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Abstract

Glutaminase catalyzes the hydrolysis of glutamine to glutamate and plays a central role in the
proliferation of neoplastic cells via glutaminolysis, as well as in the generation of excitotoxic
glutamate in central nervous system disorders such as HIV-associated dementia (HAD) and
multiple sclerosis. Both glutaminase siRNA and glutaminase inhibition have been shown to be
effective in in vitro models of cancer and HAD, suggesting a potential role for small molecule
glutaminase inhibitors. However, there are no potent, selective inhibitors of glutaminase currently
available. The two prototypical glutaminase inhibitors, BPTES and DON, are either insoluble or
non-specific. In a search for more drug-like glutaminase inhibitors, we conducted a screen of 1280
in vivo active drugs (Library of Pharmacologically Active Compounds (LOPAC280)) and
identified ebselen, chelerythrine and (R)-apomorphine. The newly identified inhibitors exhibited
10 to 1500-fold greater affinities than DON and BPTES and over 100-fold increased efficiency of
inhibition. Although non-selective, it is noteworthy that the affinity of ebselen for glutaminase is
more potent than any other activity yet described. It is possible that the previously reported
biological activity seen with these compounds is due, in part, to glutaminase inhibition. Ebselen,
chelerythrine and apomorphine complement the armamentarium of compounds to explore the role
of glutaminase in disease.
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1. Introduction

Glutamine is a major source of energy for highly proliferative and neoplastic cells via
glutaminolysis [1,2]. Glutamine is transported into cells where glutaminases (EC 3.5.1.2)
hydrolyze glutamine to glutamate [3]. Glutamate is further catabolized through the
tricarboxylic acid cycle to ATP. Glutaminase has been shown to play a critical role in
glutaminolysis via a c-Myc regulated process [4]. Glutaminase siRNA, a prototype
glutaminase inhibitor and glutamine deprivation have all been shown to cause significant
decreases in cell proliferation in various cancer lines [4-9] suggesting a role for small
molecule glutaminase inhibitors for the treatment of cancer.

Glutaminase is also thought to play a critical role in the generation of glutamate, a key
excitatory neurotransmitter in the CNS [10,11]. HIV-infected macrophages were shown to
express increased glutaminase levels and to produce significantly more glutamate that was
glutamine dependent [12]. Prototype glutaminase small molecule inhibitors and glutaminase
specific sSiRNA were able to abrogate the increases in glutamate caused by HIV-infected
macrophages [13]. These results suggest a fundamental role of glutaminase in HIVV-induced
neurotoxicity. Glutaminase-mediated glutamate release from microglia was also shown to
occur in models of multiple sclerosis [14] and ischemia [15], suggesting glutaminase
inhibition could be of broad therapeutic interest for neuroinflammatory and
neurodegenerative disorders.

Even though glutaminase inhibition could have therapeutic utility, to date, there are no
known potent and selective glutaminase inhibitors available. DON, the earliest known
inhibitor of glutaminase, is an active site directed inhibitor [16,17] that has been used as a
tool compound to help elucidate potential involvement of glutaminase in HIV-associated
dementia (HAD) pathogenesis and multiple sclerosis [12,14]. However, DON is a non-
selective toxic reagent that inhibits several glutamine utilizing enzymes [18]. DON also has
weak millimolar inhibitory potency in in vitro models of disease [12,14] and is not well
tolerated in vivo [19-21]. Elan Pharmaceuticals described a glutaminase inhibitor
(Newcomb, US Patent, 2002) termed BPTES with low micromolar potency (K; = 0.2 uM)
and an uncompetitive mode of inhibition [22]. Although more potent than DON, BPTES is
not a drug-like compound as it has high molecular weight (534), poor solubility and low
bioavailability [23]. Structure Activity Relationship (SAR) studies around BPTES has not
yielded significantly better analogs [8,23]. Consequently, in order to identify more drug-like
inhibitors, we conducted a screen of a Library of Pharmacologically Active Compounds
(LOPAC1280 Sigma) comprising small molecule modulators and approved drugs from all
major drug classes. Here, we report on the kinetic characterization of three new inhibitors
identified from our screening endeavor and on their direct comparison to DON and BPTES.

