rate constants shown 

in Scheme 3. 
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 The formation and decay of this intermediate could be fit to a reversible three-step model 

shown in beige on Scheme 4 and the rate constants returned from the fit are shown in Scheme 3. 

The observed rate of formation of the quinonoid is a function of the extent of population and rate 

of decay of the preceding external aldimine species (see below). As such these data report both 

on the individual rate constants for formation and decay of three species and the prior 

equilibrium for formation of the initial external aldimine. The global fit gave rate constants of k1 

= 1.5x105 ± 3x104 M-1s-1, k-1 = 421 ± 64 s-1 for formation of the external aldimine I (Scheme 3). 

The dissociation constant for the reversible formation of this species was therefore 3.0 ± 0.5 mM. 

The subsequent formation of the quinonoid species was described by rate constants k2 = 6.18 ± 

0.24 s-1 and k-2 = 0.81 ± 0.02 s-1. The irreversible decay of the quinonoid was fit to yield a rate 

constant of k3 = 0.74 ± 0.01 s-1.  

Three-dimensional CCD data recorded for a single concentration of BCF3 (Figure 17A) 

were fit globally using SVD to deconvolute and define pure spectra of the intermediates 

observed (Figure 17B). These data were fit to a simplified three-step irreversible model and thus 

did not include evidence of reversibility. The rate constants obtained from the fit agree well with 

those determined from the single wavelength analysis at 567 nm (k2 = 5.13 ± 0.03 s-1 and k3 = 

0.51 ± 0.01 s-1). 
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Figure 17. Transient state CCD data for hOAT reacting with BCF3. A. hOAT (9.84 µM final) 

was mixed with BCF3 (4065 µM) and CCD spectra were collected on two timeframes (0.0025 – 

12.5, 15-2500 sec) and spliced together at ~12 sec to form a single data set for analysis. The data 

were fit using the SVD routine available in KinTek Explorer software to a linear model shown in 

green in Scheme 4, where the last rate constant was fixed to that determined from the time-

dependent NMR data shown in Figure 18 and returned rate constants shown in Scheme 3. B. 

Spectra shown are the deconvoluted spectra assigned as follows: red; external aldimine I, blue; 

quinonoid I, green; external aldimine II, and orange; pyridoxal 5’-phosphate. 

 

 As described above, the final step k4 was fixed to the value measured by transient state 

19F-NMR spectrometry. Time-dependent 19F-NMR signals were fit using the SVD module of 

KinTeK Explorer software (Figure 18) and returned a rate constant of 0.00015 ± 0.00003 s-1. 

This value is a net rate that describes a bifurcation and includes events for the decay of the 

external aldimine II species that liberates PLP (Scheme 3) and the rate of formation of the 

covalently modified hOAT. Prior data indicated that in any one turnover, 92% of the reaction 

yields PLP63; as such, the two rate constants diverging from the bifurcating step are summed 

from this rate and are kcat = 0.00014 s-1 and kinact = 0.00001 s-1. These values describe the rates 

for substrate and inhibitor roles of BCF3, respectively. The dominant path for decay of external 
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aldimine II reinstates the PLP form of the cofactor permitting subsequent turnovers with BCF3. 

This net rate constant is four orders of magnitude slower than any other step which dictates that 

the BCF3 turnover rate is defined by this value (kcat). That no other spectrophotometrically 

conspicuous species, such as a subsequent quinonoid state, are observed suggests that the 

measured kinact can be ascribed specifically to the first step in the inhibitory path for decay of 

external aldimine II. 

 

Figure 18. Transient state nuclear magnetic resonance changes observed for hOAT reacting with 

BCF3. hOAT (333 µM final) was mixed with BCF3 (247 µM) and 19F spectra (16 scans per 

spectrum) were collected every 1 min for 8 h. The spectra were culled to approximate a 

logarithmic time base and were fit simultaneously to a linear A->B model that returned a rate 

constant of 0.00015 ± 0.00003 s-1. 

 

 The transient-state single turnover NMR spectral data report only on the slow steps of the 

hOAT – BCF3 reaction. The initial spectrum obtained at ~300 sec is assigned as external 
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aldimine II. This state of the reaction has eliminated one fluorine as a fluoride (by integration) 

that is observed at -120 ppm (Figure 19).  

 
Figure 19. 19F-NMR spectrum of hOAT-BCF3 inactivation reaction after 8 hours. Four sets of 

peaks are observed: one corresponds to the free fluoride ion (singlet), two other sets of 

resonances are for two catalytic products derived from pathway a in Scheme 2. 19F-NMR 

(CFCl3, 471 MHz, 283.2°K): δ -119.73 (s, F, F-), δ -66.60 (ddd, 3F, E-CF3, J = 9 Hz, ddd, 3F, Z-

CF3, J = 9 Hz), δ -62.10 (dq, 2F, E-CF2H, J = 9 Hz), δ -61.94 (dq, 2F, Z-CF2H, J = 9 Hz). 
 

The elimination of the single fluorine conceivably could occur to yield the E or Z 

configuration about the exocyclic vinylic bond at external aldimine II. That one set of NMR 

signals is observed at 300 sec indicates that the external aldimine II species is permitted free 

rotation within the active site (Figure 20).  
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Figure 20. 19F-NMR spectrum of the hOAT reaction with BCF3 after 5 minutes. Three 

distinguishable sets of peaks are observed, which correspond to two species: free fluoride ion 

(singlet) and external aldimine II intermediate (doublet of doublet of doublets and doublet of 

quartets): 19F-NMR (CFCl3, 471 MHz, 283.2°K): δ -119.73 (s, F, F-), δ -65.58 (ddd, 3F, CF3, J = 

9 Hz), δ -65.34 (dq, 2F, CF2, J = 9 Hz). 

 

These signals resolve to products with two configurations by 480 min, both of which 

have a predicted mass equivalent to the mass determined for this product(s) in prior studies with 

BCF3
63. While the proportion of E and Z configurations of the turnover products cannot be 

known by these methods, the structure of the covalently inhibited state indicates that only the E 

configuration formed by nucleophilic attack by Lys292 is able to bring about irreversible hOAT 

inhibition (Scheme 3)63. 

Crystal structure of hOAT inhibited by BCF3  

Holoenzyme hOAT crystals were obtained in 3 days and had hexagonal prism morphology 

with the largest dimension of ~ 0.4 mm. The crystals were stable during soaking and diffracted to 
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1.96 Å resolution. After molecular replacement and refinement, the best refined molecular model 

had three monomers in an asymmetric unit in the P3221 space group (Table 1). The biological 

assembly of hOAT is a typical homodimer which can be reconstructed using the symmetrically 

related subunit in the crystal lattice (Figure 21). 

 
Figure 21. The structure of hOAT homodimer in the external aldimine II state. The biological 

assembly is reconstructed by adding a crystallographically symmetric monomer (blue) to an 

observed monomer (orange) in an asymmetric unit using Coot. The active site locations are 

indicated by the bound external aldimine II shown in space filling form. 
 

 The decay of external aldimine II is exceedingly slow compared to all prior steps 

observed. For this reason, we attempted to trap this intermediate by soaking. Crystallized hOAT 

was soaked with 1 mM BCF3 (1 µL added to a 4 µL hanging drop) for 40 min and then frozen in 

liquid nitrogen. Given that the decay of the external aldimine II intermediate is rate limiting for 

both BCF3 inactivation and turnover, the majority fraction of hOAT will accumulate as external 

aldimine II in the presence of excess BCF3. The active site structure of hOAT soaked with BCF3 
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is shown in Figure 22 and compared with the structure of the covalently inhibited state of hOAT 

determined previously7 (pathway b, Scheme 3). The density observed in the active site was 

interpreted as the external aldimine II intermediate. The electron density supports that PLP has 

been covalently modified while the conserved Lys292 is detached from the PLP-inactivator 

adduct. The resolution of these structural data (1.96 Å) permitted definitive assignment of the 

five remaining fluorine atoms in this adduct (Figure 23). At this stage of the reaction, Lys292 is 

available for a nucleophilic attack either at the PLP imine carbon or the carbon of a 

difluoromethylenyl group (pathway a and b respectively in Scheme 3). 

 

Figure 22. Comparison of the hOAT structures of the external aldimine II state and the 

covalently inhibited complex, external aldimine V. (Left) Crystal structure of external aldimine 

II (intermediate, PDB code: 7JX9). The proposed attack distances are shown as dashed lines in 

cyan and potential hydrogen bonding distances are shown as dashed lines in black. A simulated 

annealing composite map (2Fo-Fc) at 1.1 σ level is shown in gray color for Lys292 and the 

external aldimine II intermediate. (Right) Crystal structure of external aldimine V (final product, 

PDB code: 6OIA). A water molecule is labeled as WAT. 
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Figure 23. Polder map (Fo-Fc at 3.8 𝜎) generated by omitting the external aldimine II from the 

structure. 
 

The external aldimine II intermediate interacts with key residues in the hOAT active site 

(Figure 22). The carboxylate group forms apparent hydrogen bonds with Tyr55 whose native 

function is to bind the  amino group of the ornithine73. The distance between the carboxylate 

and amino group in BCF3 is shorter than the distance between the  amino group and the  

carboxylate in ornithine. To ensure the formation of external aldimine I, it is required that the 

carboxylate of BCF3 be more proximal to PLP than ornithine. As a result, the conserved Arg180, 

which is proposed to interact with the  carboxylate group of ornithine, interacts instead with 

BCF3 indirectly via an ordered water molecule (Figures 22 & 24).  
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Figure 24. Comparison of the hOAT BCF3 derived external aldimine II to that formed from 5-

fluoromethylornithine (5FMeOrn). Interactions are shown as dashed lines in black. Left: Active 

site of hOAT bound with external aldimine II intermediate trapped during BCF3 inactivation 

reaction. The distances of the proposed nucleophilic attacks are shown as dashed lines in cyan. 

Right: Active site of hOAT with 5-fluoromethylornithine (5FMeOrn) inactivation product (PDB 

Code: 2OAT). A water molecule is labeled as WAT. 
 

The difluoromethylenyl group is observed to interact with Arg413 and Gln266. The 

native function of Gln266 is to interact with PLP via the pyridyl 5’-hydroxyl group. In the native 

reaction Arg413 is prevented from interacting with the ornithine carboxylate by a salt bridge 

with Glu235. In the native OAT reaction, this salt bridge can be broken by the dicarboxylic 

substrates -ketoglutarate or glutamate (Scheme 1). The trifluoromethyl group of the external 

aldimine II state is crowded against the aliphatic portion of the Glu235 side chain constraining its 

conformation away from complementary interaction with the guanidinium of Arg413. In addition 

to the aliphatic portion of Glu235, two other residues contribute to the binding of external 

aldimine II via hydrophobic interactions: Phe177 and Tyr85. Collectively, these interactions 
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define an active site cavity that closely contours about the BCF3 derived moiety, providing 

specific molecular recognition (Figure 25). 

 
Figure 25. External aldimine II in the active site cavity. Three residues interacting 

hydrophobically with the ligand are shown as sticks, and the external aldimine ligand is rendered 

as ball-and-stick. The surface is shown is the active site cavity colored according to the 

contributing atoms, red for oxygen, blue for nitrogen, and gray for carbon. 
 

