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Abstract

a-Ketoglutaramic acid (KGM, a-ketoglutaramate), also known as 2-oxoglutaramic acid (OGM, 2-
oxoglutaramate), is a substrate of w-amidase, also known as Nitrilase 2 (NIT2), and is essential
for studying the canonical role of w-amidase, as well as its role in multiple diseases. Until now,
KGM used for biological studies has been prepared most often by the enzymatic oxidation of L-
glutamine using snake venom L-amino acid oxidase, which provides KGM as an aqueous
solution, containing by-products including 5-oxoproline and a-ketoglutarate. The enzymatic
method for KGM preparation, therefore, cannot provide pure product or an accurate percent
yield evaluation. Here, we report a synthetic method for the preparation of this important
substrate, KGM, in 3 steps, from L-2-hydroxyglutaramic acid, in pure form, in 53% overall yield.
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1. Introduction

Glutamine, the most abundant amino acid in the human body, is a conditionally essential amino
acid, which plays multiple roles in canonical biochemistry such as serving as a building block for
proteins and as the main molecular source of brain derived ammonia. Until recently, glutamine
had been underestimated in its role in conditions such as oxidative stress and cancer [1-21].
Many cancers reprogram their metabolism such that the ATP used to drive biochemical
reactions is derived from glycolysis instead of the TCA cycle [22]. This type of cellular



reprogramming has been classically known as the Warburg effect [23]. Under these conditions,
cancer cells reprogram their metabolism to rely more heavily on the TCA cycle intermediate a-
ketoglutarate (KG), derived from glutamine, as the substrate for the production of succinyl-CoA,
via the oxidative decarboxylation catalyzed by the a-ketoglutarate dehydrogenase complex
(KGDHC) [24, 25]. Conversely, the cytosolic isocitrate dehydrogenase 1 (IDH1) and
mitochondrial IDH2 catalyze the reductive carboxylation of KG by NADPH and CO, to produce
isocitrate, which is used for the generation of nucleic acids, lipids and other building blocks
necessary for the rapid proliferation of cancer cells. The KG used in these processes is
produced from glutamine via two independent pathways termed the glutaminase | pathway
(Figure 1, lower, blue pathway) and the glutaminase Il pathway (Figure 1, upper, pink
pathway). In the glutaminase | pathway,

[e]
HOWOH Glmwy HQNWOH - O% il glutamine is converted to glutamate by
Ke oo oyt enzymatic hydrolysis via glutaminase (GLS).
i The intermediate glutamate is either
Defy'z‘,i;‘:n‘;J Transamingses 'T‘;‘;‘;;‘ng;s oxidatively deaminated to a-ketoglutarate via
o o S o 9 glutamate dehydrogenase or transaminated
T ™ T cutminase Pty ey via an L-glutamate utilizing aminotransferase
Gltamate glamine (transaminase) [26-28]. In the glutaminase ||
Fig. 1. KGMs role in the glutaminase pathways. pathway, glutamine is transaminated by

glutamine transaminase K, or glutamine transaminase L, to yield a-ketoglutaramate (KGM),
which is ultimately hydrolyzed to KG by w-amidase (NIT2, Figure 1) [23, 29-33].

The majority of studies on glutamine anaplerosis are focused on the glutaminase | pathway,
specifically, the selective inhibition of glutaminase [7, 13, 14, 34]. There are two main
glutaminase isozymes, the kidney isozyme (KGA or GLS) and the liver isozyme (LGA or GLS2).
Additionally, full length GLS (KGA) has a lower molecular weight, splice variant termed kidney
glutaminase isoform C (GAC). GAC is the isoform of GLS found to be especially responsible for
glutamine addiction in cancer [35]. Indeed, the potent, allosteric inhibitor of GAC, CB-839, has
been utilized as a monotherapy for cancer treatment, but failed to be effective without support of
an additional chemotherapeutic [34, 36, 37]. For example, the combination of CB-839 with
known chemotherapeutic agents such as talazoparib for patients with advanced / metastatic
solid tumors; nivolumab for patients with clear cell renal cell carcinoma, melanoma, and non-
small cell lung cancer; palbociclib in patients with solid tumors; osimertinib in treating patients
with EGFR-mutated stage 1V non-small cell lung cancer and multiple others have progressed to
Phase I/1l clinical trials [38] [39] [40] [41-44]. The failure of CB-839 as a chemotherapeutic alone
suggests that, upon inhibition of GLS, an alternative route for glutamine utilization may be
exploited, such as the glutaminase Il pathway [45]. Therefore, potent and selective inhibitors of
the enzymes involved in the glutaminase Il pathway may have the potential as new
chemotherapeutic agents. The key intermediate molecule in the glutaminase Il pathway, KGM,
and its role in cancer cell biology has been understudied due, in part, to the lack of a
straightforward synthetic method for the preparation of this key compound [46-49]. KGM has
been detected in normal human cerebrospinal fluid (CSF), normal human urine and rat tissues
(brain, liver and kidney) in the uM to >10 uM range [20, 48, 50, 51].



