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Abstract

The Warburg effect is a metabolic alteration in cancer cells characterized by aerobic
glycolysis and lactate production. A recent phenotypic screen for compounds that reverse
Warburg metabolism identified two compounds, X1 and X4, that restore the mitochondrial
membrane potential, decrease lactate production, and increase the level of reactive oxygen
species in cancer cells. Here we show that X1 and X4 are GLS2-selective covalent glutaminase
inhibitors. Glutaminase enzymes hydrolyze glutamine to glutamate, which supports cancer cell
metabolism through TCA cycle anaplerosis and glutathione biosynthesis. The GLS1 glutaminase
isozyme has well-established roles in cancer cell metabolism. Conversely, GLS2 is an enigmatic
enzyme with reported roles in both tumor promotion and tumor suppression and remains an
underdeveloped drug target. This finding suggests roles for GLS2 in supporting Warburg
metabolism and managing oxidative stress in cancer cells. X1 and X4 may accelerate the

development of high-quality inhibitors of GLS2 to clarify its unique roles in cancer cell metabolism.
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Introduction

Cancer cells have altered metabolic pathways to meet the increased energetic,
biosynthetic, and redox demands of the proliferative state.' The Warburg effect is a metabolic
change in cancer cells characterized by aerobic glycolysis and lactate production.* The reliance
of cancer cells on Warburg metabolism and other metabolic adaptations creates therapeutic
opportunities to target these changes.? A recent report described a high-throughput phenotypic
screen for compounds able to reverse the Warburg effect induced by depolymerized o/f tubulin,
which blocks mitochondrial voltage-dependent anion channels (VDACs).® VDACs are a family of
B-barrel transmembrane proteins in the outer mitochondrial membrane that control the flow of key
metabolic substrates such as ATP, ADP, and Pi across the membrane.® VDAC closure by o/B
tubulin induces Warburg-like metabolism including depolarized mitochondria (lowered membrane
potential AW), enhanced glycolysis, and lactate production.® The goal of the screen was to find
mimics of the small molecule Erastin, which is known to reverse the closure of VDACs by tubulin,
restoring mitochondrial membrane potential and decreasing lactate formation.” The screen
identified two compounds, X1 and X4, that mimicked the ability of Erastin to reverse Warburg
metabolism induced by VDAC closure. X1 and X4 increased the mitochondrial membrane
potential, decreased lactate production, as well as induced an increase in reactive oxygen species
(ROS), which ultimately resulted in mitochondrial dysfunction and cell death. These latter effects

were specific to cancer cell lines and reversed by addition of N-acetyl cysteine (Figure 1).58°
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Figure 1. The voltage-dependent anion channels (VDACSs) control the flow of anionic
metabolites such as ATP and ADP across the outer mitochondrial membrane. Closure of
VDACSs by a/ tubulin induces glycolytic Warburg metabolism. Erastin blocks the closure
of VDAC by tubulin and restores VDAC conductance. Erastin-like anti-Warburg
compounds X1 and X1 were discovered in a phenotypic screen for the ability to similarly
reverse Warburg metabolism resulting from tubulin-induced VDAC closure.

While the cellular effects of X1 and X4 were well-characterized in these studies, the
target(s) of X1 and X4 were not identified. Compound X1 is a 2-sulfonyl pyrimidine, and has a
similar structure to compound C9, a known inhibitor of glutaminase (GLS) enzymes (Figure 2A).°
Glutaminase is central to another common aspect of cancer cell metabolism; elevated glutamine
uptake and metabolism."*""-'* Glutamine is hydrolyzed to glutamate by the two glutaminase
isozymes (GLS1 and GLS2), and the resulting glutamate serves as an anaplerotic TCA cycle
input by subsequent oxidative deamination to a-ketoglutarate.'"'*'> Glutamate generated by GLS
enzymes also supports the import of cystine though the system Xc- antiporter. Cystine is used in
the biosynthesis of the antioxidant glutathione, necessary to manage the increased oxidative

stress in cancer cells (Figure 2B)."*6
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Figure 2. A) The Erastin-like anti-Warburg compound X1 is structurally similar to the known
glutaminase inhibitor C9. B) Glutaminase enzymes GLS1 and GLS2 hydrolyze glutamine to
glutamate, which supports glycolytic Warburg metabolism by TCA cycle anaplerosis. GLS-
derived glutamate is also coupled to the import of cystine though system Xc- which is
required for the biosynthesis of the antioxidant glutathione. Erastin targets system Xc- in
addition to VDACSs, so glutaminase inhibition may mimic the cellular effects of Erastin.