The primary difference between the crystal structure of the external aldimine II 

intermediate, and the final adduct is covalency of the syn-allylic carbon of what was initially the 

hexafluoropropan-2-ylidine group with Lys292. The structure of this intermediate indicates that 

the covalent linkage to Lys292 is yet to form. This unliganded lysine and the five remaining 
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fluorine atoms are the defining features of the density that identifies the external aldimine II 

state. The loss of one fluorine atom from this structure correlates well with the fluoride ion 

observed to accumulate within the first scans in single turnover monitored by 19F-NMR 

spectrometry (Figure 20). Moreover, the free fluoride ion signal was unchanging throughout 

subsequent data acquisition, indicating that only one fluorine atom is displaced prior to the 

reformation of the PLP. The difluoromethylene group in external aldimine II was converted to 

form the amide bond in aldimine V linked to Lys292. The transition to the covalently inhibited 

state leaves the remaining trifluoromethyl group to interact with Arg413 and Gln236. Glu235 

remained oriented away from interaction with Arg413, but less crowded against the 

trifluoromethyl group of the inactivator. 

Discussion  

Formulating the mechanism for inhibition of hOAT by BCF3 required the use of 

complementary time-dependent spectroscopic methods. These approaches provide redundancy to 

the cumulative observations facilitating definitive assignment of the reaction coordinate 

intermediates. hOAT reacts with BCF3 to form an initial external aldimine species that 

accumulates in the deadtime of the stopped-flow instrument. The dependence of the decay of this 

species to the quinonoid provided a means of characterizing the equilibrium that forms the 

external aldimine species. These data indicate that the dissociation constant of this species is 

relatively weak (~3 mM), consistent with BCF3 being a nonnative substrate. Decay of external 

aldimine I resulted in characteristic spectral transitions associated with a quinonoid species 

(Figure 17, Scheme 3). The fit of the formation and decay of this species returned rate constants 

that indicate ~75% accumulation of a quinonoid at the highest concentrations of BCF3 with an 
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extinction coefficient for this species at 567 nm of 36,000 M-1cm-1. These observations yielded a 

relatively good kinetic description for the steps that led to the formation of the quinonoid and its 

ensuing decay. It is the decay of quinonoid I that forms the quasi-stable and key intermediate for 

hOAT inhibition, external aldimine II. Prior characterization of the interaction of BCF3 with 

hOAT identified that only 8% of any turnover reaction resulted in irreversible inactivation of the 

enzyme (pathway b in Scheme 3)68. Consequently, BCF3 is for the majority fraction a substrate 

for hOAT, and only repeated turnovers with fractional partitioning inactivate the entire enzyme 

population. Previous studies had also suggested that PLP is hydrolyzed from external aldimine 

V, leaving Lys292 covalently modified by BCF3. The basis for this conclusion was the detection 

of PLP in inactivated hOAT solutions by mass spectrometry63. The origin of this PLP is now 

known to be from the substrate mode of BCF3, as the final inhibited state of the enzyme was 

since shown by X-ray crystallographic characterization to be external aldimine V63. 

 Different interactions with the active site for the external aldimine II intermediate and the 

external aldimine V product indicate that the initial binding mode of BCF3 is significantly 

different from the orientation of the final product (Figures 22 & 24). In the context of designing a 

drug with high specificity, knowledge of the initial binding orientation is desirable. The structure 

reported herein for external aldimine II provides evidence of the initial binding orientation of 

BCF3. It is likely that the carboxylate group of BCF3 interacts with the hydroxyl group of Tyr55 

throughout the inactivation reaction. This is caused by a shorter distance between the carboxylate 

and the amino group in BCF3 compared to the -carboxylate and the -amino group of ornithine. 

For the Schiff base formation between BCF3 and PLP, the carboxylate pivots toward the PLP 



57 
 

 

 

cofactor, interacting with Tyr55 instead of Arg180, which has been proposed to interact with the 

-carboxylate of ornithine (Figure 24).73 

 

Figure 26. BCF3 and previously developed mono-trifluoromethyl inhibitors. Top: Structures of 

the inhibitors. Bottom: Structures of the first intermediates (external aldimines) after initial 

binding. 

 

 In previous studies, two mono-trifluoromethyl derivatives similar to BCF3 were tested as 

hOAT inhibitors (Figure 26).18, 63 The data indicated that the bistrifluoromethyl compound BCF3 

is a better inactivator than either the syn- or anti-monotrifluoromethyl compounds. Based on the 

structures reported in this work and previously63 (Figure 22), the role of the bistrifluoromethyl 

group in improved potency can be attributed to three factors. First, BCF3 possesses a larger 

volume that better fills the active site cavity of hOAT, confining the chemical possibilities. 

Second, both trifluoromethyl groups contribute to binding in the initial complex. The anti-

positioned trifluoromethyl group disrupts a salt bridge between Arg413 and Glu235. Arg413 in 

turn interacts initially with the syn-positioned trifluoromethyl group and the difluoromethylenyl 
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group in the external aldimine II intermediate. Third, elimination of one fluoro group as fluoride, 

can yield either the E or Z isomer. The E and Z states of external aldimine II both advance on 

dominant pathway a and yield two products that differ only in their configuration about the 

exocyclic vinylic bond (Scheme 3). The structure of the covalently inhibited enzyme indicates 

that only the E-isomer of external aldimine II can advance to form the covalently inhibited 

complex. The remaining CF3 group can reassume the role of interacting with Arg413, thereby 

contributing to the formation of the final adduct external aldimine V. As a direct consequence of 

these interactions, BCF3 displays improved specificity against hOAT compared to prior drug 

candidates with similar structures such as gabaculine, canaline, and FCP.67, 74-75  

The electronegative nature of fluorine atoms in the BCF3 trifluoromethyl groups has 

substantial impact on the orientation during initial binding and during the ensuing chemistry. 

Due to the electronegativity of the fluorine atom its propensity to form hydrogen bonds is weaker 

than oxygen or nitrogen atoms. Consequently, in many cases hydrophobic interactions with 

fluoro groups can have a significant impact on the stabilization of enzyme-substrate complexes 

compared to fluorine-hydrogen bonding interactions76. Vulpetti et al. hypothesized that relatively 

shielded fluorine atoms tend to form hydrogen bonds when bound to proteins, while relatively 

deshielded fluorines prefer hydrophobic interactions77-78. Initially, during inactivation of hOAT 

by BCF3, the fluorine atoms of both trifluoromethyl groups are deshielded by proximity to the 

other fluorines. The anti-CF3 group thus interacts with the aliphatic carbons of the Glu235 

sidechain via hydrophobic interactions, breaking the salt bridge between this residue and 

Arg413. As the reaction proceeds, either the anti- or syn-CF3 group loses one fluorine atom 

shielding the remaining two fluorines at this site. Therefore, the difluoromethyl group of external 
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aldimine II preferentially forms hydrogen bonds with Arg413 and Gln266. (Figures 22 & 26). 

This interaction may in turn project weak shielding effects over the distant CF3 group that would 

preferentially participate in hydrophobic interactions with Glu235. Conversely, in the external 

aldimine V state, the local chemical environment of the vicinal CF3 group has changed. The 

amide linkage to Lys292 is expected to shield this group so that it prefers to form hydrogen 

bonds with Arg413 and Gln266. 

 According to the proposed chemical mechanism the irreversible inactivation of hOAT 

proceeds via a series of chemical transformations between aldimine and quinonoid states 

(Scheme 3). The nucleophilic attack of Lys292 to the difluoromethylene of external aldimine II 

tethers only the E-configuration of the inhibitor and each subsequent decay of ensuing quinonoid 

state yields one fluoride ion. This repeating process ultimately denudes all fluorines from one of 

the two CF3 groups, solidifying the covalent link to Lys292 and eliminating a path to reinstate an 

active form of the cofactor. This oscillation terminates with a chemically isolated aldimine, 

external aldimine V (Figure 18). In contrast, in the dominant substrate pathway (pathway a) for 

BCF3, Lys292 attacks at the carbon of the PLP imine of external aldimine II, and subsequent 

hydrolysis results in the regeneration of the active pyridoxal form of the active enzyme. The 

latter pathway is dominant and does not regenerate BCF3 so that multiple turnovers are required 

to bring about complete inactivation. The decay of aldimine II is slow, resulting in nearly 

complete fractional accumulation of this species in the steady-state, which facilitates capture of 

this state in crystallo (Figures 22 & 23). This structure not only provides direct structural 

evidence for the proposed inactivation mechanism, but also a foundation for design of molecules 

that bias the partition of this species toward covalent inhibition. Collapse of the iminium ion of 
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external aldimine II to form quinonoid II would require the Lys292 -amino group to be 

positioned at an angle of ~107° from the plane of the -system of the difluoromethylenyl 

group79. Although the crystal structure does indicate that the position of the -amino group of 

Lys292 is proximal (3.3 Å, Figure 24), it is in the same plane as the difluoromethylenyl group, 

and one of the fluorine atoms partially occludes the electrophilic carbon. While neither pathway 

is particularly favored by the observed intermediate’s position, it is these conformational 

restrictions that dictate the order of magnitude lower probability for the pathway that inactivates 

hOAT relative to PLP regeneration. 

The above analysis serves as a revision of the previously proposed inactivation 

mechanism of hOAT by BCF3. Within ~20 seconds the interaction of BCF3 with hOAT would 

result in the formation and accumulation of external aldimine II and inhibit the target enzyme 

effectively by stabilizing this state. Inactivation via aldimine V would require an excess amount 

of BCF3 compared to the enzyme so that multiple turnovers bring about the irreversible 

inactivation7. The rate constants determined for the decay of external aldimine II state can be 

modelled using numerical integration to show that covalent inactivation requires ~20-fold excess 

of BCF3 and then only asymptotically approaches complete inactivation over ~10 days. By itself, 

this slow rate of inactivation to aldimine V is unlikely to be effective in suppressing hOAT 

activity in vivo, as the high rate of expression in cancer cells is very likely to exceed the rate of 

covalent inhibition. Therefore, the primary and medically relevant mode of BCF3 inhibition is 

trapping the vast majority of hOAT as aldimine II, and formation of aldimine V only modestly 

contributes to the long-term potency of the compound. In regard to iterative rational design, it 



61 
 

 

 

may be desirable to create the next generation of drug candidates that bias the conversion from 

external aldimine II to quinonoid II, thereby altering the partition ratio for irreversible 

inactivation and thus requiring less inhibitor for complete covalent inactivation. Transient 

inhibition of hOAT using stoichiometric doses of BCF3 will trap the enzyme as aldimine II and 

return the majority fraction to an active state within a few days. Therefore, BCF3 also has the 

potential to be used as a chemotherapy sensitizer80 that transiently halts the activity of hOAT to 

increase the susceptibility of cancer cells to other chemotherapeutic agents. 