2. Materials and methods

2.1. Materials

DON, ebselen, LOPAC1280, sanguinarine chloride, Rand S-apomorphine and R(-)-
apocodeine hydrochloride were purchased from Sigma (St. Louis, MO, USA). The chloride
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salts of chelerythrine, nitidine, berberine and norsanguinarine were obtained from LC
Laboratories (Woburn, MA, USA), Ontario Chemicals Inc (Guelph, Ontario, Canada), MP
Biomedicals (Solon, OH, USA) and Quality Phytochemicals LLC (Brunswick, NJ, USA),
respectively and R(-)-propylnorapomorphine hydrochloride was bought from Santa Cruz
Biotechnology, Inc (Santa Cruz, CA, USA). BPTES was synthesized in-house [23]. The
plasmid encoding the cDNA for hKGA was graciously provided by Dr. Norman P. Curthoys
(Department of Biochemistry and Molecular Biology, Colorado State University, Fort
Collins, CO, USA). Finally, mouse liver glutaminase (mMLGA) and mouse c-type
glutaminase (MGAC) were generous gifts from Dr. Andre Ambrosio (Laboratdrio Nacional
de Biociéncias, Centro Nacional de Pesquisa em Energia e Materiais, Campinas-SP 13083—
970, Campinas, Brazil).

2.2. Methods

Unless otherwise noted, glutaminase activity in the presence and absence of compounds was
determined using the Amplex UltraRed fluorescent assay [24]. A counter-screen was carried
to weed out autofluorescent compounds and quenchers and a second counter-screen was
performed to eliminate inhibitors of glutamate oxidase and horse radish peroxidase and/or
compounds that reacted with Amplex UltraRed. Competition studies (K; determinations)
were carried out with enzyme (E) exposed to substrate (S) and inhibitor (1) at the same time.
Km and Vimax for all compounds were determined from glutamine saturation profiles at the
various inhibitor concentrations using GraphPad Prism, employing a least-squares fit of the

Michaelis-Menten equation: v=V/,,...[S]/ (K, +[S])- During inactivation studies (Kinact
determinations) enzyme was incubated with inhibitor for varying times and the substrate
used as a tool to determine the percent of remaining enzyme activity [25]. Due to BPTES’
limited solubility [23], a factor that interferes with fluorescence measurement, the radiolabel
assay [26] was used to determine the kinetic parameters of BPTES. [3H]-Glutamine was
used as the substrate in this assay. The radiolabel assay was also employed for DON in the
inactivation experiment as DON hydrolyzes to glutamate [16], a product of the glutaminase
reaction, which results in spurious fluorescence output. Data were analyzed using GraphPad
Prism’s non-linear regression analysis, with variable slope, of log [inhibitor] vs. normalized

values.

3. Results

3.1. Primary glutaminase screen

The LOPAC1280 were screened for glutaminase activity. Of the 1280 compounds screened,
123 were active (percent inhibition =50 and 1C5p < 10 uM). After counter screening, 23 were
confirmed as bona fide glutaminase inhibitors. From these, ebselen, chelerythrine chloride
and R-apomorphine hydrochloride were identified as most potent. Ebselen and chelerythrine
chloride inhibited both isoforms of GLS1 (hKGAa; and its splice variant, mGAC) with
similar potency and exhibited 5 to 10-fold less activity against GLS2 (mLGA). In contrast,
R-apomorphine hydrochloride had similar activity against both GLS1 isoforms and GLS2
(Table 1).
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3.2. Kinetic characterization of ebselen, chelerythrine, apomorphine, DON and BPTES