The cellular effects of the Erastin-like anti-Warburg compounds X1 and X4 are consistent
with glutaminase as their target.''* Glutaminase inhibition can explain the anti-Warburg effects
of compounds X1 and X4 by blocking the use of glutamine as an anaplerotic TCA cycle input.
Glutaminase inhibition can also explain the observed increase in reactive oxygen species induced
by X1 and X4 by suppressing the biosynthesis of glutathione. Importantly, in addition to targeting
VDACS, Erastin also inhibits the system Xc- antiporter; so glutaminase inhibition may well mimic
the cellular effects of Erastin.’”” As such, we wanted to evaluate glutaminase as a target of X1 and
X4.

Additionally, X1 and X4 are electrophiles and may interact covalently with their cellular
target(s). X4 is an aza-chalcone, a cysteine-reactive electrophile of the Michael acceptor class.®

X1 is a 2-sulfonyl pyrimidine, a less common electrophile known to react with cysteine by
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nucleophilic aromatic substitution (SnAr) (Figure 3)."® 2-Sulfonyl pyrimidines are the electrophile
of covalent inhibitors of bacterial Sortase A and S. mansoni thioredoxin glutathione reductase.?°'
2-Sulfonyl pyrimidines are also the electrophile in covalent probes that target cysteine residues
of mutant p53.%2

We sought to determine if glutaminase is a target of X1 and X4, and if so, whether they
act by a covalent mechanism. Glutaminase enzymes are known to be susceptible to inhibition by
nonspecific  cysteine-reactive  electrophiles, including  N-ethyl maleimide®®* and
iodobutyltriphenylphosphonium (IBTP) salts.?*
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Figure 3. X1 is a 2-sulfonyl pyrimidine, an electrophile known to react with cysteine by a
nucleophilic aromatic substitution (SnAr) reaction. X4 is an electrophile of the Michael
acceptor class, known to react with cysteine by conjugate addition.

Results

Compounds X1 and X4 are GLS2-selective glutaminase inhibitors.

We synthesized X1 and X4 according to Scheme 1 and evaluated them as inhibitors of
GLS1 and GLS2. We also evaluated the methyl sulfone (Me-X1) intermediate along the X1
synthetic route due to its close similarity to the known glutaminase inhibitor C9. Because the
potency of covalent inhibitors depends on both the inhibitor concentration and the incubation time
with the enzyme, we tested X1 and X4 for inhibition of GLS1 and GLS2 with a significant fixed
enzyme-inhibitor preincubation period before initiating the reaction by the addition of the

glutamine substrate and phosphate, an activator of GLS activity.?>?” We used a 7-minute
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preincubation period for the 2-sulfonyl pyrimidines X1 and Me-X1 and a 30-minute preincubation
period for the aza-chalcone X4 reflecting the higher cellular potency of X1 compared to X4.° The
data show that X1, Me-X1, and X4 and were indeed glutaminase inhibitors, and all three are
selective for the GLS2 isozyme (Figure 4). The data also show that Me-X1 was a better inhibitor
of both GLS1 and GLS2 than X1, giving some preliminary insight into the structure-activity

relationship of 2-sulfonyl pyrimidine inhibition of glutaminase.
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Scheme 1. Chemical synthesis of the 2-sulfonyl pyrimidine compounds X1 and
Me-X1 as well as the aza-chalcone X4.

https://doi.org/10.26434/chemrxiv-2024-mtk6s ORCID: https://orcid.org/0000-0002-7117-3684 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-mtk6s
https://orcid.org/0000-0002-7117-3684
https://creativecommons.org/licenses/by-nc-nd/4.0/

100 100 1004

(3]
(=]
1
% GLS activity
3
1
% GLS activity
[3.]
o
1

% GLS activity

T — 1 0= T = | 017 T T 1
1 10 100 1000 1 10 100 1000 1 10 100 1000
[X4], pM

[X1], uM [Me-X1], pM

o

IC5o (M)