Conventional methods to characterize mechanism-based inhibition involving 

combinations of mass spectrometry and ligand cocrystallization are effective to both identify the 

final adduct and to propose overall mechanisms. However, for amenable systems transient 

kinetic studies are an effective additional method to reveal further mechanistic details to deduce 

more complete chemical descriptions of inactivation. The characteristic intermediate spectra 

observed for hOAT reacting with BCF3 and the slow kinetics under single turnover conditions 

provide considerably greater detail about the inactivation mechanism, prompting a revision of 

BCF3’s potency that is now ascribed to the formation of the external aldimine II species and not 

the irreversible covalent external aldimine V species as previously described. The accumulation 

of this quasi-stable intermediate in a short time frame (~20 sec) provides a high steady-state 

concentration of this species such that crystal soaking could be employed to trap a near 

homogenous intermediate in the crystal structure during turnover. The crystal structure obtained 

provides the structural basis for rational design of future inhibitor/inactivator candidates. We 

confirm that BCF3 is a prominent drug candidate that relies on its overall structure for specificity 

but requires an excess to ensure irreversible inactivation. Such a requirement is a result of a non-
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ideal attack angle during the conversion from external aldimine II to quinonoid II. However, the 

slow decay of aldimine II results in essentially all the enzyme being trapped in this state and thus 

effectively inhibited soon after administration. 

Experimental procedures 

Materials 

All chemicals were purchased from Millipore-Sigma, unless otherwise noted. All 

enzymes used for cloning were purchased from New England Biolabs. 

Expression, and Purification of Human OAT 

hOAT was expressed and purified according to previously published protocols67. Briefly, 

E. coli BL21(DE3) cells containing the pMAL-t-hOAT plasmid were incubated at 37 °C with 

shaking in Lysogeny Broth (LB) medium supplemented with 100 μg/mL ampicillin. When the 

culture OD600 reached a value of 0.7, expression of the MBP−t-hOAT fusion protein was induced 

by addition of 0.3 mM isopropyl β-D-1-thiogalactopyranoside, and incubated for an additional 

16−18 h at 25 °C. Cells were harvested by centrifugation, washed with buffer A comprised of 20 

mM Tris-HCl, 200 mM NaCl, and 100 μM PLP, pH 7.4, flash-frozen in liquid nitrogen and 

stored at −80 °C. The frozen cell pellet was then thawed, sonicated in buffer A, and centrifuged 

at 40,000 x g for 20 min. The resulting supernatant was loaded onto an amylose affinity column 

pre-equilibrated with buffer A. The column was washed thoroughly, and the MBP−t-hOAT 

fusion protein was eluted from the column with 10 mM maltose. Fractions containing the fusion 

protein were combined and treated with TEV protease to remove the MBP tag. The cleaved 

hOAT protein was collected and concentrated using a centrifugal filter. The protein was then 

further purified by size exclusion chromatography using a HiLoad Superdex-200PG column. The 
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column was pre-equilibrated, and the protein eluted in buffer containing 50 mM HEPES, 100 μM 

PLP and 300 mM NaCl, pH 7.5.  

Transient State Methods 

The reaction of BCF3 with hOAT was observed in transient state using three approaches. These 

methods captured signals for both relatively fast and slow chemical transformations. The first 

three steps in the reaction were captured using a Hitech Scientific (TgK) stopped-flow 

spectrophotometer in combination with charged coupled device detection (260-800 nm). In these 

experiments 9.84 μM hOAT was allowed to react with 2-fold serially diluted BCF3 

concentrations (63, 127, 254, 508, 1,016, 2,035, 4,065 μM) in 50 mM HEPES, 200 mM NaCl, 

pH 7.5 at 10 oC (all reported concentrations are after mixing in a 1:1 ratio).  

 
Scheme 4. Four-step model for the intermediates observed via CCD 340-700 nm and 19F-NMR 

spectrometry. The first three reaction steps were observed for a range of BCF3 concentrations 

and analyzed globally by numerical integration (beige box) at a single wavelength (567 nm). The 

rate constants associated with the second and third steps were derived from CCD data using 

singular value decomposition (SVD) (green box). The data for the last step were acquired with 
19F-NMR spectrometry and analyzed using SVD (blue box). 

 

 Individual reaction traces at 567 nm for each BCF3 concentration were extracted from the 

multiwavelength datasets and combined into a single file. These data were fit globally to the 

biege portion of the model depicted in Scheme 4 using KinTek Explorer software (KinTek 

Corp). The CCD spectral datasets for singular value decomposition (SVD) deconvolution were 
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collected at a concentration of BCF3 equal to 2.08, 4.16 and 8.32 mM. Duplicate shots were 

acquired using a log time base for two timeframes (0.0025 – 12.4 seconds and 0.0025 – 2,480 

seconds). Duplicate datasets for any one timeframe were averaged and spliced together at 12 

seconds to form one dataset with sufficient time resolution to accurately describe fast and slow 

processes. The hybrid dataset was fit globally to the green portion of the model depicted in 

Scheme 4 using the Spectrafit SVD module of KinTek Explorer software. In this model the rate 

constant for k4 was fixed to the value measured using transient state NMR.  

19F-NMR spectral observation of the reaction was used both to measure the slowest step 

observed and to verify the chemistry through spectral assignment of the species that decay and 

accumulate. A single turnover condition was established by mixing hOAT (333 µM) with BCF3 

(247 µM), and 19F-NMR spectra (16 scans per spectrum) were acquired at 1 min intervals for 8 

hours (for acquisition parameters, see Supporting Information). The time of the first spectrum 

equated to ~300 seconds after the reaction commenced and so captures data for the external 

aldimine II species onward. Spectra were culled to approximate a logarithmic time base and to 

eliminate intervening portions of the ppm axis that contained no data. The time dependence of 

these NMR spectra were fit globally to a one-step model that is depicted as the blue portion of 

Scheme 4. 

Crystallization and Crystal soaking of hOAT with BCF3  

Purified hOAT was buffer exchanged into 50 mM HEPES, pH 7.5 and concentrated to a 

protein concentration of 6 mg/mL. The previously reported crystallization conditions67 were 

further optimized using the hanging drop vapor diffusion method by varying PEG 6000 (8-12%), 

NaCl (100-250 mM), and glycerol (0-10%) with a fixed buffer concentration of 100 mM Tricine, 
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pH 7.8. For each hanging drop, either 2 or 3 µL of protein solution was mixed with equal volume 

of well solution. Several rounds of seeding were applied to improve crystal size and quality. The 

crystals with the best morphology and size grew in a final condition containing 10% PEG 6000, 

100 mM NaCl, and 10% glycerol. BCF3 (0.5 μL, 1 mM final) was added to the hOAT crystal 

drop and allowed to soak for 40 min. After soaking, crystals were transferred to a cryo-protectant 

solution (well solution supplemented with 30% glycerol and 1 mM BCF3) and frozen in liquid 

nitrogen. 

X-ray Diffraction and Data Processing  

Monochromatic X-ray diffraction data were collected at the LS-CAT beamline 21-ID-D 

at the Advanced Photon Source at Argonne National Laboratory. Data were collected at a 

wavelength of 1.127 Å and a temperature of 100 K using a Dectris Eiger 9M detector. Data sets 

were processed and analyzed with autoPROC software51.  

Model Building and Refinement  

The hOAT structure was solved by molecular replacement using PHASER53 in Phenix. 

The starting search model was the previously published structure of hOAT (PDB code: 1OAT81). 

The model building and refinement were accomplished in Coot55 and Phenix54, respectively, as 

an iterative process until the lowest possible Rfree/R factor values were attained. Structural 

depiction figures were prepared using UCSF Chimera56. 
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Table 3. Statistics table for hOAT-external aldimine II crystal structure. 

  

PDB code 7JX9 

Space group P3221 

Cell dimension 

α, β, γ (deg) 90,90,120 

a, b, c (Å) 115.304, 115.304, 185.431 

Processed Resolution (Å) 1.96 

Resolution at I/σ (I) =2 (Å) a 2.07 

Rmerge b (%) 18.6 (185.0) c 

Rpim d (%) 6.2 (68.6) 

I/σ (I) 11.5 (1.2) 

CC ½ e (%) 99.8 (38.1) 

Completeness (%) 96.6 (99.6) 

Multiplicity 10.0 (7.9) 

No. Reflections 102153 

No. Unique Reflections 9746 

Refinement 

Rwork f/Rfree g (%) 16.0/18.0 

No. of Atoms 

protein 9449 

ligand 96 

water 649 

B factors (Å2) 

protein 39.58 

RMSD h  

bond lengths (Å) 0.008 

bond angles (deg) 0.92 

Ramachandran plot (%) 

favored 95.33 

allowed 4.00 

outliers 0.67 
aProvided Resolution at I/𝜎 = 2 for conventional assessment of data quality 

bRmerge = Σ|Iobs − Iavg|/ΣIavg 
cThe values for the highest-resolution bin are in parentheses 

dPrecision-indicating merging R 
ePearson correlation coefficient of two “half” data sets 

fRwork = Σ|Fobs − Fcalc|/ΣFobs 
gFive percent of the reflection data were selected at random as a test set, and only these data were 

used to calculate Rfree 
hRoot-mean square deviation 
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CHAPTER THREE 

TURNOVER AND INACTIVATION MECHANISMS FOR (S)‑3-AMINO-4,4-

DIFLUOROCYCLOPENT-1-ENECARBOXYLIC ACID, A SELECTIVE MECHANISM- 

BASED INACTIVATOR OF hOAT 

Summary 

In the last years, the inhibition of human ornithine-aminotransferase has been proposed as 

a novel way of potential treatment of hepatocellular carcinoma. Several mechanism-based 

inactivators of hOAT have been designed and their mechanisms have been studied. Recently, a 

new potent hOAT mechanism-based inactivator, (S)-3-amino-4,4-difluorocyclopent-1-

enecarboxylic acid (SS-1-148, 148) was designed. In addition to its potency, 148 showed 

remarkable selectivity over other related aminotransferases (e.g., GABA-AT, Asp-AT, Ala-AT). 

A complex mechanistic study was performed in attempt to investigate the turnover and 

inactivation mechanisms of 148. As a primary metabolite of 148 in hOAT, a monofluorinated 

ketone (M10) was identified. Gem-diamine intermediate preceding to M10 species has been 

successfully trapped in hOAT holoenzyme crystals soaked with 148. The achieved structure of 

gem-diamine was the first experimental proof of the existence of this intermediate in hOAT. 

Additional cocrystallization experiments of hOAT with 148 helped to reveal a novel noncovalent 

inactivation mechanism in hOAT. The transient-kinetic experiments provided a rationale both for 

the turnover and inactivation mechanisms and further facilitated the results obtained from other 

techniques. Overall, the combination of X-ray crystallography employing both soaking and
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cocrystallization methods and stopped-flow kinetics provided a lot of details and elucidated the 

unusual turnover and inactivation pathway for 148.  