To determine the kinetics of inhibition of ebselen, glutamine saturation experiments were
performed in the presence of different concentrations of ebselen (Supplementary: Fig. 1a).
As the concentration of inhibitor was increased, the apparent Michaelis constant (Kmapp)
increased with a concomitant 6-fold decrease in Vinax. A double reciprocal plot of the data
yielded lines with varying slopes that intersected in the second quadrant (Supplementary:
Fig. 1b), indicative of mixed non-competitive inhibition. A secondary plot of the slopes for
each line of the double reciprocal plot (Kmapp/Vmax) Versus inhibitor concentration gave a K;
of approximately 15 nM (Table 2; Supplementary: Fig. 1c).

The mode of inhibition of glutaminase by ebselen was further investigated by performing a
time-dependent inhibition experiment [25]. The semilogarithmic plot of the remaining
activity of glutaminase versus time showed pseudo-first order Kinetics. Additionally,
inactivation of glutaminase by ebselen was dependent on both concentration and time of
incubation (Supplementary: Fig. 1d). The calculated K; of ebselen was approximately 14 nM
and the kjnact Of glutaminase by ebselen was 1.32/h (Table 3; Supplementary: Fig. 1e).

Similar experiments were carried out with chelerythrine, apomorphine and prototype
inhibitors, BPTES and DON. Results are shown in tables 2 and 3 (and in Supplementary:
Figs. 2, 3, 4 & 5). Competition studies with BPTES showed that Kmapp decreased with a
concomitant decrease in Vimax (Supplementary: Fig. 4a). A double reciprocal plot of the data
yielded parallel lines (Supplementary: Fig. 4b), indicative of uncompetitive inhibition. A
secondary plot of the reciprocal of Kyapp Versus inhibitor concentration gave a K;j of 125 nM
(Table 2; Supplementary: Fig. 4c). Competition studies could not be carried out with DON
since it acts as both a substrate and covalent modifier of glutaminase [16]. Concordantly,
inactivation of glutaminase by DON was both concentration and time of incubation
dependent with a Kjnact 0F 0.05/h and a K; of 6 uM (Table 3; Supplementary: Fig. 5).

3.3. Analogs of ebselen, chelerythrine and apomorphine

Since ebselen contains a selenium atom, it was of interest to evaluate analogs where the
selenium was substituted with sulfur and oxygen, elements within the same group (6A) of
the periodic table. The results were in line with the ability of these atoms to oxidize as well
as in their leaving group ability; selenium analog being the most potent, followed by the
thiol and oxo analogs (Table 4). Substitution of the selenium with a carbon (Group 4A)
resulted in loss of activity.

Four analogs of chelerythrine were tested for glutaminase activity. While both nitidine
chloride and sanguinarine chloride retained biological activity, norsanguinarine, a
structurally similar analog of sanguinarine lacking the iminium moiety, did not (Table 5).
Additionally, berberine chloride, a structurally related analog of chelerythrine, with a
positive charge on the nitrogen but containing an additional fused ring instead of the pendant
methyl group did not maintain activity. The results confirm the importance of the iminium
bond in the biological activity of chelerythrine [27].
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Glutaminase did not demonstrate enantiomeric selectivity for apomorphine (Table 6). While
the propyl analog of apomorphine was slightly weaker, replacing one of the hydroxyl groups
with a methoxy group (R(-)-apocodeine hydrochloride) resulted in a 10-fold loss of activity.

4. Discussion

We conducted a screening of the library of pharmacologically active compounds in order to
identify potential, drug-like, glutaminase inhibitors. Here, we report on the kinetic
characterization and preliminary analog evaluation of three newly identified glutaminase
inhibitors: ebselen, chelerythrine and apomorphine.