Enzyme-inhibitor

Compound Structure GLS1 GLS2 preincubation time

Cl

>
T
X1 /‘;,S\\’J\\N N\@:CF3 >200 6.0+06 7 minutes
o0
{

C
cl
N= i H
Me-X1 \S);;EEN CF3 35+6 26104 7 minutes
oo \CE
Cl
o]

X4 A~ Ny .
I 73+9 21402 30 minutes

e

Figure 4. Dose-response curves of X1, Me-X1, and X4 inhibition of GLS1 (blue circles)
and GLS2 (green squares) carried out with a fixed enzyme-inhibitor preincubation time.
Summary of fixed-preincubation time ICsy values derived from the [inhibitor] vs. normalized

response - variable slope function of Graphpad Prism.

Compounds X1 and X4 are covalent glutaminase inhibitors.

We next tested if X1 and X4 are covalent glutaminase inhibitors. Specific covalent
inhibitors act by a two-step mechanism; a reversable noncovalent binding step followed by a time-
dependent covalent bond forming step.?®?° This mechanism makes the amount of enzyme
inhibition by covalent inhibitors dependent on both the inhibitor concentration and the degree of
time the enzyme is exposed to the inhibitor.3%3" We tested whether glutaminase inhibition by X1
and X4 shows such time-dependence by fixing the inhibitor concentration and varying the
inhibitor-enzyme preincubation time before initiating the reaction by addition of glutamine
substrate and phosphate activator. If the covalent inhibitor concentration is >10-fold higher than

the enzyme concentration, the decay of enzyme activity should fit to a first-order decay rate
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equation.?®3° Qur data show that inhibition of GLS2 by X1 and X4 increased with increasing
preincubation time, and the data fit well to a first-order decay rate equation, consistent with
covalent inhibition (Figure 5A). We also tested for covalent inhibition by incubating X1 or X4 with
GLS2 for 0 minutes or 30 minutes, subjecting the mixture to gel filtration to remove unattached
X1 or X4 from the enzyme, followed by measuring the amount of active GLS2 enzyme in the
eluent. With no incubation time, X1 and X4 could be separated from GLS2 by gel filtration; the
recovered enzymatic activity was comparable to treating GLS2 with DMSO solvent. However,
when X1 or X4 were incubated with GLS2 for 30 minutes before gel filtration, no enzyme activity
was recovered, consistent with covalent attachment of X1 and X4 to GLS2 (Figure 5B). Together,

these results suggest that X1 and X4 are covalent glutaminase inhibitors.
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Figure 5. A) Time-dependent inhibition curves of GLS2 treated with X1 (2 uM) and X4 (4
MM) for increasing preincubation times before initiating the enzymatic reaction by addition
of glutamine and phosphate. Curve fitting to obtain kobs Values was done using Graphpad
Prism one-phase decay equation, plateau = 0. B) GLS2 was treated with X1 (10 uM) or
X4 (20 uM) for either 0 minutes or 30 minutes, then subjected to a gel-filtration spin
column to remove free X1 or X4 from the enzyme. The eluent was assayed for

glutaminase activity.
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Kinac/Ki Of X1 and X4 against GLS1 and GLS2

The potency and selectivity of covalent enzyme inhibitors is best measured by Kinact/Ki
values rather than ICso values. The kinact/ Ki measurement captures both the concentration-
dependence and time-dependence of the inhibitor’s ability to inactivate the enzyme.?-3" Specific
covalent inhibitors act by a two-step mechanism, with an initial noncovalent binding step followed
by covalent bond formation. The kinactis the first order rate constant of covalent bond formation of
the enzyme-inhibitor complex, while K; is the inhibitor concentration that gives an observed rate
constant kops Of enzyme inactivation that is 72 Kinact. The kinact/Ki ratio is thus a measure of the
overall potency of a covalent inhibitor accounting for both its affinity for the recognition pocket as
well as the rate of covalent bond formation.?-3"