Besides its involvement in cancer biology, abnormal KGM levels in vivo are found in several
hyperammonemic diseases [20, 47, 49, 52]. For example, the KGM levels in the CSF of
patients, who have liver disease, correlate to the degree of hepatic encephalopathy (HE) [51,
52]. Deficiency of citrin, the hepatic isoform of the mitochondrial aspartate—glutamate carrier
(SLC25A13) is associated with increased urine levels of KGM, reflective of secondary
hyperammonemia [53-55]. Part of the excess glutamine is transaminated to KGM, which
correlates with the degree of HE [47, 51]. Additionally, defects of the urea cycle cause an
increase of KGM in the urine of patients with hyperammonemia [20].

A synthetic method for the preparation of KGM, in good yield and high purity is needed. To date,
the most readily utilized preparation for KGM is the oxidation of L-glutamine by snake venom
derived L-amino acid oxidase, which is expensive and affords KGM as an impure aqueous
solution, contaminated with 5-oxoproline and a-ketoglutarate, which are difficult to separate
from KGM using traditional, preparative scale techniques [23].

The use of pure KGM is vital for the metabolomic studies of not only the Glutaminase Il
pathway, but as a biomarker for the correlation of the degree of HE, hyperammonemic diseases
due to the inborn error of citrin, defects of the urea cycle and as a potential biomarker for the
identification of glutamine-addicted cancers. Determination of the specific role of w-amidase in
cancers is important to cancer hiology and the development of small molecules as inhibitors of
w-amidase may provide an additional pathway in the development of chemotherapeutic agents
for the treatment of multiple forms of cancer [31, 45]. Additionally, in order to understand the
biochemistry of w-amidase from biological sources, the kinetics and thermodynamics of the
reaction utilizing the natural substrate, KGM, in place of the typically used substrate succinamic
acid, or impure KGM, are necessary.

2. Materials and Methods
2.1 General Procedures

Unless otherwise noted, all materials for the synthetic chemistry were obtained from VWR and
used without further purification. Microwave reactions were carried out in a Biotage Initiator”
system. The *H and **C NMR spectra were recorded on a Bruker AVANCE 500 MHz
spectrometer using CDCI; or D,O as the solvent. Chemical shifts () for 'H NMR are reported in
ppm relative to the residual solvent signal (7.26 ppm, CDCl3, 4.63 ppm, D,0), coupling
constants (J) are reported in hertz and peak multiplicities are reported as s (singlet), d (doublet),
t (triplet), g (quartet), m (multiplet) or br s (broad singlet). Thin layer chromatography (TLC) was
performed on glass backed, 0.20 mm silica gel MF254 plates (Agela Technologies, USA), flash
column chromatography was performed using KP-SIL silica gel (Biotage, USA) and automated
flash column chromatography was performed on Biotage prepacked columns using the Biotage
Isolera One (Biotage AB, Uppsala, Sweden). *H NMR, *C NMR and mass spectra were
consistent with the assigned structures.

2.2. Chemical Synthesis



3-(Trifluoromethyl)benzyl (S)-5-amino-2-hydroxy-5-oxopentanoate (2). To a solution of 1
(1.0056 g, 6.8352 mmol) in DMF (4 mL), at 0°C (external ice bath) in a 2.0-5.0 mL microwave
reaction vial, containing a magnetic stir bar, was added N,N-diisopropylethylamine (1.2426 mL,
7.5188 mmol) via micropipette, the mixture was vigorously mixed by pipetting up and down
followed by magnetic stirring with the aid of an external stir plate. To the stirring solution was
added 3-(trifluoromethyl) benzyl bromide (1.0544 mL, 6.8036 mmol), in one portion, by
micropipette. The microwave reaction vial was purged with argon, capped and the solution was
irradiated for 10 minutes at 60 °C. After cooling to room temperature, the sealed cap was
removed, the stir bar was removed and contents of the vial were transferred to a 60 mL
separatory funnel with the aid of ethyl acetate (50 mL). The organic layer was washed once with
0.1 M hydrochloric acid (50 mL) and twice with saturated sodium chloride (50 mL). The organic
layer was transferred to a 250 mL Erlenmeyer flask and dried over excess sodium sulfate. The
solids were removed via gravity filtration through fluted filter paper, the bulk solvent was
removed by rotary evaporation and the trace solvent and residual benzyl bromide was removed
by high vacuum to afford 2 as a clear, viscous oil (1.6129 g, 77.3% vyield): *H NMR (500 MHz,
CDCl;) $=7.40 - 7.70 (m, 4H), 5.61 (br. s., 2H), 5.20 - 5.29 (m, 2H), 4.23 - 4.40 (m, 1H), 3.61
(d, J = 5.4 Hz, 1H), 2.31 - 2.47 (m, 2H), 2.22 (m, 1H), 1.93 - 2.03 (m, 1H); **C NMR (126 MHz,
CDCl;) =178.3, 170.9, 136.2, 131.6, 131.1 (q, Jc.r = 37.8 Hz), 129.3, 125.3 (m), 124.9 (m),
124.9 (q, Jcr = 277.2 Hz,), 69.8, 66.3, 31.0, 29.3; HRMS (ESI) m/z calcd for C13H;5FsNO, [M +
H]" 306.0953, found 306.0961.