Introduction 

The major challenge in the design of a selective MBI of hOAT is possible side reactions 

of the inhibitor with other aminotransferases, especially γ-aminobutyric acid aminotransferase 

(GABA-AT), which is involved in central metabolism and has a high structural similarity with 

hOAT. Both OAT and GABA-AT belong to fold-type I structural group of PLP-dependent 

enzymes, both proteins possess high similarity in the active site residues. In the active site pocket 

of hOAT, two major differences have been reported: Tyr85 and Tyr55 in hOAT are substituted 

by Ile72 and Phe351* (asterisk denotes arising from the adjacent subunit) in GABA-AT, 

respectively. This substitution results in a narrower and more hydrophobic active site of GABA-

AT when compared to hOAT. In hOAT, the hydroxyl group of Tyr55 is involved in the initial 

binding of the substrate via formation of a hydrogen bond with its α-amino group. Tyr85, in turn, 

plays an important role in substrate specificity and conformational flexibility to adopt bulky 

substrates.62 Due to the high similarity between these two aminotransferases, a preliminary 

screening against hOAT was carried out previously using the stock of GABA-AT inhibitors.18 A 

cyclopentane-based analogue, termed BCF3, bearing a bis(trifluoromethyl) group as its warhead, 

was identified to be a selective MBI of hOAT while only showing millimolar reversible 

inhibition of GABA-AT. Mechanistic studies on BCF3 from previous chapter have shown that 

one of its trifluoromethyl groups undergoes fluoride ion elimination, leading to the covalent 

modification of the catalytic Lys292. It is considered that the sterically bulky 

bis(trifluoromethyl) group may not enter the narrower active site pocket of GABA-AT as readily, 
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influencing the initial binding pose between the ligand and the enzyme, which may be 

responsible for its reversible inhibition of this enzyme. 5-fluoromethylornithine (5-FMeOrn) 

serves as an additional example of selective hOAT inactivator. The structure of 5-FMeOrn was 

inspired by the structure of the native substrate of hOAT, L-Orn, and it’s also related to the 

structure of nonselective GABA-AT inactivator (S)-4-amino-5-fluoropentanoic acid (AFPA).73 

As was previously shown, this ligand inactivates hOAT via an enamine pathway by forming a 

ternary adduct.82 

Recently a new cyclopentene-based analogue, 148, was designed as a novel hOAT 

mechanism-based inactivator and its turnover and inactivation mechanisms were investigated. 

The new inactivator incorporated an additional double bond into the cyclopentane ring system 

and demonstrated itself as a potent and selective hOAT inactivator. The more detailed study on 

148 was published recently22. In it, the performed mechanistic studies include the results 

obtained with protein crystallography, multiple modes of mass spectrometry, transient-state 

spectrophotometric measurements, and computational simulations. This dissertation, however, 

solely focuses on X-ray crystallography and stopped-flow results. 

Results 

Crystal structures of hOAT resulting from soaking and cocrystallization 

Based on the mass-spec experiments on 148 it was proposed that as in case of BCF3, 148 

reaction mechanism consists of two possible pathways: inactivation and turnover.22 In an attempt 

to capture the primary intermediate of the non-inactivation pathway, hOAT holoenzyme crystals 

were utilized to perform one-hour soaking experiments with 148. The hOAT structure was 

solved by molecular replacement from a previously reported structure (PDB entry: 1OAT). The 
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space group for the 148 soaking structure was found to be P3221, and the structure contains three 

copies of the protein monomer in one asymmetric unit. The crystal structure (PDB entry 7LK1) 

shown in Figure 27A indicates that PLP is covalently linked to 148, and a covalent bond between 

Lys292 and 148 tethering the compound to the enzyme. The covalent bond between Lys292 and 

148 represents a stable gem-diamine species that has not been observed in any previous 

hOAT/inactivator crystals.63, 67, 69, 83 Moreover, two alternate conformations of this intermediate 

were observed which differ in the position of the carboxylate group derived from 148. The first 

conformation forms a hydrogen bond between Tyr55 and the carboxylate of 148, while the 

second forms a salt bridge with Arg413. The interpretation that there are two alternate 

conformations for the intermediate structure was based on the positive density in proximity to 

Arg413 and Tyr55 as well as the relatively high B-factors for any single conformation. An 

alternative explanation could include two different, yet structurally similar, intermediate species 

that could interact with the protein active site in different ways. 
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Figure 27. Crystal structures of hOAT resulting from soaking experiment (A; PDB entry 7LK1) 

and cocrystallization (B; PDB entry 7LK0) with compound 148. 148 soaking structure is shown 

in two alternate conformations: one in which the carboxylate group interacts with Tyr55 

(conformation A) and the other in which carboxylate forms a salt bridge with Arg413 

(conformation B). For this specific chain, the refined occupancies of conformers are 0.51 

(conformation A) and 0.49 (conformation B). hOAT residues and 148 are in stick representation 

with carbon atoms colored gray and blue/off-white, respectively, the water molecule is shown as 

a red sphere. Hydrogen bonding distances between atoms in angstroms (Å) are shown as black 

dashed lines. 

 

Transient-State Measurements of hOAT Inhibited by 148 

As a variety of transient states are involved in the proposed mechanisms, rapid-mixing 

spectrophotometric measurements were performed in an attempt to capture the kinetics of the 

inhibition of hOAT by 148. This approach takes advantage of the conjugated species that 

accumulate sequentially in PLP-dependent transaminase reactions.83 The inhibition reaction that 

occurs with 148 was interpreted in combination with crystal structures (abovementioned) 

acquired for different stages of the reaction progression. The experimental data shown in Figures 

29 and 30 indicate that the reaction of 148 with hOAT is complex. Four discernable phases were 

observed with evidence of at least two parallel reaction paths (Figure 28), indicating that the 
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mechanistic conclusions drawn are necessarily from undetermined models. Within the deadtime 

of the stopped-flow instrument, the reaction of 148 with hOAT formed a spectrum signal (~420 

nm) consistent with an external aldimine (red spectrum, Figure 29 A-B). Titration of hOAT with 

148 modulated the rate and the extent of accumulation of a second external aldimine that is 

presumably additive with the aldimine formed in the deadtime (green spectrum, Figure 29 A-B). 

The second external aldimine forms with a rate dependence that indicates a bimolecular reaction 

(6.2 ×103 M-1s-1) and suggest that 148 interacts with hOAT in the least two ways, resulting in 

parallel reaction paths (Figure 28 A-B). The intensity of the combined external aldimine spectra 

decays partially with the accumulation of a spectral transition characteristic for a quinonoid 

species (~560 nm) at 0.4 s-1 (Figure 28 A-B and 30 A-B). The apparent quinonoid species is 

formed with concomitant and partial decay of the external aldimine transitions that are 

approximately equal in amplitude to that gained with the second external aldimine accumulation. 

This suggests that these species reside on the same reaction pathway. 
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Figure 28. Transient state absorption changes observed at 275, 420, and 560 nm for hOAT 

reacting with 148. OAT (12.7 µM final) was mixed with 148 (126, 251, 502, 1004, 2008, 4016 

µM), and CCD spectra were collected for the timeframe 0.009-49.2 seconds. (A) The data 

observed at 420 nm fit to a linear combination of three exponential terms according to equation 7 

described in the materials and methods section. The arrow indicates the trend observed in 

amplitude for increasing inhibitor concentration. (B) The observed rate constant dependence of 

the first phase observed at 420 nm fit to equation 9 described in the materials and methods 

section. The values for k2 and k3 indicated are the average values obtained from the fit in Figure 

29 A. The fit is shown in red dashes. (C) The data observed at 560 nm. The curved arrow 

indicates the trend observed in amplitude for increasing inhibitor concentration. These data were 

fit to a linear combination of two (1004, 2008, and 4016 µM, blue traces) or three (126, 251, and 

502 µM, black traces) exponential terms according to equation 8 described in the materials and 

methods section. The fit is shown in red dashes. (D) The data observed at 275 nm over 2000 sec 

obtained in the presence of 8032 µM 148 fit to a linear combination of two exponential terms 

according to equation 8 in the materials and methods section. The fit is shown in red dashes. 

 

It has been reported that the deprotonation of the initial external aldimine M1 and 

stepwise fluoride elimination steps proposed in Scheme 5 are typically considered as an E1CB 
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elimination mechanism.84-85 The electron-withdrawing effect of fluorine and the protonated 

nitrogen of the aldimine may stabilize the formed carbanion state during the elimination 

reaction.85-86 Meanwhile, quinonoid transient state M2 is supposed to form between the first and 

second external aldimines (M1 and M3). However, the stopped-flow experimental results 

suggest that antiperiplanar hydrogen and fluorine in M1 undergoes an unusual Lys292-assisted 

E2 mechanism84 with simultaneous loss of a proton, the release of fluoride ion, and formation of 

alkene as a more favorable fluoride elimination pathway, affording the second external aldimine 

M3 as the single transient state species (Pathway e; Scheme 5). This result has never been 

observed experimentally in previous mechanistic studies of other related PLP-dependent 

aminotransferase inactivators.62, 87 

Assuming a quinonoid extinction coefficient of ~30 mM-1cm-1,21 the fractional 

accumulation of the quinonoid observed is ~20% of total reacting species at 1 mM 148. The 

quinonoid then decays at a rate of 0.09 s-1, while the residual transitions assigned to the external 

aldimine species broaden and persist (orange spectrum, Figure 29 A-B). Quinonoid M6 seems to 

be a rare case of quinonoid species (~560 nm) that can be observed based on the turnover 

(Pathway a; Scheme 5) and inactivation (Pathway b; Scheme 5) mechanisms. The final phase 

observed occurs with a rate constant of 0.007 s-1. And in this phase, the features of the external 

aldimine decay with a pronounced increase in absorption intensity at ~275 nm, indicative of a 

loss of conjugation (blue spectrum, Figure 29 A-B), consistent with gem-diamine M16 and 

ketimine M19 proposed as the final products in Scheme 5. 
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Scheme 5. Plausible Inactivation Mechanisms of 148 with hOAT. 

 

Collectively, these data support a dominant pathway comprised of multiple distinct 

external aldimine species that ultimately decay to a less conjugated product (turnover 

mechanism; Pathways a and e; Scheme 5) and a second minor pathway that forms an initial 
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external aldimine more slowly but then proceeds through a quinonoid intermediate and decays to 

also form a non-conjugated product (inactivation mechanism; Pathways b-e; Scheme 5). The 

data shown in Figure 29 C indicate that the proportion of each pathway is dependent on the 

concentration of 148. Higher concentrations of 148 diminish the accumulation of the quinonoid 

species but do not alter the observed rates of accumulation and decay, suggesting that the more 

rapid and dominant pathway sequesters a larger fraction of enzyme at higher 148 concentrations. 
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Figure 29. Partial deconvolution by singular value decomposition (SVD) of transient state 

absorption changes observed for hOAT reacting with 148. hOAT (6.94 µM; final concentration) 

was reacted in a stopped-flow spectrophotometer with 148 (1040 µM; final concentration) at 10 

°C. To obtain time resolution sufficient to analyze kinetic rates spanning four orders of 

magnitude, a composite CCD absorbance dataset was prepared spanning 250-800 nm and 

0.0137-9843 sec by splicing together averaged short and long time-frame datasets. These data 

were fit to a linear irreversible four-step model in which the rate constants were constrained to 

those determined from single-wavelength analyses (Figure 28). Deconvoluted composite spectra 

derived from SVD analysis (A). The species concentration profile based on the rate constants 

used to fit the dataset (B). A three-dimensional depiction of a subset of spectra from the dataset 

analyzed (C). 