We measured the kinact/Ki values for X1 and X4 against GLS1 and GLS2 using the kobs
method.?®2° This method involves measuring the first order decay rate constant of enzymatic
activity (kobs) for a series of inhibitor concentrations, then plotting kos vs the inhibitor
concentrations (Figure 6). The plot of kews Versus [I] can be a hyperbolic curve, which indicates a
two-step mechanism and allows individual determination of both kit and Ki. The plot of kops
versus [l] can also yield a straight-line, where the slope is kinact/Ki. A straight line plot indicates
either a one-step inhibition mechanism (with no noncovalent binding between the inhibitor and
enzyme) or a two-step mechanism where the K, value is higher than the highest inhibitor
concentrations for which a koss value was obtained (indicating weak noncovalent binding).28-3°
kinact/Ki values can be compared to kehem, the second order rate constant for the reaction of free
thiol nucleophiles with the inhibitor’'s electrophile. The kenem value for the 2-sulfonyl pyrimidine
electrophile of X1 has been reported to be between 0.1-0.5 M's™ with glutathione and cysteine
derivatives; indicating it is a fairly unreactive electrophile.’®3? An activity-based protein profiling
study of simple 2-sulfonyl pyrimidines showed no protein labeling in cells, further demonstrating
the low inherent reactivity of this electrophile.®®* The trans-chalcone electrophile of X4 has a
somewhat higher inherent reactivity, with a reported kchem of 3.0 M-'s with the free thiol
cysteamine.®

Our data show that X1 is a moderately potent covalent GLS2 inhibitor with a kinact/Ki value
of 549 M's™" and a poor inhibitor of GLS1 with a kinac/Ki value of 41 M-'s™ (Table 1). This 13-fold
selectivity of X1 for GLS2 over GLS1 is consistent with the observed selectivity measured using
ICso values with a fixed preincubation time. The plot of kews Vs [X1] for GLS1 was hyperbolic, which
allowed for determination of kinaet and K individually (K, = 43 uM; Kinact =1.8 x 102 s'). This is

evidence of a two-step mechanism; that high concentrations of X1 can saturate a specific binding
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site on GLS1. The kobs vs [X1] plot for GLS2 was linear, showing that there is either a one-step
inhibition mechanism (no non-covalent binding between X1 and GLS2) or that the X1
concentrations used in the assay were substantially lower than the K value. The highest
concentration of X1 for which a kobs value was obtainable for GLS2 was 20 yM, which is less than
half the K, value X1 has for GLS1, so a two-step mechanism is possible. X1 showed a substantial
“selectivity index”; its Kinact/ K| for GLS2 is >1000-fold higher than its relatively low Kenem Value for
free thiols such as glutathione and cysteine. %32

Our data show that X4 is a modestly potent GLS2 inhibitor with a kinact/Ki value of 194 M-
s and a very poor inhibitor of GLS1 with a kinact/Ki value of 6.5 M's™ (Table 1). X4 is a ~3-fold
less potent GLS2 inhibitor than X1, which agrees with our fixed time point ICso measurement and
also aligns well with the relative cellular potencies reported for X1 and X4.58 The kops VS [X4] plot
for both GLS1 and GLS2 was linear, showing that X4 either acts by a one-step inhibition
mechanism (with no non-covalent binding between X4 and either enzyme) or the X4
concentrations used in the assay were substantially lower than its K, value. X4 had a lower
“selectivity index” than X1; the Kkinact/Ki of X4 inhibition of GLS2 was 65-fold higher than its Kchem
value for free thiols.” The kinact/Ki of X4 inhibition of GLS1 was only 2-fold greater than its Kehem
value for free thiols; a difference so small that X4 may be considered to act by nonspecific
alkylation of GLS1.
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Figure 6. Left: Plots of GLS1 or GLS2 activity vs enzyme-inhibitor preincubation times for
various X1 and X4 concentrations. Curve fitting to obtain kops values was done using
GraphPad Prism one-phase decay equation, plateau = 0. Right: Plots of keps Vs inhibitor
concentration to obtain kinact/Ki values either by simple linear regression or fitting the
equation Y = Kinact"X/(K; + X) in GraphPad Prism.
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Table 1. Summary of kinact/Ki values for X1 and X4 inhibition of GLS1 and GLS2. #PLiterature
kehem Values; see text for references.