3-(Trifluoromethyl)benzyl 2-hydroxy-5-oxopyrrolidine-2-carboxylate (3). To a solution of 2
(4.4356 g, 14.531 mmol), in dichloromethane (35 mL), was added solid Dess-Martin periodinane
(6.7796 g, 15.9841 mmol), in portions, over one minute. To the reaction mixture was added 1
drop of deionized water and the resultant mixture was allowed to stir at room temperature for 4
hours. The stir bar was removed and the contents of the round bottom flask were transferred to
a 500 mL separatory funnel with the aid of ethyl acetate (100 mL). This solution was washed
once with water (100 mL) and twice with a 1:1, saturated sodium bicarbonate / 5% sodium
thiosulfate-pentahydrate mixture (100 mL). The organics were transferred to a 250 mL
Erlenmeyer flask and dried over excess sodium sulfate. The solids were removed via gravity
filtration through fluted filter paper, the bulk solvent was removed by rotary evaporation and the
crude mixture was purified by flash chromatography (gradient elution: 2% - 20% methanol in
dichloromethane) to afford 3, (3.2333 g, 73.4% yield) as a light yellow, viscous oil: *H NMR (500
MHz, CDCl3) 6 = 7.43 - 7.75 (m, 4H), 6.25 (br. s., 1H), 5.20 - 5.42 (m, 2H), 3.86 - 4.07 (br. s.,
1H), 2.51 - 2.68 (m, 2H), 2.39 - 2.50 (m, 1H), 2.20 - 2.32 (m, 1H); *C NMR (126 MHz, CDCl;) &
=178.3,170.87, 135.6, 131.5, 131.0 (q, Jcr = 32.8 HZz), 129.3, 125.5 (q, Jc.r = 3.8 Hz), 124.9
(g, Jcr = 3.8 Hz), 123.8 (q, Jc.r = 273.4 Hz), 86.9, 67.2, 32.6, 29.3; HRMS (ESI) m/z calcd for
C13H13F3NO,4 [M + H]" 304.0797, found 304.0803.

2-Hydroxy-5-oxopyrrolidine-2-carboxylic acid (4). To a solution of 3 (209.5 mg, 0.6902 mmol) in
methanol (10 mL) was added NaOH,q (1 M, 1.381 mL, 1.381 mmol) in one portion. The
resultant mixture was allowed to stir until no starting material was evident by TLC (5 minutes).
The volatiles were removed in vacuo and the residue was dissolved in water (5 mL), transferred



to a 50 mL centrifuge tube containing 5 equivalents (10 mL) of Dowex-50WX8 ion exchange
resin (H* form) and mixed by inversion for 20 minutes. The resin was removed via gravity
filtration using a fritted chromatography column, the resin was washed with ca. 3 column
volumes of water and the combined filtrates were collected in a separatory funnel, which was
washed with ethyl acetate (3 x 20 mL), transferred to a 100 mL round bottom flask and volatiles
were removed in vacuo to afford 4 (93.7 mg, 93.62% yield) as opaque brown crystals: *"H NMR
(500 MHz, CDCl5) 8 2.37 - 2.53 (m, 2H), 2.32 (m, 1H), 1.96 - 2.09 (m, 1H); **C NMR (75 MHz,
D,0) 5 181.6, 174.9, 88.1, 33.6, 29.6; HRMS (ESI) m/z calcd for CsHgNO,4 [M + H]" 146.0453,
found 146.0453, CsHgNO; [M - OH]" 128.0342, found 128.0346.

3. Results and Discussion

The current synthetic strategy for the preparation of KGM is outlined in Scheme 1. To allow for
organic solvent solubility, and afford a protecting group that will also serve as a pro-drug moiety,
L-2-hydroxyglutaramic acid (1, L-2-HGM, hereafter referred to as HGM), prepared by our
previously optimized nitrous acid oxidation of L-glutamine, was esterified to compound 2, in 77%
yield, by treatment of the carboxylate with 3-(trifluoromethyl)benzyl bromide in DMF under
microwave irradiation [23]. Next, the alcohol was oxidized by Dess-Martin periodinane to yield
the ketone, which spontaneously cyclizes to afford compound 3, in 73% yield. Finally, the
deprotection of the ester, by treatment with agueous sodium hydroxide in methanol, followed by
protonation with H* form ion exchange resin, afforded KGM in 94% yield.