 

Discussion  

Proposed inactivation pathways for 148 with hOAT are summarized in Scheme 5. The 

initial external aldimine M1 undergoes deprotonation, catalyzed by Lys292, and forms the first 

quinonoid (M2). The elimination of a single fluoride ion follows to yield monofluoro aldimine 

M3 from M2. The C4′ position of the majority of M3 (∼97%; determined by its partition ratio) is 
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attacked by Lys292, which releases an enamine metabolite that hydrolyzes to ketone M10 as the 

primary metabolite (Pathway a; Scheme 5). The Cδ position of a small portion of M3 (∼3%) goes 

through a water-mediated nucleophilic attack (Pathway b; Scheme 5), generating the second 

quinonoid (M6). Intermediate M6 undergoes another fluoride ion elimination to form M7. 

Subsequently, a small fraction of M7 (∼16%) may covalently bond to Lys292 at its C4′ position 

via a gem-diamine form (M15) (Pathway c; Scheme 5), which is in equilibrium with M7 and also 

facilitates further proton transfer to generate the neutral gem-diamine (M16), which should be a 

more stable form. However, the majority of M7 (∼84%) tautomerizes to a more favorable 

ketimine (M18, the most stable tautomeric form), which is followed by proton transfer to afford 

ketimine M19 as the primary final product (Pathway d; Scheme 5). 

In the current work, it was demonstrated that (S)-3-amino-4,4- difluorocyclopent-1-

enecarboxylic acid (SS-1-148, 148) can exhibit comparable inactivation efficiency to that of 

preclinical stage selective hOAT inactivator BCF3. The kinetic studies provided an experimental 

evidence to support the hypothesis that the conjugated alkene of 148 in its cyclopentene ring is 

essential for retaining high hOAT inactivation efficiency. A soaking experiment was performed 

to obtain a quasi-stable gem-diamine intermediate covalently bound to Lys292 in the soaked 

crystal, an intermediate that has never been captured in other studies of related aminotransferase 

inactivators. The Cocrystallization of hOAT and 148 captured a stable noncovalent final product 

in the hOAT cocrystal complex. The critical salt bridge of Arg413-Glu235 in hOAT was found 

to be broken in both crystal complexes. Using rapid-mixing experiments, we observed, for the 

first time, that the first external aldimine of 148 undergoes a lysine-assisted E2 fluoride ion 

elimination instead of the typical E1cB elimination mechanism, forming the second external 
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aldimine as the single transient state. Overall, we have carried out comprehensive mechanistic 

studies to demonstrate that 148 mainly inactivates hOAT through a noncovalent water-mediated 

mechanism. However, it is still unclear why there are distinct inactivation mechanisms for 

cyclopentene 148 and the corresponding cyclohexene. 

 

Experimental procedures 

hOAT crystal soaking 

The holoenzyme crystals were first grown via a hanging drop vapor diffusion method. 

Each drop contained 2 µL of protein and 2 µL of well solution. The best crystallization condition 

contained 10% PEG 6000, 200 mM NaCl, 10% glycerol, and 100 mM Tricine pH 7.8. Once the 

holoenzyme crystals reached their maximum size, 2 µL of 16 mM 148 was added to the drop 

with crystals. Within the first five minutes of 148 addition, the hOAT crystals turned their color 

from yellow to blue. The crystals were soaked for one hour, transferred into cryoprotective 

solution (well solution supplemented with 30% glycerol), and then flash-frozen in liquid 

nitrogen. 

hOAT cocrystallization  

After purification, hOAT was buffer exchanged into crystallization buffer (50 mM 

Tricine pH 7.8) supplied with 1 mM α-ketoglutarate. Then the protein was concentrated to 6 

mg/mL. Previously reported crystallization condition63 was optimized using the hanging drop 

vapor diffusion method by varying PEG 6000 (8-12%), NaCl (100-250 mM), glycerol (0%-10%) 

with 100 mM Tricine pH 7.8 kept constant as the buffer.  For each hanging drop, 2 µL of protein 

solution was mixed with an equal volume of well solution and 0.5 µL of 10 mM 148. The 

crystals with the best morphology and size grew in a final condition containing 10% PEG 6000, 
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200 mM NaCl, 10% glycerol, and 100 mM Tricine pH 7.8. Crystals were transferred to a cryo-

protectant solution (well solution supplemented with 30% glycerol) and later flash-frozen in 

liquid nitrogen. 

X-ray diffraction and data processing  

Monochromatic X-ray diffraction data were collected at the LS-CAT beamline 21-ID-D 

at the Advanced Photon Source at Argonne National Laboratory. Data were collected at a 

wavelength of 1.127 Å and a temperature of 100 K using a Dectris Eiger 9M detector. Data sets 

were processed and analyzed with Xia2 software.88  

Model building and refinement  

The hOAT structure was solved by molecular replacement using PHASER53 in Phenix. The 

starting search model was the previously published structure of hOAT (PDB code: 1OAT). The 

model building and refinement were accomplished in Coot55 and Phenix54, respectively, as an 

iterative process until the lowest possible Rfree/R factor values were attained. Structural depiction 

figures were prepared using UCSF Chimera.56  

Transient State Methods  

The reaction of 148 with hOAT was observed in a transient state using a Hitech Scientific 

(TgK) stopped-flow spectrophotometer in combination with charged coupled device detection 

(Ocean Optics, 260-800 nm). hOAT (12.68 µM) was reacted with varied concentrations (125, 

251, 502, 1004, 2008, 4016, 8032 µM) of 148 in the buffer (pH 7.5) containing 50 mM HEPES 

and 200 mM NaCl at 10oC. For each concentration of the inhibitor, CCD spectral datasets were 

collected in duplicate for 50 sec, and the duplicates were averaged. For the highest concentration 

of inhibitor (8 mM) duplicate CCD datasets were acquired for two timeframes (0.0025 – 12.4 sec 
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and 0.0025 – 2480 sec). Duplicate datasets for anyone timeframe were averaged and then spliced 

together at 12 sec to form one dataset with sufficient time resolution to adequately describe rapid 

and slow processes. The hybrid dataset was deconvoluted based on a linear four-species model 

using the Spectrafit singular value decomposition module of KinTek Explorer software. In the 

process, the rate constants were fixed to the values measured using analytical fits to data 

extracted for single wavelengths that assume successive first-order processes according to the 

equations 7, 8, and 9. Abs is absorbance, Ax are the amplitudes associated with each observed 

phase, kx are the corresponding rate constants, and C is the absorbance endpoint. 

Equation 7:   𝐴𝑏𝑠 = 𝐴1(𝑒−𝑘1𝑜𝑏𝑠𝑡) + 𝐴2(𝑒−𝑘2𝑡) + 𝐴3(𝑒−𝑘3𝑡) + 𝐶 

Equation 8:   𝐴𝑏𝑠 = 𝐴1(𝑒−𝑘1𝑡) + 𝐴2(𝑒−𝑘2𝑡) + 𝐶 

Equation 9:   𝑘1𝑜𝑏𝑠 = 𝑘1[I] 
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Table 4. Statistics of the crystal structures of hOAT inactivated by 148. 

Complex hOAT-148 cocrystal hOAT-148 soaking 

PDB code 7LK0 7LK1 

Space group P 31 1 2 P 32 2 1 

Unit Cell dimension 

α, β, γ (deg) 90, 90, 120 90, 90, 120 

a, b, c (Å) 192.7, 192.7, 56.8 115.6, 115.6, 186.6 

Processed Resolution (Å) 1.96 1.79 

Rmerge a (%) 16.9 (81.7) 8.4 (248.7) 

Rpim c (%) 8.3 (60.4) 2.8 (83.3) 

I/σ (I) 5.6 (1.1) 13.7 (0.9) 

CC ½ d (%) 99.7 (78.3) 99.9 (34.4) 

Completeness (%) 91.6 (72.1) 100.0 (100.0) 

Multiplicity 8.7 (4.1) 9.6 (9.8) 

No. Reflections 685516 1311708 

No. Unique Reflections 79187 136181 

Refinement 

Rwork e/Rfree f (%) 24.54/26.60 21.60/24.80 

No. of Atoms 

protein 9462 9444 

ligand 75 170 

water 582 766 

Average B factors (Å2) 

protein 37.17 44.34 

RMSD g 

bond lengths (Å) 0.004 0.005 

bond angles (deg) 0.69 0.84 

Ramachandran plot (%) 

favored 94.75 94.90 

allowed 5.16 4.93 

outliers 0.08 0.17 
aRmerge = Σ|Iobs − Iavg|/ΣIavg, 

 
bThe values for the highest-resolution bin are in parentheses,  

cPrecision-indicating merging R,  
dPearson correlation coefficient of two “half” data sets,  

eRwork = Σ|Fobs − Fcalc|/ΣFobs, fFive 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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CHAPTER FOUR 

RATIONAL DESIGN, SYNTHESIS, AND MECHANISM OF (3S,4R)-3-AMINO-4-

(DIFLUOROMETHYL) CYCLOPENT-1-ENE-1-CARBOXYLIC ACID EMPLOYING A 

SECOND DEPROTONATION STRATEGY FOR SELECTIVITY OF hOAT OVER GABA-

AT 

Summary 

 Human ornithine aminotransferase is a PLP-dependent enzyme that shares the same fold 

type and similar active site residues with γ-aminobutyric acid aminotransferase (GABA-AT).  

Recently, hOAT was recognized as a potential drug target for treatment of hepatocellular 

carcinoma. In the current work, the inactivation of hOAT by two established GABA-AT 

inactivators (CPP-115 and OV329) has been studied. Based on the observed inactivation 

mechanistic difference between hOAT and GABA-AT, a series of new analogs was designed and 

synthesized. This led to the discovery of analog 136 (10b) which showed itself as a highly potent 

and selective hOAT inhibitor. In the mechanistic study on 136, a combination of various 

techniques was employed including intact protein mass spectrometry, protein crystallography, 

dialysis experiments, fluoride ion release, and transient-state kinetics experiments. Notably, the 

stopped-flow experiments were highly consistent with the proposed mechanism, suggesting a 

relatively slow hydrolysis rate for hOAT when compared to GABA-AT. Based on the results 

obtained in this study, it was concluded that the novel second-deprotonation mechanism of 10b
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contributes to its high potency and significantly enhances selectivity over other 

aminotransferases. The manuscript with results of this work was submitted for publication and

recently accepted to Journal of the American Chemical Society (Zhu W*.; Butrin A.*; et al. 

Rational Design, Synthesis, and Mechanism of (3S,4R)-3-Amino-4-(difluoromethyl)cyclopent-1-

ene-1-carboxylic Acid Employing a Second Deprotonation Strategy for Selectivity of hOAT 

over GABA-AT. 2022). In this dissertation, only transient-state kinetics and protein 

crystallography results are shown and discussed. 