Compounds X1 and X4 may interact with GLSZ2 in distinct ways

Early work on glutaminase inhibitors identified two related electrophilic glutamine analogs,
6-diazo-5-oxo-L-norleucine (DON) and L-2-amino-4-oxo-5-chloropentanoic acid, that are covalent
glutaminase inhibitors targeting the active site serine.*3% Despite their structural similarities, the
rates of glutaminase inactivation by each compound had opposite responses to phosphate (the
activator of glutaminase enzymatic activity)?® being present during the inhibitor-enzyme incubation
period. Inhibition of glutaminase by DON was found to require the presence of phosphate, while
inhibition of glutaminase by L-2-amino-4-oxo-5-chloropentanoic acid was blocked by the
presence of phosphate.34%

We tested whether GLS2 inactivation by X1 and X4 also responded differently to the
presence of phosphate during the inhibitor-enzyme preincubation period. We generated dose-
response curves of GLS2 inhibition by X1 and X4 with fixed preincubation times with either no
phosphate or saturating concentrations of phosphate (100 mM) present during the preincubation
period. We found that phosphate had no effect on the inhibition of GLS2 by X1, but phosphate
did have a modest effect on the inhibition of GLS2 by X4, increasing its ICso value 10-fold (Figure
7). Although the effect is small, this indicates that X1 and X4 likely interact with GLS2 differently;

they either bind separate sites or occupy the same site with different poses.
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Figure 7. Dose-response curves of X1 and X4 inhibition of GLS2 with or without 100 mM
phosphate present during the fixed enzyme-inhibitor preincubation period (7 minutes for X1,
30 minutes for X4).

Discussion

Here we show that X1 and X4, two compounds found in a phenotypic screen for Erastin-
like anti-Warburg compounds, selectively target the GLS2 glutaminase isozyme. X1 is a 2-sulfonyl
pyrimidine, like the known glutaminase inhibitor C9. X4 is an aza-chalcone, the first glutaminase
inhibitor of this structural class. GLS1 is more commonly associated with cancer cells’ elevated
glutamine metabolism;'"-'4%6 g0 it is significant that the two most potent compounds identified in
a phenotypic screen for anti-Warburg compounds are selective for GLS2. X1 and X4 are covalent
glutaminase inhibitors. Previously reported covalent glutaminase inhibitors such as DON and
related compounds are glutamine analogs that target other glutamine-utilizing enzymes, which is
a significant liability.*® The 2-sulfonyl pyrimidine and aza-chalcone classes of X1 and X4 are thus
significant additions to covalent glutaminase inhibitors.

The reliance of cancer cells on glutamine and glutaminase activity has led to the discovery
of many chemical inhibitors of glutaminase enzymes.'™='43¢ Chief among these are compounds
related to BPTES, a potent GLS1-specific inhibitor that binds at its dimer-dimer interface and
stabilizes a catalytically inactive form of the enzyme.?’ Significant medicinal chemistry effort has
focused this scaffold, resulting in many potent derivatives.®*° One such analog CB-839 is in
clinical trials, demonstrating that targeting glutaminase is widely viewed as a viable therapeutic
strategy.*’ GLS2-selective inhibitors are rare. The most prominent to date is the benzoquinone
AV-1, which is ~8-fold selective for GLS2 over GLS1.4? X1 and X4 are thus significant additions

to known GLS2-selective glutaminase inhibitors.
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It is important to recognize the limitations of covalent probes to study cell and tissue
biology.3' Covalent, time-dependent inhibitors such as X1 and X4 can lead to confounding results
since the long incubation times typical for cell-based experiments can allow weaker targets such
as GLS1 to be engaged. Compounds with 2-sulfonyl pyrimidine structures similar to X1 are known
to covalently modify mutant p53, stabilizing its structure and rescuing its function. It is likely this
allele is present in some cancer cell lines and could be engaged by X1.22