Scheme 1. Synthetic Strategy for the Preparation of KGM

0] O O 0]

DIEA, DMF o Dess-Martin, CH,Cl,
HoN OH " s0°C. wave, 10 min HoN © =
OH M ) OH rt, 16 h
22 H i 0,
1, L-2-hydroxyglutaramic acid 2,77 % CF,
0] o]
MO/\Q NaOH(aq) / CH;OH MOH
0] i -0
N rt, 5 min N
OH ’ OH
H CF, H
3,73% 4, 94%

The most straightforward method to obtain KGM would be the aqueous oxidation of HGM.
However, the strong oxidation conditions tend to favor decarboxylation of the a-keto acid
product. Oxidations with Jones reagent, KMnQO, or polymer bound chromium trioxide either led
to the decomposition of the products or to product mixtures that were inseparable from
solubilized chromium species, as evidenced by the line broadening in the NMR spectra. The
use of Fremy’s salt (K,NO(SO3),) leads to noticeable amounts of KGM as deduced by NMR



analysis, but the amount of salt required (at least 9 molar equivalents), time required for the
reaction to reach completion (weeks to months) and the separation/isolation of the KGM from
the salt mixture makes this method impractical [56]. In a patented procedure using Fremy’s salt,
the process is not detailed, difficult to reproduce, the product is not characterized and the yield
is unsubstantiated [57]. Due to the difficulty of over-oxidation and the separation of the KGM
product from the salt by-products, we turned to a protection/deprotection strategy. Although
minimization of the use of protecting groups in organic synthesis is paramount, in medicinal
chemistry, a well-designed synthesis, incorporating the “right” protecting groups, can provide a
useful strategy for the synthesis of the desired end product, while providing useful prodrug
forms along the way. We decided to esterify HGM to protect the carboxylic acid from
decarboxylation during oxidation of the 2-hydroxyl group to the a-keto group, while also
providing solubility in organic solvents to take advantage of the more subtle, dichloromethane
soluble, oxidizing agent, Dess-Martin periodinane, for the preparation of the KGM ester (3,
Scheme 1).

As a result of the difference in polarity between HGM and the alkylating agents, iodoethane and
3-(trifluoromethyl)benzyl bromide, the esterification of HGM was determined to be impractical in
a number of typical alkylating systems (Table 1). Treatment of the cesium salt of HGM with ethyl
iodide provided no products, as determined by TLC analysis, after 22 hours in refluxing solvent
(entry 1). Realizing that more lipophilic esters would be more valuable as prodrugs, attention
was focused on the use of (3-(trifluoromethyl)benzyl bromide (entry II) for 2 hours in refluxing
acetone, after which no new spots were visualized by TLC. Realizing that the dissimilarities in
the physical properties of the starting materials was prohibiting the reaction, the solvent was
changed to DMF and the cesium salt of HGM was used, to increase both the solubility of the
alkylating agent and the electrophile. Using these conditions, the product was afforded, in 16%
yield, after 18 hours at room temperature (entry Ill). Utilizing the sodium salt form of HGM, the
reaction proceeded equally as well under the same conditions (entry 1V). Heating the alkylation
reaction to 60 °C showed no increase in the yield when utilizing the sodium salt form of HGM
(entry V) and a decreased yield was observed for the cesium salt after 10 min of microwave
irradiation at 60 °C in the presence of (3-(trifluoromethyl)benzyl bromide (entry VI). In an effort to
avoid a separate isolation step, the deprotonation of the acid form of HGM, in situ, was
performed in DMF and DMSO utilizing the prototypical bases cesium carbonate and or
potassium carbonate (entries VII-X). However, these reactions were less than optimal. The
combination of the poor reactivity of the cesium or sodium salt of HGM and the limited solubility
of the cesium or potassium carbonate in the solvent, rendered this system impractical for the
transformation. In an attempt to avoid solubility issues of the base used for deprotonation or the
conjugate base/acid pair, in the solvent, we employed diisopropylethylamine, in DMF, under
microwave irradiation, at 60 °C, for ten minutes, which resulted in a 77% yield of the desired
product, after chromatography (entry Xl). In an attempt to increase the yield; temperatures,
reaction times and solvent were adjusted (entries XII-XIV). It was determined that the conditions
of entry X| were optimal.

Table 1. Optimization of the esterification of HGM
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The solubility of the ester in dichloromethane made the oxidation of the secondary alcohol
straightforward using Dess-Martin periodinane to afford the KGM ester 3 in 73.4% vyield after
chromatography. The KGM ester was saponified using NaOH,q in methanol, followed by
protonation with ion exchange resin and removal of the by-products by liquid-liquid extraction, to
afford pure KGM, in 94% yield, as an opague brown solid.