Introduction 

Hepatocellular carcinoma is a primary type of liver cancer and is the leading cause of 

death among people with cirrhosis worldwide.11-13 HCC is highly prone to malignancy and is 

typically discovered at the later disease stages when systemic treatment with the standard-of-care 

receptor tyrosine kinase inhibitor, sorafenib, and radiotherapy are inefficient14-17. It was found 

that hOAT and glutaminogenic enzymes are commonly overexpressed or activated in HCC due 

to oncogenic Wnt/β-catenin signaling.8-9 Thus, hOAT was identified as a potential drug target 

against HCC, since it has a capacity to regulate proline metabolic pathways.19 Metabolic 

reprogramming in HCC is characterized by the accumulation of hydroxyproline and accelerated 

consumption of proline, which induces a hypoxia-inducible factor-1α (HIF1α) transcriptional 

program and sorafenib resistance.94  

Ornithine aminotransferase is a PLP-dependent enzyme that uses “Bi-Bi, Ping-Pong” 

mechanism to catalyze two coupled transamination reactions (Figure 30). In the first half-

reaction, OAT catalyzes the conversion of PLP cofactor and L-ornithine substrate to 

pyridoxamine phosphate and L-glutamate-5-semialdehyde (L-GSA). L-GSA is then further 
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cyclized to Δ1-pyrroline-5-carboxylate (P5C) and can be further converted to L-proline by 

pyrroline-5-carboxylate reductase (PYCR).89 In its second half-reaction, OAT catalyzes 

conversion of α-ketoglutarate to L-glutamate, regenerating PLP from PMP. It has been shown 

recently that the proline metabolism is crucial for metabolic reprogramming, since it helps to 

sustain cancer cell proliferation by the upregulated synthesis of P5C as a central intermediate.90-

92 In addition, the L-glutamate generated by hOAT in its second half-reaction can be further 

converted to L-glutamine by glutamine synthetase (GS) to support de novo nucleotide 

biosynthesis and anabolic cell programs.93 

The studies have shown that inhibition of hOAT exhibited potent in vivo antitumor 

activity in the HCC mouse model, along with dramatically reduced alpha-fetoprotein (AFP, a 

biomarker for HCC) levels.18 In another study done by Liu, Y. et al., the knockdown of hOAT in 

non-small cell lung cancer (NSCLC) suppressed in vitro cell proliferation and in vivo tumor 

growth.95 Therefore, hOAT appears to be a promising therapeutic target for HCC and other 

related cancers.  

 

Figure 30. The metabolic role of hOAT. 
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Both OAT and GABA-AT belong to the class-III aminotransferases and demonstrate a 

similar active site and catalytic mechanism. In contrast to OAT, in the first half-reaction of 

GABA-AT, GABA is converted to succinic semialdehyde (SSA) in its first half-reaction. The 

second half-reaction is same for both enzymes though (Figure 30). Over the last few decades, a 

multidisciplinary research work has been focused on the development of mechanism-based 

inactivators of GABA-AT for the potential treatment of epilepsies and addictions.87 At the early 

reaction stages, MBIs act as substrates and later they induce chemical transformations that 

diverge from the native reaction pathway. These new intermediates eventually lead to the in the 

inactivation of the target enzymes, mostly by formation of the covalent or tight-binding 

complexes.96 For example, (1S,3S)-3-amino-4-(difluoromethylene)cyclopentane-1-carboxylic 

acid (CPP-115, 1, Figure 31)97-98 was designed and synthesized as a GABA-AT inactivator based 

on the structure of previously known inactivator, vigabatrin.  

 

Figure 31. Structures of GABA analogs 1, 6-11. 

 

 In this work, the inactivation mechanisms of hOAT by analogs 1 and 7 are presented. In 

the obtained cocrystal structures of 1 and 7, the observed hOAT inactivation mechanisms were 

found different from those observed in GABA-AT. Based on the observed cocrystal structures, 
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synthesized analogs 9a-9b and 10a-10c, along with analog 11 were rationally designed, studied, 

and compared. The inactivation and turnover mechanisms for 10b were investigated using 

various biochemical methods such as mass spectrometry (MS), protein crystallography, dialysis 

experiments, turnover experiments, and fluoride ion release experiments. Subsequently, a 

stopped-flow experiment was conducted for hOAT and 10b, for which the results were consistent 

with the mechanistic hypothesis and the proposed mechanism. In this thesis, only transient-state 

kinetics and protein crystallography results are shown and discussed. 

Results 

X-ray Crystallography of hOAT inactivated by 1 and 7 

To investigate the inhibited states of hOAT with 1 and 7, we obtained cocrystal structures 

for both compounds incubated with hOAT. The hOAT cocrystals with 1 and 7 were grown via 

the hanging drop vapor diffusion method. The complex formed with 1 diffracted to 2.7Å, while 

the hOAT cocrystal with 7 diffracted to 2.0Å. Both structures were solved by molecular 

replacement (search model PDB code: 1OAT) and refined using Phenix. As shown in Figure 32, 

both compounds 1 and 7 formed covalent bonds with the catalytic Lys292 residue in the active 

site of hOAT, which differs from the noncovalent complexes observed in the case of GABA-

AT.65, 99 
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Figure 32. Cocrystal structures of hOAT inactivated by 7 (A, PDB ID: 7LNM) and 1 (B, PDB 

ID: 7TFP). For both crystal structures polder (Fo-Fc) maps are shown at 3.0 σ. 

 

Similar to its six-membered ring analog (8)28, compound 7 was converted to a covalent 

adduct with the attachments to nearby residues Lys292 and *Thr322 from the adjacent subunit 

(Figure 32 A). Based on the previous report28, a plausible inactivation mechanism for hOAT by 7 

is proposed as shown in Scheme 6.  
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Scheme 6. Plausible Inactivation Mechanisms of hOAT by 7.  

 

Michael acceptor intermediate S6 was principally formed because of the potential steric 

hindrance between the fluorine atom of the warhead and the internal H-bond in S3, followed by 

the sequential nucleophilic attacks from Lys292 and *Thr322 to form the final adduct (12).  

Notably, the endocyclic double bond is assumed to play an important role in transforming S2 to 

S5, as it was found in the mechanism for 8 and hOAT.28 In contrast, compound 1 generated a 

diamine adduct (13, Scheme 7) in the catalytic pocket of hOAT (Figure 32 B), in which Lys292 
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was linked to the C4` position of PLP and one of the fluorine atoms was cleaved from the 

original warhead.  

 

Scheme 7. Plausible Inactivation Mechanisms of hOAT by 1.  

 

Accordingly, a potential inactivation mechanism was proposed as shown in Scheme 7. As 

with compound 7, potential steric hindrance disfavored the conversion of 3 to Michael acceptor 4 

and instead led to the formation of tautomer S11 in the absence of the endocyclic double bond. 

The final adduct (13) was generated by attack of Lys292 with release of a fluoride ion, which is 

reminiscent of the enamine inactivation mechanism for vigabatrin.99 Overall, crystallography 

results demonstrated that the mechanism differences between analogs 7 and 8 are derived from 

the enzymatic machinery rather than the ring size.  
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Figure 33. Left: Omit map (at 2.5 σ) of hOAT-8 cocrystal structure. Right: Omit map (at 2.5 σ) 

of an intermediate formed within active site of hOAT during inactivation. Black dashed lines 

indicate hydrogen bonds. Electron density maps are shown as gray mesh around the ligands. 

 

Based on dialysis and crystallography results it was hypothesized that a ketimine 

intermediate would be more stable in the active site of hOAT compared to GABA-AT resulting 

selective inhibition potency against hOAT, possibly because of the slower rate of hydrolysis. The 

more stable ketimine could have a better chance to be further elaborated by hOAT to generate an 

active intermediate and then lead to the specific inactivation observed. Thus, analogs 10b and 11 

were designed; their potential inactivation mechanisms are shown in Scheme 8. 

X-ray Crystallography of hOAT inactivated by 10b and 11 

To better elucidate the inactivation mechanism of 10b and 11, protein crystallography of 

hOAT inactivated by 10b and 11 was conducted according to the same procedure as that for 

hOAT-7. hOAT-10b crystals diffracted to 1.9 Å resolution and hOAT-11 crystals diffracted to 

2.6Å resolution. Both structures were solved by molecular replacement (search model PDB code: 

1OAT) and were refined using Phenix. 
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The refined models for hOAT-10b and hOAT-11 are shown in Figure 35 (polder maps). 

Both inactivators are covalently linked to the PLP but free from Lys292 and other active site 

residues. In both structures, the aldehyde group of the ligand forms a hydrogen bond with 

Gln266. One of the oxygen atoms on the carboxylate group of both inactivators forms a strong 

hydrogen bond with Tyr55 (≤ 2.5Å), along with interactions with Arg180, resulting in high 

stability for the protein-ligand system. Overall, the two cocrystal structures are similar, except 

for the one water molecule observed close to the carboxylate group in the case of hOAT-10b 

(Figure 34) though fewer water molecules are resolved due to lower resolution. 
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Figure 34. Comparison of hOAT-10b and hOAT-11 models. The hOAT-10b model is shown in 

beige, while the hOAT-11 model is shown in pink. The water molecule in proximity to Arg180 

and Tyr55 belongs to the hOAT-10b model only. 

 

Recent work by Carugo et al. has shown that at least a resolution of 1.6Å is required to 

observe a continuous hydration layer at the protein surface.38, 39 Thus, a water molecule resolved 

at 1.9Å in the hOAT-10b cocrystal structure could be present, but not observed at 2.6Å in the 

cocrystal of hOAT-11. Several possible tautomers of hOAT-10b and hOAT-11 products were 

built into the model and refined using the same strategy. Among them, endocyclic adduct 34 

(Figure 35 C) was chosen since it had the lowest B factors for the ligand in all three subunits 

within the asymmetric unit, although other possible tautomers cannot be excluded. 
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Based on the proposed inactivation mechanism for 1 and 7, active intermediate 17b 

(scheme 8) was assumed to be formed from analog 11 in the active site of hOAT, followed by 

water attack to afford tightly binding adduct 34 (Figure 35 C). This result is consistent with the 

hypothesis that there is a potential for steric hindrance between the fluorine of the warhead and 

the internal H-bond in the cases of difluoromethylene analogs 1 and 7. 

 

Figure 35. A) Cocrystal structure of hOAT inactivated by 10b (PDB ID: 7TEV); B) Cocrystal 

structure of hOAT inactivated by 11 (PDB ID: 7TED); for both crystal structures polder (Fo-Fc) 

maps are shown at 3.0 σ. C) Structure of final adduct 34. 

 

Considering the similarity between the above cocrystal structures, the same intermediate 

(17b) is expected to be generated during the inactivation of hOAT by 10b. The subsequent water 

attack on the fluorinated methylene leads to the formation of final adduct 34 (Figure 35 C). 
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Transient State Measurements of hOAT Inhibited by 10b 

 

Scheme 8. Plausible mechanism for 10b with hOAT and GABA-AT. 