The effects of X1 and X4 on cancer cell metabolism, mitochondrial function, and cell death
due to oxidative damage have been well characterized.>58°43 The cellular effects of X1 and X4
can now be attributed, at least in part, to GLS2 inhibition. GLS2 remains an enigmatic enzyme,
with demonstrated roles as both a tumor promotor and tumor suppressor.'1%4445 X1 and X4 could
be considered “pathfinder” compounds®' that may yield increasingly potent and selective GLS2
inhibitors upon further development. Such compounds will be useful tools to clarify the unique

roles of GLS2 in cancer cell metabolism.
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Experimental methods

General

Nuclear magnetic resonance spectra were recorded on a JEOL ECX400 spectrometer.
Glutaminase assays were measured on a Tecan Infinite M Nano spectrophotometer. Reagents
and solvents for chemical synthesis were used without additional purification unless otherwise
noted. Plasmids for the expression of 6-His tagged GLS1 (residues 72 to 598) cloned into pQES80
and human GLS2 (residues 38-602) cloned into pET28a were kind gifts of the Cerione laboratory

at Cornell University.

Chemical synthesis

Cl
N c N‘ = H
\S)‘\N/ oH — \S)\N/ N\©:CF3
o cl

5-Chloro-2-(methylthio)pyrimidine-4-carboxylic acid (0.50 g, 2.4 mmol) was suspended in 10 mL
of ethyl acetate, and triethylamine (0.68 mL, 4.9 mmol), HATU (0.93 g, 2.45 mmol), and 5-amino-
2-chlorobenzotrifluoride (0.47 g, 2.4 mmol) were added sequentially and the reaction mixture was
capped and stirred at room temperature overnight. The mixture was diluted with an additional 15
mL of ethyl acetate, and the organic layer was then washed with saturated solutions of ammonium
chloride, sodium bicarbonate, and sodium chloride (20 mL each). The solution was dried over
magnesium sulfate, filtered, and the solvent removed by rotary evaporation. The crude product
was purified by silica gel chromatography using a gradient of 0-50 % ethyl acetate in hexane as

the eluent to yield the product as a white solid (0.61 g, 65%).

"H NMR (400 MHz, CDCls): 8 9.75 (br s, 1H), 8.71 (s, 1H), 8.07 (d, J = 2.3 Hz), 7.89 (dd, 1H, J =
8.7 Hz, 2.3 Hz), 7.50 (d, 1H, J = 8.7 Hz), 2.63 (s, 3H). *C NMR (100 MHz, CDCls): 5 170.19,
161.25, 159.34, 150.36, 135.79, 132.27, 129.11 (q, J = 31.8 Hz) 127.90, 125.47, 123.91, 121.19,
119.06 (g, J = 5.7 Hz), 14.80.

cl
N‘ Ny N C'H
\S)\N/ N CFs4 . \/S\)‘\N/ N CF,4
fole)
cl

Cl
Me-X1

The methyl thioether from the previous reaction (0.73 g, 1.9 mmol) was suspended in 30 mL of a

1:1 mixture of ethanol:water and cooled on ice. Oxone (2.35 g, 3.82 mmol) was added in portions
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with stirring. The reaction mixture was allowed to warm to room temperature and stirred overnight.
The reaction mixture was extracted with dichloromethane (4 x 10 mL) the combined organic layers
was dried over magnesium sulfate, filtered, and the solvent removed by rotary evaporation. The
crude product was purified by silica gel chromatography using a gradient of 0-50% ethyl acetate

in dichloromethane as the eluent to yield the Me-X1 product as a white solid (0.45 g, 57%).

H NMR (400 MHz, DMSO-D6): & 11.41 (s, 1H), 9.45 (s, 1H), 8.23 (d, 1H, J = 2.4 Hz), 7.97 (dd,
1H, J = 8.8 Hz, 2.3 Hz), 7.76 (d, 1H, J = 8.8 Hz), 3.49 (s, 3H). 3C NMR (100 MHz, DMSO-D6): 5
163.30, 161.37, 161.16, 157.68, 137.59, 133.11, 130.84, 127.41, 126.34, 125.57, 124.45, 121.73,
119.31 (g, J = 6 Hz), 39.91.