4. Conclusion

In conclusion, this enzyme-free method for the production of KGM on a preparative scale will
provide a necessary, highly pure form of the molecule needed to study the role of the
Glutaminase Il pathway in human diseases. Obtaining pure KGM will also allow for the
utilization of the biologically relevant enzymatic transformation when employing a medicinal
chemistry campaign to identify potent w-amidase inhibitors and activators. During the synthesis,
the esterification step not only protects against decarboxylation during oxidation, but also
provides a potential prodrug of KGM that will increase the cell permeability and efficiency of the
molecule in in vitro assays. In the procedure described, KGM is produced in high yield and
exceptional purity as compared to all alternative preparations of KGM.

5. Notes

The authors declare no conflict of financial interests.

Author Contributions

The manuscript was written through contributions of all authors. All authors have given approval
to the final version of the manuscript. D. Shen was the first to synthesize KGM. D. Shen, L.
Kruger and T. Deatherage each contributed to the optimization of the reactions. T. T. Denton
designed the synthesis, wrote and edited the manuscript and coordinated the study.

Declaration of Competing Interest

The authors declare that they have no known competing financial interests or personal
relationships that could have appeared to influence the work reported in this paper.

Acknowledgements

The authors gratefully acknowledge Washington State University, College of Pharmacy and
Pharmaceutical Sciences for financial support of this work (Startup funds to TTD). We would
also like to thank the Health Sciences and Services Authority of Spokane, WA for their support
of the Mass Spectrometry and Nuclear Magnetic Resonance Core Facilities at Washington
State University-Spokane. The authors also wish to gratefully acknowledge Dr. Arthur J. L.



Cooper for his valuable insight into all we do with respect to KGM, the Glutaminase Il and
Asparaginase |l pathways.

Appendix A. Supplementary material

The supporting information containing *H and **C NMR spectra for the new compounds (PDF).



References

[1] A.J. Cooper, The role of glutamine synthetase and glutamate dehydrogenase in cerebral
ammonia homeostasis, Neurochemical research 37(11) (2012) 2439-55.

[2] E. Briassouli, G. Briassoulis, Glutamine Randomized Studies in Early Life: The Unsolved
Riddle of Experimental and Clinical Studies, Clinical and Developmental Immunology 2012
(2012) 17.

[3] Y. Zhao, Q. Wang, Y. Wang, J. Li, G. Lu, Z. Liu, Glutamine protects against oxidative stress
injury through inhibiting the activation of PI3K/Akt signaling pathway in parkinsonian cell model,
Environ Health Prev Med 24(1) (2019) 4.

[4] N. Sun, Y. Liang, Y. Chen, L. Wang, D. Li, Z. Liang, L. Sun, Y. Wang, H. Niu, Glutamine
affects T24 bladder cancer cell proliferation by activating STAT3 through ROS and
glutaminolysis, Int J Mol Med 44(6) (2019) 2189-2200.

[5] H. Rubin, Deprivation of glutamine in cell culture reveals its potential for treating cancer, Proc
Natl Acad Sci U S A 116(14) (2019) 6964-6968.

[6] E.R. Petry, D.F. Dresch, C. Carvalho, P.C. Medeiros, T.G. Rosa, C.M. de Oliveira, L.A.M.
Martins, E. Schemitt, S. Bona, F.C.R. Guma, N.P. Marroni, C.M.D. Wannmacher, Oral
glutamine supplementation attenuates inflammation and oxidative stress-mediated skeletal
muscle protein content degradation in immobilized rats: Role of 70kDa heat shock protein, Free
Radic Biol Med 145 (2019) 87-102.

[7] J.M. Mates, J.A. Campos-Sandoval, J.L. Santos-Jimenez, J. Marquez, Dysregulation of
glutaminase and glutamine synthetase in cancer, Cancer Lett 467 (2019) 29-39.

[8] D.M. Demas, S. Demo, Y. Fallah, R. Clarke, K.P. Nephew, S. Althouse, G. Sandusky, W.
He, A.N. Shajahan-Haq, Glutamine Metabolism Drives Growth in Advanced Hormone Receptor
Positive Breast Cancer, Front Oncol 9 (2019) 686.

[9] J. Ye, Q. Huang, J. Xu, J. Huang, J. Wang, W. Zhong, W. Chen, X. Lin, X. Lin, Targeting of
glutamine transporter ASCT2 and glutamine synthetase suppresses gastric cancer cell growth,
J Cancer Res Clin Oncol 144(5) (2018) 821-833.

[10] S. Yang, S. Hwang, M. Kim, S.B. Seo, J.H. Lee, S.M. Jeong, Mitochondrial glutamine
metabolism via GOT2 supports pancreatic cancer growth through senescence inhibition, Cell
Death Dis 9(2) (2018) 55.

[11] Y. Takeuchi, Y. Nakayama, E. Fukusaki, Y. Irino, Glutamate production from ammonia via
glutamate dehydrogenase 2 activity supports cancer cell proliferation under glutamine depletion,
Biochem Biophys Res Commun 495(1) (2018) 761-767.

[12] L. Jiang, Z. Guo, Y. Kong, J. Liang, Y. Wang, K. Wang, Protective effects of glutamine on
human melanocyte oxidative stress model, Indian J Dermatol Venereol Leprol 84(3) (2018) 269-
274.