To delineate the mechanisms of interaction of ebselen, chelerythrine and apomorphine with
glutaminase (hKGAAa1), we carried out competition and inactivation studies (Scheme 1).
During competition studies, the enzyme (E) was exposed to both substrate (S) and inhibitor
(1) at the same time. These studies allow the measurement of the equilibrium constant (K;)
between enzyme and inhibitor in the presence of glutamine. During inactivation studies, the
enzyme was incubated with the inhibitor for varying times and the substrate subsequently
used as a tool to determine the percent of remaining enzyme activity. Inactivation studies
allow the measurement of the equilibrium constant (K;) of a time-dependent inhibitor in
addition to the rate of inactivation (Kinact) [25].

Competition studies indicated mixed non-competitive inhibition for ebselen, competitive
inhibition for chelerythrine and apomorphine and uncompetitive inhibition for BPTES
(Table 2). Results with BPTES confirmed earlier reports of uncompetitive inhibition [22] as
well as an allosteric interaction between BPTES and glutaminase [8,28]. The K; of DON
could not be accurately determined via competition studies. This was most likely due to
DON partially acting as a substrate of glutaminase [16].

Remarkably, inactivation studies resulted in a time- and concentration- dependent loss of
glutaminase activity for all five inhibitors (Supplementary: Figs. 1d, 2d, 3d, 4d, 5a),
suggestive of either irreversible or reversible, slow-binding inhibition. The time-dependent
inhibition of BPTES and apomorphine may be attributable to a slow-binding, reversible
inhibition as neither BPTES nor apomorphine exhibit reactive moieties. In fact, 3D structure
studies confirm a non-reactive, allosteric interaction between BPTES and the enzyme [8,28].
On the other hand, in accordance with earlier reports, we found DON to be time-dependent
and irreversible [17]. Conceivably, ebselen and chelerythrine are also irreversible due to the
reactive moieties in their structures.

The Kj’s obtained from both competition and inactivation studies were similar for ebselen
(15 and 14 nM, respectively), suggesting that the presence or absence of glutamine does not
alter the affinity of ebselen for the enzyme (Tables 2 and 3). The same was also true for
BPTES (125 and 260 nM, respectively). These data support the idea of covalent adduct
formation (ebselen) or slow-binding interaction (BPTES) with glutaminase via an allosteric
site. In contrast, the Kj’s obtained from both competition and inactivation studies were
dissimilar for both chelerythrine (270 and 30 nM, respectively) and apomorphine (2 UM and
4 nM, respectively). The presence of glutamine makes the apparent affinities (K;) of
chelerythrine and apomorphine weaker, suggesting possible competition for the active site.
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Alternatively, chelerythrine and apomorphine may bind at an allosteric site, which in turn
precludes the binding of glutamine at the active site. An allosteric interaction between
chelerythrine and glutaminase is not unlikely considering that the biological activity of
chelerythrine is thought to be mediated via adduct formation between the iminium bond of
chelerythrine and the thiol groups of the enzyme [27].

The degree of inhibition efficiency, as measured by the second order rate constants (Kinact/
Ki), suggests chelerythrine to be the most efficient inhibitor (Table 3). The second order rate
constant obtained for ebselen against glutaminase was similar to that published previously
for its radical scavenging activity [29]. While apomorphine’s kjnact Was the lowest amongst
the three new inhibitors, its efficiency of inhibition was comparable to that of ebselen and
chelerythrine due to its highest affinity. In contrast, BPTES’ efficiency of inhibition was two
orders of magnitude lower than ebselen, chelerythrine and apomorphine but still two orders
of magnitude better than that of DON.