 

 As shown in Scheme 8, various transient states were proposed to be involved in the 

mechanism of hOAT inhibition by 10b. For a better interpretation of this process, rapid mixing 

absorption measurements were performed to detect spectrophotometric evidence for the 

intermediate sequence. Initially, singular value decomposition analysis was performed on a 

spliced composite data set collected from two-time frames using a charge-coupled device (CCD) 

for a single concentration of 10b (500 µM). The model-free analysis indicated the presence of 
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five components, but one of them was deemed to be noise and was culled. The data were thus fit 

to a three step, four species linear irreversible model (Figure 36). The wavelength of components 

(Int. Ald, Ext. Ald, M1, M2 and P1) observed in spectra matched well with the corresponding 

intermediates (Lys-PLP, 14b, 16b, 17b, and 34 + PMP) proposed in Scheme 8. To further 

investigate the wavelength of final adduct 34 and the composition of P1, it was further mixed 

with excess amounts of α-KG (250 µM final) in the presence and absence of excess 10b, 

correspondingly. These data indicated that peaks at ~330 nm and ~380 nm in P1 were both 

increased when treated with excess 10b and α-KG (Figure 37, P2). This was interpreted as the 

reverse and forward half-reactions, consuming the residual PMP by conversion to PLP and 

successive fractional conversions to 34 that ultimately lead to complete inactivation. This 

suggested that there are two absorption maxima for 34, possibly as a result of its high 

conjugation (Scheme 9, P2). On the other hand, the peak at ~330 nm was greatly decreased, and 

the peak at ~380 nm was shifted toward the internal aldimine (~420 nm) when only treated with 

excess α-KG (Figure 37, P3), which could be explained by the dominant conversion of PMP to 

PLP with limiting 10b (Scheme 9, P3). Overall, the deconvoluted spectra were highly consistent 

with the proposed mechanism. 
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Figure 36. Spectral deconvolution of the hOAT, 10b reaction. A) hOAT (16.1 µM final) was 

mixed with 10b (500 µM final), and spectra were recorded with a logarithmic spacing for two 

time frames: 0.0025 – 12.4 sec and 0.0025 – 1280 sec. These datasets were spliced together at 

12.4 sec, and the combined dataset was deconvoluted by fitting to a linear three-step model using 

singular value decomposition. B) Deconvoluted, noise-filtered spectra. The progression of 

species is indicated in the inset, and the spectrum of the resting internal aldimine of hOAT is 

shown in black and represents the zero-time spectrum. 
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Figure 37. Spectra observed during inactivation by 10b. The black spectrum is the resting PLP 

state of hOAT, included here for reference. The orange spectrum is hOAT after reaction with 

excess 10b. The purple spectrum is obtained when the form shown in orange is allowed to react 

with both α-KG (250 µM) and 10b (250 µM) for 250 sec and presumably is the product of 

multiple turnovers in the forward and reverse directions that ultimately leads to complete 

covalent inhibition of hOAT. The blue spectrum is a successive composite state observed when 

the orange species is allowed to react with α-KG (250 µM) alone. 
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Scheme 9. Transient kinetics of the reaction of 10b with hOAT. 

 

 After confirmation of proposed components by spectroscopy for the reaction of 

hOAT with 10b, the rate constant for each step was measured. Single wavelength traces 

extracted from CCD detector spectral datasets were fit to linear combinations of two 

exponentials based on pseudo-first order enzyme: inhibitor ratios. The data at 320 nm and 410 

nm report principally on the formation of an intermediate state and the decay of the PLP forms of 

the enzyme, respectively. In each case, the subsequent phase incorporated the contribution of 

additional small amplitude changes that were poorly resolved at these wavelengths. For the case 

of 410 nm (Figure 38), the dependence of the observed rate constants indicated that the rate of 

the first phase titrated hyperbolically with the concentration of analog 10b with a limit of 1.69 ± 

0.15 s-1, which is the net rate constant for the formation of M1 (k2’, Scheme 9), as well as a 

dissociation constant of 2.48 ± 0.54 mM (Kd) for 10b combining to form external aldimine 14b 

(Scheme 9, Figure 38 B). These data were interpreted as a reversible and weak association of the 

inhibitor with the internal aldimine form of hOAT, followed by the latter step (k4, Scheme 9) that 
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converts the enzyme to the PMP state (P1). The dependence of the observed rate constant for the 

second phase showed no clear trend with data scattered about an average of 0.02 s-1 (Figure 38 

C), which was assigned to the formation of P1 from intermediate M2 (Scheme 9) for this 

reaction that predicts only absorption changes for k2 and k4 at this wavelength (see below). The 

data obtained from 320 nm report on the latter steps in the forward reaction of hOAT with 10b 

(Figure 39). 

 

Figure 38. Kinetic analysis of the hOAT-10b reaction at 410 nm. hOAT (16.1 µM final) was 

allowed to react with varied 10b concentrations (230, 460, 910, 1820, 3640, 7280 µM final). 

Spectra were recorded with a logarithmic spacing for two-time frames: 0.0025 – 12.4 sec and 

0.0025 – 1280 sec. A. These datasets were spliced together at 12.4 sec and individual traces at 

410 nm were extracted from the combined dataset. These data were fit analytically to equation 

(𝐴𝑏𝑠 = 𝐴1(𝑒−𝑘1𝑡) +  𝐴2(𝑒−𝑘2𝑡) + 𝐶) based on pseudo-first order reactant ratios. B & C. The 

dependence of the observed rate constants. The data in B. were fit to equation (𝑘1𝑜𝑏𝑠 =
𝑘1[10b]/(K10b + [10b]), to determine the intrinsic rate of decay of the external aldimine and the 

dissociation constant for 10b to hOAT. The data did not fit, and the dashed line shown represents 

the average rate constant for the second phase observed. 
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Figure 39. Kinetic analysis of the hOAT-10b reaction at 320 nm. hOAT (16.1 µM final) was 

allowed to react with varied 10b concentrations (230, 460, 910, 1820, 3640, 7280 µM final). 

Spectra were recorded with a logarithmic spacing for two time frames: 0.0025 – 12.4 sec and 

0.0025 – 1280 sec. A. These datasets were spliced together at 12.4 sec and individual traces at 

320 nm were extracted from the combined dataset. These data were fit analytically to equation 

(𝐴𝑏𝑠 = 𝐴1(𝑒−𝑘1𝑡) +  𝐴2(𝑒−𝑘2𝑡) + 𝐶) based on pseudo-first order reactant ratios. B. The 

dependence of the observed rate constant for the first phase. The data in B. were fit to equation 

(𝑘1𝑜𝑏𝑠 = 𝑘1[10b]/(K10b + [10b]) to determine the net rate of decay of intermediate I and an 

estimate of the equilibrium constant for the preceding step. 

 

The dependence of the observed rate constant at this wavelength is also described by a 

hyperbolic curve according to equation (𝑘1𝑜𝑏𝑠 = 𝑘1[10b]/(K10b + [10b]), indicating the 

influence of reversibility in the preceding step (k2, k-2,) that consumes the external aldimine. The 

limit of the dependence indicates a net rate constant (k3’, Scheme 9) of 0.26 ± 0.10 s-1 for the 

formation of intermediate M2. The data at this wavelength also showed small increases in optical 

density beyond ~500 sec, which were not assigned in this analysis. Notably, the fit of the CCD 

data sets (500 µM of 10b) indicated successive rate constants of 0.22, 0.21, 0.03 s-1 qualitatively 

in agreement with the observed rate constants for k2’, k3’, k4 (Figures 38 & 39). The spectra 
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obtained are shown in Figure 36 B and are overlaid with the internal aldimine spectrum acquired 

from the resting enzyme that serves as a representation of the time zero state of the reaction. As 

shown in Scheme 9, this sequence of spectra combined with the concentration dependencies 

indicate that the external aldimine (14b) forms an equilibrium accumulation rapidly and 

reversibly within the deadtime of the stopped-flow instrument with a weak binding constant of 

~2.5 mM (Kd). The first phase observed is the decay of the external aldimine (M1) with a rate 

constant of ~1.7 s-1 (k2’) to yield a weakly absorbing intermediate state that then decays at ~0.26 

s-1 (k3’) to form a second intermediate species (M2) with a prominent shoulder at 320 nm. This 

state then decays at ~0.02 s-1 (k4) to form the PMP state (P1) of the enzyme (Figure 36 B). 

Although abstraction of the γ-proton was previously proven to be the rate-determining step for 

the reaction of GABA-AT and inactivators, kinetics measurements for the reaction of hOAT and 

10b showed that the hydrolysis step (k4) from M2 to P1 is much slower than the other two 

deprotonation steps (k2’ and k3’), which supports our initial hypothesis that a relatively slower 

hydrolysis step might be involved for GABA analogs in the catalysis process of hOAT compared 

to that of GABA-AT. 

Discussion 

Human ornithine aminotransferase (hOAT) is a pyridoxal 5’-phosphate (PLP) dependent 

enzyme that demonstrates a similar active site to that of γ-aminobutyric acid aminotransferase 

(GABA-AT). Over the last few years, selective inhibition of hOAT has been recognized as a 

potential treatment for cancers, especially hepatocellular carcinoma (HCC). In this work, we first 

demonstrated the inactivation mechanisms of hOAT by two well-known GABA-AT inactivators, 

1 and 7. Interestingly, irreversible covalent adducts (12 and 13) were generated from them in the 
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active site of hOAT, while 1 and 7 were identified as partially irreversible inhibitors of GABA-

AT with the formation of noncovalent, tight-binding adducts. This observation might result from 

a potential enzymatic machinery difference between these two aminotransferases leading to a 

relatively slower hydrolysis rate with hOAT. Inspired by the above findings, a series of analogs 

(10a, 10b, and 11a-11c) were designed and synthesized. Among them, the best compound 10b 

was found to be 5.3 times more efficient as an inactivator of hOAT than 6c, which exhibited 

potent in vivo antitumor efficacy. Furthermore, analog 10b demonstrated weak inhibitory activity 

against other human aminotransferases (GABA-AT, Asp-AT, and Ala-AT), even at high 

concentrations. Intact protein mass spectrometry, protein crystallography, and dialysis 

experiments showed that analog 10b was converted to active intermediate 17b via a second-

deprotonation process, leading to the formation of a tight-binding adduct (34) and irreversible 

inhibition of hOAT. To further elucidate the mechanistic details of hOAT and 10b, the stopped-

flow experiments were conducted, which revealed the identity of intermediates and reaction rates 

for each step. Not only was this result highly consistent with the proposed mechanism (Scheme 

8) but it also identified the slow hydrolysis step for hOAT, which matched with the inactivation 

mechanisms for 1 and 7. The novel second-deprotonation mechanism for 10b contributes to its 

high potency and significantly enhanced selectivity over other aminotransferases, especially 

GABA-AT. 

Experimental procedures 

Cocrystallization of hOAT with 1, 7, 10b and 11 

After purification, hOAT was buffer exchanged into the crystallization buffer (50 mM 

Tricine pH 7.8) supplemented with 1 mM α-ketoglutarate. The protein was concentrated to 6.5 
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mg/mL. Previously reported crystallization5 conditions were optimized using the hanging drop 

vapor diffusion method by varying PEG 6000 (8-12%), NaCl (100-250 mM), and glycerol (0%-

10%) with 100 mM Tricine pH 7.8 being kept constant as the buffer.  For each hanging drop, 2 

µL of protein solution was mixed with an equal volume of well solution and 0.5 µL of 10 mM 

10b or 11. The crystals with the best morphology and size grew in a final condition containing 

12% PEG 6000, 200 mM NaCl, 10% glycerol, and 100 mM Tricine pH 7.8. Crystals were 

transferred to a cryo-protectant solution (well solution supplemented with 30% glycerol) and 

flash-frozen in liquid nitrogen. 

X-ray diffraction and data processing 

Monochromatic X-ray diffraction data were collected at the LS-CAT beamline 21-ID-D 

at the Advanced Photon Source at Argonne National Laboratory. Data were collected at a 

wavelength of 1.127 Å and a temperature of 100 K using a Dectris Eiger 9M detector. Data sets 

were processed and analyzed with autoPROC51 or Xia288 software. 