[13] Y.K. Choi, K.G. Park, Targeting Glutamine Metabolism for Cancer Treatment, Biomol Ther
(Seoul) 26(1) (2018) 19-28.

[14] Y.J. Cha, E.S. Kim, J.S. Koo, Amino Acid Transporters and Glutamine Metabolism in Breast
Cancer, Int J Mol Sci 19(3) (2018).

[15] N.M. Zacharias, C. McCullough, S. Shanmugavelandy, J. Lee, Y. Lee, P. Dutta, J.
McHenry, L. Nguyen, W. Norton, L.W. Jones, P.K. Bhattacharya, Metabolic Differences in
Glutamine Utilization Lead to Metabolic Vulnerabilities in Prostate Cancer, Sci Rep 7(1) (2017)
16159.

[16] C. Roux, C. Riganti, S.F. Borgogno, R. Curto, C. Curcio, V. Catanzaro, G. Digilio, S.
Padovan, M.P. Puccinelli, M. Isabello, S. Aime, P. Cappello, F. Novelli, Endogenous glutamine
decrease is associated with pancreatic cancer progression, Oncotarget 8(56) (2017) 95361-
95376.



[17] Z.Y. Jia, T.Y. Shen, W. Jiang, H.L. Qin, Identification of molecular mechanisms of glutamine
in pancreatic cancer, Oncol Lett 14(6) (2017) 6395-6402.

[18] I. Crespo, B. San-Miguel, C. Prause, N. Marroni, M.J. Cuevas, J. Gonzalez-Gallego, M.J.
Tunon, Glutamine treatment attenuates endoplasmic reticulum stress and apoptosis in TNBS-
induced colitis, PLoS One 7(11) (2012) e50407.

[19] J. Chen, K. Herrup, Glutamine acts as a neuroprotectant against DNA damage, beta-
amyloid and H202-induced stress, PLoS One 7(3) (2012) e33177.

[20] T. Kuhara, Y. Inoue, M. Ohse, B.F. Krasnikov, A.J. Cooper, Urinary 2-hydroxy-5-oxoproline,
the lactam form of alpha-ketoglutaramate, is markedly increased in urea cycle disorders, Anal
Bioanal Chem 400(7) (2011) 1843-51.

[21] T. Dorai, B. Dorai, J.T. Pinto, M. Grasso, A.J.L. Cooper, High Levels of Glutaminase ||
Pathway Enzymes in Normal and Cancerous Prostate Suggest a Role in 'Glutamine Addiction’,
Biomolecules 10(1) (2019) 2.

[22] T. Epstein, R.A. Gatenby, J.S. Brown, The Warburg effect as an adaptation of cancer cells
to rapid fluctuations in energy demand, PLOS ONE 12(9) (2017) e0185085.

[23] V.A. Hariharan, T.T. Denton, S. Paraszcszak, K. McEvoy, T.M. Jeitner, B.F. Krasnikov, A.J.
Cooper, The Enzymology of 2-Hydroxyglutarate, 2-Hydroxyglutaramate and 2-
Hydroxysuccinamate and Their Relationship to Oncometabolites, Biology 6(2) (2017).

[24] V.1. Bunik, T.T. Denton, H. Xu, C.M. Thompson, A.J. Cooper, G.E. Gibson, Phosphonate
analogues of alpha-ketoglutarate inhibit the activity of the alpha-ketoglutarate dehydrogenase
complex isolated from brain and in cultured cells, Biochemistry 44(31) (2005) 10552-61.

[25] Q. Shi, H. Xu, W.A. Kleinman, G.E. Gibson, Novel functions of the alpha-ketoglutarate
dehydrogenase complex may mediate diverse oxidant-induced changes in mitochondrial
enzymes associated with Alzheimer's disease, Biochimica et biophysica acta 1782(4) (2008)
229-238.

[26] C.E. Carter, J.P. Greenstein, Acceleration of enzymatic desamidation of glutamine by
several inorganic anions, J Natl Cancer Inst 7(6) (1947) 433-6.

[27] M. Errera, Liver glutaminases, The Journal of biological chemistry 178(1) (1949) 483-93.
[28] M. Errera, J.P. Greenstein, Phosphate-activated glutaminase in kidney and other tissues,
The Journal of biological chemistry 178(1) (1949) 495-502.

[29] A. Meister, H.A. Sober, S.V. Tice, P.E. Fraser, Transamination and associated deamidation
of asparagine and glutamine, The Journal of biological chemistry 197(1) (1952) 319-30.

[30] A. Meister, S.V. Tice, Transamination from glutamine to alpha-keto acids, The Journal of
biological chemistry 187(1) (1950) 173-87.