N7 Cl y N7X Cl 9y
\S)‘\N/ N CF;3 - /\S)‘\N/ N CF3
F Y X X
Cl Cl

The methyl sulfone from the previous reaction (0.45 g, 1.09 mmol) was dissolved in DMF (5 mL)
and K>CO3 (0.45 g, 3.26 mmol) and ethanethiol (81 pL, 1.09 mmol) were added sequentially. The
reaction mixture was capped and stirred at room temperature overnight. Water (10 mL) was
added, and the thick precipitate was filtered and purified by silica gel chromatography using a
gradient of 0-50% ethyl acetate in hexane as the eluent to yield the product as a white solid (0.29
g, 67%).

"H NMR (400 MHz, CDCls): 5 9.76 (s, 1H), 8.70 (s, 1H), 8.07 (d, 1H, J = 2.4 Hz), 7.87 (dd, 1H, J
= 8.8 Hz, 2.4 Hz), 7.50 (d, 1H, J = 8.8 Hz), 3.19 (q, 2H, J = 7.2 Hz), 1.44 (t, 3H, J = 7.2 Hz). *C
NMR (100 MHz, CDCls): 5 169.90, 161.29, 159.34, 150.47, 135.81, 132.28, 129.32, 129.01,
127.87, 125.41, 123.86, 119.03 (q, J = 5.8 Hz), 26.09, 14.24.

Cl
N7 ’ N7 CIH
/\S)‘\N/ N CFy — /\S)‘\N/ N CF3
(e e & b
X1 Cl

Cl

The ethyl thioether from the previous reaction (0.29 g, .73 mmol) was dissolved in acetonitrile (7
mL) with diethylamine (15 pL, 0.014 mmol). A solution of oxone (990 mg, 1.61 mmol) dissolved
in water (10 mL) was added dropwise to the acetonitrile solution and stirred at room temperature
overnight. The reaction mixture was then diluted with water (10 mL) and extracted with
dichloromethane (5 x 10 mL). The pooled organic layers were dried over magnesium sulfate,

filtered and the solvent removed by rotary evaporation. The crude product was purified by silica
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gel chromatography using a gradient of 0-50 % ethyl acetate in dichloromethane as the eluent to
yield X1 as a white solid (0.18 g, 57%).

"H NMR (400 MHz, DMSO-D6): & 11.40 (s, 1H), 9.45 (s, 1H), 8.21 (d, 1H, J = 2.3 Hz), 7.97 (dd,
1H, J = 9.1 Hz, 2.3 Hz), 7.74 (d, 1H, J = 9.1 Hz), 3.67 (g, 2H, J = 7.3 Hz), 1.25 (t, 3H, J = 7.3 Hz).
13C NMR (100 MHz, DMSO-D6): & 162.51, 161.37, 161.18, 158.07, 137.58, 133.08, 130.92,
127.43 (q, J = 30 Hz), 126.35, 125.53, 123.08 (q, J = 271 Hz), 119.31 (q, J = 5.8 Hz), 46.11, 7.06.

o o) o
| N = N\
) P

X4

2-Pyridine carboxaldehyde (0.72 g, 6.7 mmol, 2.0 eq) was dissolved in 10 mL of a 4:1 water:
methanol mixture and cooled on ice. Sodium hydroxide (0.13 g, 3.3 mmol, 1.0 eq) was added
followed by dropwise addition of 4-ethyl acetophenone (0.50 g, 3.3 mmol, 1.0 eq) then stirred at
4°C overnight. The reaction mixture was diluted with saturated ammonium chloride (10 mL) then
extracted with ethyl acetate (2 x 15 mL). The combined extracts were dried over magnesium
sulfate, filtered and the solvent removed by rotary evaporation. The reaction mixture was purified
by column chromatography using hexane, 10:1 hexane: ethyl acetate, then 7:1 hexane:ethyl

acetate as the eluent to yield X4 as a gold oil (0.42 g, 53 %).

"H NMR (400 MHz, CDCls): & d 8.65 (d, 1H, J = 4.4 Hz), 8.09 (d, 1H, J = 15.2 Hz), 8.01 (d, 2H, J
= 8.0 Hz), 7.74 (d, 1H, J = 15.2 Hz), 7.69 (dd, 1H, J = 6.8 Hz, 1.2 Hz), 7.44 (d, 1H, J = 8 Hz), 7.29
(d, 2H, J = 8.0 Hz), 7.25 (m, 1H), 2.69 (q, 2H, J = 7.6 Hz), 1.24 (t, 3H, J = 7.6 Hz). *C NMR (100
MHz, CDCls): 3 190.03, 153.36, 150.23, 142.49, 136.99, 135.56, 129.09, 128.28, 125.66, 125.48,
124.46, 29.08, 15.31.