Ebselen has been shown to form a selenenylsulfide (—Se—S-) linkage with the cysteine
residues of proteins from several different functional classes [30]. While there are no known
cysteine residues in the active site of glutaminase, there are many cysteine residues in all
isoforms of the enzyme [5,28]. When the selenium moiety in ebselen was replaced by sulfur,
oxygen and carbon that have decreasing oxidation potential and leaving group ability, the
inhibitory potency decreased accordingly (Table 4). Chelerythrine is also thought to interact
covalently via an adduct formation between its iminium moiety and the thiol groups on
proteins [27]. When the iminium functionality was retained as with nitidine and
sanguinarine, biological activity was also retained. However, when the methyl-iminium
bond in sanguinarine was replaced with an imine, as in norsanguinarine, biological activity
was lost, implicating the involvement of this functionality in its biological activity (Table 5).
A recent publication [31] suggests the involvement of the methylenedioxy groups in the
activity of these benzophenanthridine alkaloids. However, both chelerythrine with two
dimethoxy molecules and sanguinarine with a methylenedioxy group were similarly active
against glutaminase. The activities of both ebselen and chelerythrine against glutaminase
maybe brought about by their ability to either confer an inactive tetrameric configuration to
the enzyme [22] or to interfere with the tetramerization process [5].

In contrast to the thiol interactions of ebselen and chelerythrine, apomorphine’s activity
appears to be dependent on its catechol moiety. While the apomorphine enantiomers were
equipotent and the propyl analog slightly weaker, replacing one of the hydroxyl groups of
the catechol with a methoxy group resulted in a 10-fold loss of activity (Table 6).
Furthermore, the planarity of apomorphine might help it to have the same allosteric effects
on glutaminase as BPTES, which is to ‘freeze’ the interface loops so as to prevent
transmittance of the conformational change throughout the tetramer [28].

Even so, due to the multiplicity of biological effects and lack of selectivity, ebselen,
chelerythrine and apomorphine may not be good prototype inhibitors for glutaminase
inhibition in vivo. In studies conducted at the National Center for Biotechnology Information
(NCBI), ebselen and chelerythrine were found to be active in 99 out of 597 and 29 out of
207 different assays, respectively [32,33]. Ebselen is a seleno-organic electrophile that has
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been pharmacologically profiled as an antioxidant [30]. Chelerythrine has a highly polar
iminium moiety that is very reactive and subject to nucleophilic attack [34]. Further,
ebselen, chelerythrine and apomorphine are known to inhibit various enzymes and/or
receptors [34-39].

However, it is noteworthy that ebselen’s activity against glutaminase is 2-fold greater than
the most potent activity reported for ebselen (against UDP-glucose 4’-epimerase, a validated
drug target for african sleeping sickness) [33]. Ebselen has been extensively used in a
variety of experimental animal models of injury/disease [37] and as a neuroprotectant in the
treatment of patients following acute ischemic stroke [40-42] and aneurysmal subarachnoid
hemorrhage [43]. A clinical trial is currently underway to determine the utility of ebselen in
a hearing loss paradigm [44]. Chelerythrine is a quaternary benzophenanthridine alkaloid
derived from Chelidonium majus L, a member of the poppy family [45]. Alkaloids derived
from the plant have been shown to possess an array of activities including anti-
inflammatory, anti-tumor, anti-microbial and anti-viral activity. Recently, several
dibenzophenanthridines were shown to have anti-proliferative effects [6]. Apomorphine is
being marketed under various trade names for the treatment of Parkinson’s disease [46].
Another study suggests the potential use of apomorphine as a biological marker for heroin
dependence disorder [47].

In summary, ebselen, chelerythrine and apomorphine appear to be significantly more
efficient (>kjnact/K;) than either DON or BPTES. They are also more soluble than BPTES.
To our knowledge, this is the first report that ebselen, chelerythrine and apomorphine are
potent and efficient inhibitors of glutaminase and raises the question whether some of the
biological activity previously reported with these compounds could be due to ‘off-target’
inhibition of glutaminase.
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Abbreviations

Apomorphine 5,6,6a,7-tetrahydro-6-methyl-4H-dibenzo[de,g] quinoline-10,11-diol

Berberine 5,6-dihydro-9,10-dimethoxy-benzo[g]-[1,3] benzodioxolo[5,6-
ajquinolizinium