[31] A.J. Cooper, Y.I. Shurubor, T. Dorai, J.T. Pinto, E.P. Isakova, Y.I. Deryabina, T.T. Denton,
B.F. Krasnikov, omega-Amidase: an underappreciated, but important enzyme in L-glutamine
and L-asparagine metabolism; relevance to sulfur and nitrogen metabolism, tumor biology and
hyperammonemic diseases, Amino Acids 48(1) (2016) 1-20.

[32] B.F. Krasnikov, C.H. Chien, R. Nostramo, J.T. Pinto, E. Nieves, M. Callaway, J. Sun, K.
Huebner, A.J. Cooper, Identification of the putative tumor suppressor Nit2 as omega-amidase,
an enzyme metabolically linked to glutamine and asparagine transamination, Biochimie 91(9)
(2009) 1072-80.

[33] B.F. Krasnikov, R. Nostramo, J.T. Pinto, A.J. Cooper, Assay and purification of omega-
amidase/Nit2, a ubiquitously expressed putative tumor suppressor, that catalyzes the
deamidation of the alpha-keto acid analogues of glutamine and asparagine, Analytical
biochemistry 391(2) (2009) 144-50.

[34] M.I. Gross, S.D. Demo, J.B. Dennison, L. Chen, T. Chernov-Rogan, B. Goyal, J.R. Janes,
G.J. Laidig, E.R. Lewis, J. Li, A.L. Mackinnon, F. Parlati, M.L. Rodriguez, P.J. Shwonek, E.B.
Sjogren, T.F. Stanton, T. Wang, J. Yang, F. Zhao, M.K. Bennett, Antitumor activity of the
glutaminase inhibitor CB-839 in triple-negative breast cancer, Mol Cancer Ther 13(4) (2014)
890-901.



[35] L.A. McDermott, P. lyer, L. Vernetti, S. Rimer, J. Sun, M. Boby, T. Yang, M. Fioravanti, J.
O’Neill, L. Wang, D. Drakes, W. Katt, Q. Huang, R. Cerione, Design and evaluation of novel
glutaminase inhibitors, Bioorganic & Medicinal Chemistry 24(8) (2016) 1819-1839.

[36] G. Boysen, A. Jamshidi-Parsian, M.A. Davis, E.R. Siegel, C.M. Simecka, R.A. Kore, R.P.M.
Dings, R.J. Griffin, Glutaminase inhibitor CB-839 increases radiation sensitivity of lung tumor
cells and human lung tumor xenografts in mice, Int J Radiat Biol 95(4) (2019) 436-442.

[37] R.M. Thompson, D. Dytfeld, L. Reyes, R.M. Robinson, B. Smith, Y. Manevich, A.
Jakubowiak, M. Komarnicki, A. Przybylowicz-Chalecka, T. Szczepaniak, A.K. Mitra, B.G. Van
Ness, M. Luczak, N.G. Dolloff, Glutaminase inhibitor CB-839 synergizes with carfilzomib in
resistant multiple myeloma cells, Oncotarget 8(22) (2017) 35863-35876.

[38] Study of CB-839 (Telaglenastat) in Combination With Talazoparib in Patients With Solid
Tumors. https://ClinicalTrials.gov/show/NCT03875313.

[39] Study CB-839 in Combination With Nivolumab in Patients With Melanoma, ccRCC and
NSCLC. https://ClinicalTrials.gov/show/NCT02771626.

[40] A Study of Telaglenastat (CB-839) in Combination With Palbociclib in Patients With Solid
Tumors. https://ClinicalTrials.gov/show/NCT03965845.

[41] CB-839 + Capecitabine in Solid Tumors and Fluoropyrimidine Resistant PIK3CA Mutant
Colorectal Cancer. https://ClinicalTrials.gov/show/NCT02861300.

[42] Glutaminase Inhibitor CB-839 and Azacitidine in Treating Patients With Advanced
Myelodysplastic Syndrome. https://ClinicalTrials.gov/show/NCT03047993.

[43] Study of the Glutaminase Inhibitor CB-839 in Leukemia.
https://ClinicalTrials.gov/show/NCT02071927.

[44] Novel PET/CT Imaging Biomarkers of CB-839 in Combination With Panitumumab and
Irinotecan in Patients With Metastatic and Refractory RAS Wildtype Colorectal Cancer.
https://ClinicalTrials.gov/show/NCT03263429.

[45] S. Udupa, S. Nguyen, G. Hoang, T. Nguyen, A. Quinones, K. Pham, R. Asaka, K. Nguyen,
C. Zhang, A. Elgogary, J.G. Jung, Q. Xu, J. Fu, A.G. Thomas, T. Tsukamoto, J. Hanes, B.S.
Slusher, A.J.L. Cooper, A. Le, Upregulation of the Glutaminase |l Pathway Contributes to
Glutamate Production upon Glutaminase 1 Inhibition in Pancreatic Cancer, Proteomics 19(21-
22) (2019) 1800451.

[46] Y.I. Shurubor, A.J. Cooper, E.P. Isakova, Y.l. Deryabina, M.F. Beal, B.F. Krasnikov, HPLC
determination of alpha-ketoglutaramate [5-amino-2,5-dioxopentanoate] in biological samples,
Anal Biochem 494 (2016) 52-4.