Expression and purification of GLS1 and GLS2

Plasmids for the expression of 6-His tagged GLS1 (residues 72 to 598) cloned into pQE80 and
human GLS2 (residues 38-602) cloned into pET28a were kind gifts of the Cerione laboratory at
Cornell University. Overnight cultures of BL21(DE3) strains carrying these plasmids were grown
at 37°C overnight in LB supplemented with 100 pg/mL kanamycin (GLS2) or 100 pg/mL ampicillin
(GLS1). These cultures were diluted 1:100 into 1 L of LB media with antibiotics and grown at 37°C
with shaking at 225 rpm until the ODeoo reached 0.6. IPTG was added to a final concentration of
0.5 mM and the cultures shaken at 17°C for 18 hours. The cells were harvested by centrifugation

and stored at -80°C. The cell pellets were lysed in 15 mL B-PER complete (ThermoFisher)
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supplemented with an EDTA-free protease inhibitor tablet (Roche) according to the
manufacturer’s instructions. The supernatant was applied to 1 mL of Ni:NTA resin (Thermo
Scientific) prewashed with wash buffer (50 mM Tris pH 8.0, 500 mM NaCl) and rocked at 4°C for
20 minutes. The beads were transferred to a disposable column and drained. The bead bed was
washed at 4°C with 30 mL of wash buffer and 20 mL of wash buffer supplemented with 10 mM
imidazole. Protein was eluted into 1 mL fractions at 4°C with wash buffer supplemented with 300
mM imidazole. A 20 uL aliquot of each fraction was analyzed by SDS-PAGE. Fractions with pure
protein were pooled and the buffer was changed to 20 mM Tris (pH 8.5), 120 mM NaCl using a
PD-10 desalting column (Cytiva). The eluent was portioned into 250 L aliquots, snap frozen in

liquid nitrogen, and stored at -80° C.
Glutaminase enzymatic assay

Glutaminase enzyme was diluted in glutaminase buffer (65 mM Tris acetate pH 8.6, 0.2 mM
EDTA) to a final concentration of 50 nM (GLS1) or 200 nM (GLS2). The enzyme solution was
supplemented with 0.01% triton X-100 to suppress nonspecific enzyme inhibition by colloidal
aggregates.*® The enzyme solution (79 yL) was added to UV-transparent 96 well plates followed
by the inhibitor solution in DMSO or DMSO itself (1 pL), mixed by gently pipetting up and down,
then incubated for the indicated amount of time at room temperature. The glutaminase reaction
was initiated by the addition of 20 uL of a solution of glutamine (100 mM) and K;HPO4 (500 mM),
then mixed by gently pipetting up and down and incubated at room temperature for seven minutes.
The reactions were quenched by addition of 10 yL of HCI (3 M). An aliquot (10 pL) of each
quenched glutaminase reaction was added to 190 pL of a glutamate dehydrogenase reaction,
which consisted of Tris-HCI (100 mM, pH 9.4), NAD+ (2 mM), glutamate dehydrogenase (2 pL of
a 50% glycerol solution, 235 units/mg protein), and hydrazine (1 uL) then incubated at room
temperature for 40 min. The absorbance at 340 nm was measured and converted to glutamate

concentrations using the extinction coefficient for NADH 6220 M-" cm™.

Gel filtration spin column

GLS2 was diluted into GLS buffer (65 mM Tris pH 8.6, 0.2 mM EDTA) to a final concentration of
800 nM. The GLS2 solution was portioned into 30 yL aliquots that were treated with 1 uL of either
DMSO, X1 (300 uM), or X4 (600 pM) and incubated for either 0 minutes or 30 minutes. A 25 uL
portion of the mixture was then applied to a G-Biosciences SpinOUT GT-100 column pre-
equilibrated with GLS buffer. A 25 pL portion of the eluent was then diluted to a final volume of

80 pL and assayed for glutaminase activity as described above.
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