Model building and refinement  

The hOAT structure was solved by molecular replacement using PHASER53 in Phenix. 

The starting search model was the previously published structure of hOAT (PDB code: 1OAT). 

The model building and refinement were accomplished in Coot55 and Phenix54, respectively, as 

an iterative process until the lowest possible Rfree/R factor values were attained. Structural 

depiction figures were prepared using UCSF Chimera56. 
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Table 5. Statistics of the crystal structure of hOAT inactivated by compound 1, 7, 10b and 11. 

 

Complex hOAT-10b hOAT-11 hOAT-1 hOAT-7 

PDB code 7TEV 7TED 7TFP 7LNM 

Space group P 32 2 1 C 1 2 1 P 32 2 1 P 32 

Unit Cell dimension 

α, β, γ (deg) 90.0, 90.0, 120.0 90.0, 94.8, 90.0 90.0, 90.0, 120.0 90.0, 90.0, 120.0 

a, b, c (Å) 
115.8, 115.8, 

187.4 

200.1, 115.4, 

185.7 

115.7, 115.7, 

186.8 

115.7, 115.7, 

188.0 

Processed 

Resolution (Å) 
1.91 2.63 2.71 2.00 

Rmerge 
a (%) 14.5 (179.9) 14.8 (85.9) 23.6 (183.8) 11.8 (108.6) 

Rpim c (%) 6.1 (80.4) 11.7 (68.1) 9.7 (77.4) 6.8 (67.8) 

I/σ (I) 10.6 (1.1) 8.2 (1.7) 6.0 (1.0) 4.6 (1.3) 

CC ½ d (%) 99.8 (29.6) 98.7 (29.4) 98.6 (31.0) 99.3 (37.6) 

Completeness 

(%) 
99.8 (97.5) 98.9 (98.6) 96.5 (98.8) 100.0 (100.0) 

Multiplicity 12.7 (10.4) 4.7 (4.7) 6.4 (6.3) 3.9 (3.5) 

No. Reflections 
1439824 

(56625) 
579095 (42812) 242439 (17920) 749788 (33035) 

No. Unique 

Reflections 
113351 (5443) 123624 (6094) 37903 (2823) 190270 (9377) 

Refinement 

Rwork 
e/Rfree 

f (%) 25.50/26.80 28.00/28.60 22.60/26.80 15.80/18.60 

No. of Atoms 

protein 9464 28449 9433 18938 

ligand 78 234 65 246 

water 592 326 252 1690 

Average B factors (Å2) 

protein 34.50 46.50 53.90 40.90 

RMSD g 

bond lengths (Å) 0.012 0.011 0.002 0.003 

bond angles 

(deg) 
1.59 1.52 0.50 0.60 

Ramachandran plot (%) 

favored 95.34 94.00 95.24 96.63 

allowed 4.46 5.20 4.36 3.17 

outliers 0.20 0.80 0.40 0.20 
aRmerge = Σ|Iobs − Iavg|/ΣIavg, bThe values for the highest-resolution bin are in parentheses, cPrecision-indicating 

merging R, dPearson correlation coefficient of two “half” data sets, eRwork = Σ|Fobs − Fcalc|/ΣFobs, fFive 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. 

Transient State Methods 
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The reaction of 10b with hOAT was observed in the transient state using a Hitech 

Scientific (TgK) stopped-flow spectrophotometer with charged coupled device (CCD) detection 

from 260-800 nm. hOAT (16.1 µM) was allowed to react at 10 oC with varied 10b 

concentrations (230, 460, 910, 1820, 3640, 7280 µM) in 50 mM HEPES, 200 mM NaCl, pH 7.5.  

For each concentration of the inhibitor, CCD spectral datasets were collected in duplicate for two 

timeframes, 0.0025 – 12.4 sec and 0.0025 – 1280 sec, and the duplicates were averaged. Datasets 

were spliced together at 12 sec to form one dataset with time resolution to sufficiently represent 

rapid and slow processes. Extracted for the individual the wavelengths 320 and 410 nm were fit 

to equation (1) that describes two successive first-order processes. In this equation Abs is 

absorbance, Ax are the amplitudes associated with each observed phase, kx are the corresponding 

rate constants, and C is the absorbance endpoint. Dependences were fit to equation (2) that 

describes a rectangular hyperbola based on pre-equilibrium binding of the inhibitor. 

Equation 10:   𝐴𝑏𝑠 = 𝐴1(𝑒−𝑘1𝑡) +  𝐴2(𝑒−𝑘2𝑡) + 𝐶                                                                           

Equation 11:   𝑘1𝑜𝑏𝑠 = 𝑘1[10b]/(K10b + [10b]) 

The spliced datasets from hOAT (16.1 µM) reacting with 10b (500 µM) at 10 oC were fit 

and deconvoluted based on a linear four-species model using the Spectra fit singular value 

decomposition module of KinTek Explorer software. The rate constant estimates used were the 

values determined from analytical fits to equation 11. 

The enzyme form that accumulated from the reaction of hOATPLP with 10b was allowed 

to react with a-ketoglutarate. Using double mixing stopped-flow methods, hOAT (19.25 µM) 

was allowed to react with 10b (18.75 µM) and aged for 300 sec prior to the reaction with α-KG 

(250 µM).  The reaction was monitored for 500 sec using CCD. These data were fit and 
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deconvoluted based on a linear irreversible three-species model using the Spectra fit singular 

value decomposition module of KinTek Explorer software. 
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CONCLUSION 

Human Ornithine Aminotransferase is an important drug target in a combat against 

hepatocellular carcinoma. In the last years it has been extensively studied by our group using 

multidisciplinary approach, which proved to be an efficient way to investigate enzyme’s 

properties and reaction mechanisms. Transient-state measurements along with soaking 

experiments and 19F-NMR studies have been added to the previously used mass spectromic 

analysis, steady-state assays, and X-ray cocrystal structures. This integrative approach allowed to 

investigate mechanisms of hOAT reactions with its substrates and inactivators to the great details 

which were not possible before. Implementation of the new techniques led to the quantitative and 

accurate determination of the reaction intermediates, their observed formation and decay rates as 

well as the binding affinity of potential ligands. Due to the new approach, the rate-limiting step 

of ligand’s reaction with hOAT could now be elucidated and even cross validated by the protein 

crystal soaking experiments and 19F-NMR. Comprehension of the rate-determining step is crucial 

to the understanding of efficient and specific hOAT inactivation and rational design of its novel 

potential inactivators. 

For the first time, new interdisciplinary method was applied to the investigation of 

inactivation mechanism of BCF3. It resulted in the discovery of four distinguished intermediate 

species (internal aldimine, external aldimine I, quinonoid, and external aldimine II). The decay
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of external aldimine II was identified as a rate-limiting step of the reaction and the structure of 

the intermediate was achieved separately in the crystal soaking experiment.  

The structure of external aldimine II provided a rationale for the relatively high partition 

ratio of turnover pathway to inactivation pathway. In addition, it was the first intermediate 

structure ever captured in the active site of hOAT, thus it was intriguing to detect the position of 

active site residues during enzyme’s inactivation. The 19F-NMR experiments not only supported 

the transient-state and crystal soaking experiments, but also supplied a proof on E or Z 

elimination of the single fluorine that yields to one of the two possible configurations of the 

external aldimine II. Combined with the soaking results, it was concluded that only the E-isomer 

of external aldimine II can advance to form the covalently inhibited complex. Overall, the 

insights gained during this investigation led to the understanding of the interaction between 

hOAT and BCF3 as well as mechanistic properties of the enzyme. The data collected in this 

investigation later served as a basis for the development of novel hOAT inactivators with 

improved potency and partition ratio. 

Inspired by the results achieved during the mechanism study on BCF3, the same approach 

was applied on novel hOAT inactivators. Among them, the most thorough analysis was 

performed on compounds 148 and 136. Combination of transient-state kinetics experiments 

along with the protein cocrystallization and soaking experiments helped to obtain essential 

information about their complicated reaction mechanisms. As in case of BCF3, the stopped-flow 

identified several reaction intermediates for 148 and 136, estimated their observed rate constants, 

and determined a rate-limiting step for their inactivation reactions. The cocrystal structures, in 

turn, revealed the final adducts of the inactivation pathways which were separately confirmed by 
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the mass spectrometry. In the crystal soaking experiment with compound 148, quasi-stable gem-

diamine intermediate was observed for the first time in hOAT active site. To sum up, compounds 

148 and 136 showed themselves as promising hOAT inactivators with improved potency 

(kinact/KI = 4.72 min-1mM-1 for 136 and kinact/KI = 1.30 min-1mM-1) when compared to BCF3 

(kinact/KI = 1.00 min-1mM-1). Moreover, compound 136 expressed the best partition ratio among 

all current hOAT inactivators (~30% inactivation for 136, ~8% for BCF3, < 3% for 148).  

Finally, the same techniques were employed to investigate fundamental properties of 

hOAT: its pH profile, substrate specificity, and binding affinity towards alternative substrates. It 

was determined that for the first half-reaction the kinetic pKa is equal to 7.91 ± 0.14, and 7.74 ± 

0.07 for the second half-reaction. Observed subtle difference in pKa values hints at the 

possibility that the same group was acting in the rate-limiting step of both the first and the 

second half-reaction. The transient-state studies with alternative substrates (AVA, DABA, and 

GABA) showed that hOAT is a relatively promiscuous enzyme, which is a common case for 

aminotransferases. Interestingly, the kinetics studies showed that the substrates without α-amino 

group expressed a significant reversibility of their reaction. In case of GABA, the reaction was 

displaying ~92% external aldimine at equilibrium in the presence of 1 mM GABA. Based on 

these results, a hypothesis was proposed that α-amino group facilitates the product release 

ensuring irreversibility of the first half-reaction. More specifically, it was speculated that 

cyclization step initiated by the α-amino group could in theory bypass a hydrolysis step, the 

formation of GSA, and eventually result in a faster product release route. Based on the observed 

reaction reversibility for GABA, it could be possible that “uncyclizable” analogs of GABA could 
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be developed as inhibitory therapeutics against the cancer target hOAT if binding selectivity was 

achieved. 

The work summarized in this dissertation demonstrated four possible modes of hOAT 

inhibition (Figure 40). They consist of competitive inhibition with “uncyclizable” analogs of 

GABA, irreversible inhibition by covalent modification of PLP only (compound 148, 1, and 7), 

irreversible inhibition by covalent modification of PLP and catalytic Lys292 (BCF3, compound 

13), and irreversible inhibition by covalent modification of PLP, catalytic Lys292, and *Thr322 

(compound 8, 12). 

 

Figure 40. Four different inhibition modes discovered for hOAT. 

 

Currently it is still difficult to design a novel hOAT inhibitor with a priori known 

properties and inhibition mode. Nevertheless, the research work performed in the last years 
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derived several important factors that should be considered during the rational design of a novel 

hOAT inactivator. These considerations should include (but not limited to): the appropriate ring 

size, conjugation of the system, ligand’s length, electrostatic potential of the intermediates, 

presence of the specific functional groups. The work on development of a potent and selective 

inhibitors of hOAT is still not completed. However, major improvements were made in the last 

years, and today several potential drug candidates against hOAT are progressing towards their 

clinical trials giving hope to people fighting against HCC. 
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