BPTES bis-2-(5-phenylacetimido-1,2,4-thiadiazol- 2-yl)ethyl sulfide

CNS central nervous system

Chelerythrine 1,2-dimethoxy- N-methyl[1,3]benzodioxolo[5,6-c]phenanthridinium

DON 6-diazo-5-oxo-L-norleucine

Ebselen 2-phenyl-1,2-benzisoselenazol-3[2H]-one

GAC c-type glutaminase
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GLS glutaminase
HIV human immunodeficiency virus
HRP horse radish peroxidase
KGA kidney-type glutaminase
LGA liver-type glutaminase
Nitidine 2,3-dimethoxy-N-methyl[1,3]benzodioxolo[5,6-c]phenanthridinium
Norsanguinarine [1,3]-benzodioxolo[5,6-c]-1,3-dioxolo[4,5-i]phenanthridine
Sanguinarine 13-methyl-[1,3]-benzodioxolo[5,6-c]-1,3-dioxolo[4,5-

iJphenanthridinium
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Table 1

Specificity of ebselen, chelerythrine chloride and apomorphine hydrochloride for GLS1 (hKGAa;, mMGAC)
and GLS2 (mLGA).

Compound ID Average 1Cso (LM) Against

hKGA mGAC mLGA

Ebselen 0.008 0.02 0.1
Chelerythrine chloride 0.03 0.07 0.3
Apomorphine hydrochloride 0.4 1.0 0.3
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Table 2

Page 13

Competition studies - substrate saturation analysis in the presence of different inhibitor concentrations. (Data
are an average of 2—-4 determinations.)

Compound Structure Mode of inhibition K, M
Ebselen /O Mixed non-competitive  1.49E-08
@ﬂ{ )
F
Se
Chelerythrine chloride S R Competitive 2.70E-07
AN N ~0
o X . /N\
| _o o
Apomorphine hydrochloride o ' Competitive 2.32E-06
O O‘
N
o
BPTES Uncompetitive 1.25E-07
DON N Time-dependent NA
0 =~
\[('\/‘\"(\Ni\ _
N
0 (0]
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Inactivation studies - relative affinities (Kj), rate constant of inactivation (kinact) and second order rate

Table 3

Page 14

constants (kinact/Kj) of ebselen, chelerythrine chloride, apomorphine hydrochloride, BPTES and DON against
glutaminase. (Data are an average of two determinations, at eight concentrations and at six different time

points.)
Compound Ki M (calc)  Kinac ™' Kinact/Ki, M™1s71
Ebselen 1.44E-08 131 2.52E + 04
Chelerythrine chloride 3.29E-08 3.45 2.92E+04
Apomorphine hydrochloride  4.17E-09 0.20 1.32E + 04
BPTES 2.58E-07 0.25 2.68E + 02
DON 5.57E-06 0.05 2.53E + 00
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Table 4

Analogs of ebselen.

Compound Molecular Structure Avg. ICsy (UM)
Ebselen /O 0.009
Of('% )
/
Se
2-Phenylbenzo[d]isothiazol-3(2H)-one O 0.02
@iﬁ% )
/
S
2-Phenylbenzo[d] isoxazol-3(2H)-one /O 20
©f<~{ )
/
o}
2-Phenyl isoindolin-1-one >100

0
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Analogs of chelerythrine.

Table 5

Compound Molecular Structure  Avg. ICgq (UM)
Chelerythrine chloride A R 0.03
{ l / o>
YN
Nitidine chloride R 9
22 O O o>
~o 2N
cr
Berberine chloride 2 >100
jooe
/O =z ’
N J o
Sanguinarine chloride 0.1
Norsanguinarine chloride >100
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Table 6
Analogs of apomorphine.
Compound Molecular Structure Avg. ICsy (UM)
R-Apomorphine hydrochloride 0.6
S-Apomorphine hydrochloride 0.4

R(-)-Propylnorapomorphine hydrochloride o ' 0.9
0
N
H k‘

R(-)-Apocodeine hydrochloride
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