[47] A.J. Cooper, T. Kuhara, alpha-Ketoglutaramate: an overlooked metabolite of glutamine and
a biomarker for hepatic encephalopathy and inborn errors of the urea cycle, Metab Brain Dis
29(4) (2014) 991-1006.

[48] T.E. Duffy, A.J. Cooper, A. Meister, Identification of alpha-ketoglutaramate in rat liver,
kidney, and brain. Relationship to glutamine transaminase and omega-amidase activities, The
Journal of biological chemistry 249(23) (1974) 7603-6.

[49] L. Halamkova, S. Mailloux, J. Halamek, A.J.L. Cooper, E. Katz, Enzymatic analysis of a-
ketoglutaramate--a biomarker for hyperammonemia, Talanta 100 (2012) 7-11.

[50] A.J. Cooper, A.K. Dhar, H. Kutt, T.E. Duffy, Determination of 2-pyrrolidone-5-carboxylic and
alpha-ketoglutaramic acids in human cerebrospinal fluid by gas chromatography, Analytical
biochemistry 103(1) (1980) 118-26.

[51] T.E. Duffy, F. Vergara, F. Plum, Alpha-ketoglutaramate in hepatic encephalopathy, Res
Publ Assoc Res Nerv Ment Dis 53 (1974) 39-52.

[52] F. Vergara, F. Plum, T.E. Duffy, Alpha-ketoglutaramate: increased concentrations in the
cerebrospinal fluid of patients in hepatic coma, Science 183(4120) (1974) 81-3.

[53] T. Kuhara, M. Ohse, Y. Inoue, A.J.L. Cooper, A GC/MS-based metabolomic approach for
diagnosing citrin deficiency, Analytical and Bioanalytical Chemistry 400(7) (2011) 1881-1894.



[54] K. Kobayashi, D.S. Sinasac, M. lijima, A.P. Boright, L. Begum, J.R. Lee, T. Yasuda, S.
Ikeda, R. Hirano, H. Terazono, M.A. Crackower, |. Kondo, L.-C. Tsui, S.W. Scherer, T. Saheki,
The gene mutated in adult-onset type Il citrullinaemia encodes a putative mitochondrial carrier
protein, Nature Genetics 22(2) (1999) 159-163.

[55] L. Palmieri, B. Pardo, F.M. Lasorsa, A. del Arco, K. Kobayashi, M. lijima, M.J. Runswick,
J.E. Walker, T. Saheki, J. Satrtstegui, F. Palmieri, Citrin and aralarl are Ca2+-stimulated
aspartate/glutamate transporters in mitochondria, The EMBO Journal 20(18) (2001) 5060-5069.
[56] H. Zimmer, D.C. Lankin, S.W. Horgan, Oxidations with potassium nitrosodisulfonate
(Fremy's radical). Teuber reaction, Chemical Reviews 71(2) (1971) 229-246.

[57] R.A. Martinez, Unkefer, P. J., Preparation of 2-hydroxy-5-oxoproline and analogs thereof,
The Regents of the University of California, USA, 2001.



o o o o Q
— I MOH
H,N OH —> | HN OH SN

OH o H

L-2-Hydroxyglutaramic acid a~-Ketoglutaramic acid a-Ketoglutaramic acid
Open Chain Form 3 Steps Cyclic Lactam Form

53% Overall Yield




Synthesis of a-Ketoglutaramic Acid

Dunxin Shen, Laken Kruger, Tyler Deatherage and Travis T. Denton*

Department of Pharmaceutical Sciences, College of Pharmacy and Pharmaceutical Sciences, Washington State
University, Spokane, WA 99201, United States

*To whom correspondence should be addressed. Department of Pharmaceutical Sciences, College of Pharmacy
and Pharmaceutical Sciences, Washington State University Health Sciences Spokane, Spokane, WA 99201,
United States. Tel: +1-509-368-6624. Fax: +1-509-368-6561. E-mail address: travis.denton@wsu.edu

Highlights

* a-Ketoglutaramate was synthesized in 58% overall yield

* Prodrug forms of a-ketoglutaramate can be built into the synthesis

* a-Ketoglutaramate is anatural substrate of omega-amidase

* Pure a-ketoglutaramate allows for the study of the Glutaminase Il pathway
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IDH1 Isocitrate Dehydrogenase 1

KG a-Ketoglutarate

KGDHC a-Ketoglutarate Dehydrogenase Compl ex
KGM a-Ketoglutaramic acid

pwave Microwave

NaOH Sodium Hydroxide

NADPH Nicotinamide adenine dinucleotide phosphate
NMR Nuclear Magnetic Resonance

NIT2 Nitrilase 2

OGM 2-oxoglutaramic acid

rt Room Temperature

TCA Tricarboxylic Acid

TLC Thin Layer Chromatography
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