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A B S T R A C T   

Glutamine-addicted cancer metabolism is recently recognized as novel cancer target especially for KRAS and 
KEAP1 co-occurring mutations. Selective glutaminase1 (GLS1) inhibition was reported using BPTES which has 
novel mode of allosteric inhibition. However, BPTES is a highly hydrophobic and symmetric molecule with very 
poor solubility which results in suboptimal pharmacokinetic parameters and hinders its further development. As 
an ongoing effort to identify more drug-like GLS1 inhibitors via systematic structure − activity relationship (SAR) 
analysis of BPTES analogs, we disclose our novel macrocycles for GLS1 inhibition with conclusive SAR analysis 
on the core, core linker, and wing linker, respectively. Selected molecules resulted in reduction in intracellular 
glutamate levels in LR (LDK378-resistant) cells which is consistent to cell viability result. Finally, compounds 13 
selectively reduced the growth of A549 and H460 cells which have co-occurring mutations including KRAS and 
KEAP1.   

Normally differentiated cells rely primarily on mitochondrial 
oxidative phosphorylation to generate the energy required for cellular 
processes. However, most cancer cells develop extensive reprogram
ming of cellular energy metabolism and rely on modified aerobic 
glycolysis, named the “Warburg effect”.1 The Warburg effect in tumor 
cells increases glycolysis about 200-fold when compared to normal cells. 
Under the Warburg effect, the majority of glucose carbon is converted to 
lactate for excretion and cannot be used in the mitochondrial tricar
boxylic acid (TCA) cycle.2 To make for this loss, cancer cells develop 
unusual glutamine dependence.3 Glutamine is an essential nutrient for 
cancer cells, and is hydrolyzed to glutamate and ammonia by gluta
minases and amidohydrolase enzymes. Therefore, glutaminases are 
overexpressed in many cancer cells.4. 

There are two isoforms of glutaminase in mammalian tissues.5 They 
are located on distinct chromosomes but structurally related genes. 
Kidney-type glutaminase (GLS1) is widely found in extra hepatic tissues, 
whereas liver-type glutaminase (GLS2) exists primarily in the adult 
liver. GLS1 is overexpressed in many primary tumors, whereas GLS2 is 
not. To this end, treatment with an efficient GLS1 inhibitor in different 
tumor models or genetic silencing of GLS1 has been validated as a 
therapeutic cancer target.6. 

Various GLS inhibitors have been reported as anticancer agents, and 
they can be categorized as orthosteric inhibitors (active site inhibition) 
and allosteric inhibitors (other than active site inhibition) as shown in 
Fig. 1. The orthosteric inhibitors such as acivicin and 6-diazo-5-oxo-L- 
norleucine (DON) bind covalently to the active site of GLS and other 
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enzymes, and show modest anticancer activity but have high toxicity, 
perhaps due to the lack of selectivity against glutamate dehydrogenase, 
γ-glutamyl transpeptidase, and others which recognize glutamine or 
glutamate as substrates.7 On the contrary, the allosteric inhibitor, 
featured with bis-2-[5-(phenylacetamido)-1,3,4-thiadiazol-2-yl]ethyl 
sulfide (BPTES), has a novel mode of inhibition and an astounding 
selectivity toward GLS1 over GLS2.8. 

GLS exists as either an inactive dimer or an active tetramer.5 When 
inactive GLS dimers dimerize into a symmetric tetramer, the tetramer 
shows glutaminolysis catalytic activity. The interface of two GLS dimers 
would be structurally symmetrical, and thus the symmetrical BPTES 
uniquely binds between the lipophilic dimer interfaces of two GLS 
subunits occupying equivalent spaces on each protein.9 BPTES offers 
several advantages over conventional catalytic site inhibitors such as 
DON and acivicin. First, BPTES is an allosteric inhibitor, and does not 
have structural similarity to either glutamine or glutamate. Therefore, 
BPTES could minimize toxicological risk due to its interaction with other 
enzymes, transporters, or receptors that recognize glutamine or gluta
mate as substrates. In addition, BPTES selectively inhibits GLS1 over 
GLS2 and γ-glutamyl transpeptidase via a unique inactive tetramer 
formation: the GLS1 active site forms a closed conformation with a 
stabilized Glu312-Pro329 loop. However, BPTES pulls this lipophilic 
Glu312-Pro329 loop 18 Å away from the active site and induces an open 
conformation, resulting in enzyme inactivation in an allosteric manner. 
This is why BPTES is a highly hydrophobic and symmetric molecule with 
very poor solubility (aqueous solubility less than 1 μg/mL).10 Its poor 
aqueous solubility results in suboptimal pharmacokinetic parameters 
and hinders its further development.11 To this end, CB-839 and IACS- 
6274 were discovered as a result of optimization from BPTES, and are 
currently under clinical evaluation for multiple cancer treatment 
studies.12 For their potential use of combination therapies with other 
anticancer agents, we believe there is room to improve their physico
chemical and pharmacokinetic properties of current GLS1 inhibitors. 
Herein we wish to describe our effort to identify more drug-like GLS1 
inhibitors via systematic structure − activity relationship (SAR) analysis of 
analogs derived from BPTES: to improve their pharmacokinetic prop
erties, we designed macrocyclic inhibitors for increased plasma and 
microsomal stabilities. To increase aqueous solubility, we introduced 
more oxygen atoms into the wing linker. Xu et al. recently published 
their macrocyclic GLS1 inhibitors using olefin metastasis chemistry, but 
our approach is to put more oxygen atoms in the wing linker to improve 

solubility, which is different from their report.13 Inspired from the X-ray 
co-crystal structure of GLS1 with BPTES and CB-839, we designed 
macrocycles with ethylene or propylene or alkylene ethers at the wing 
linkers as shown in Fig. 2. 

With this medicinal chemistry strategy in hand, we launched a syn
thetic chemistry campaign as drawn in Scheme 1. 6-Chloropyridazin-3- 
amine was protected as di-tert-butylcarbonyl (Boc) chloropyridazin-3- 
amine int-1. The Sonogashira reaction with ethynyltrimethylsilane 
using palladium and copper(I) iodide converted int-1 into silylated int- 
2. Methanolysis with potassium carbonate provided the de-silylated 6- 
ethynylpyridazin int-3. The dimerization of 6-ethynylpyridazin int-3 
was successfully accomplished using copper(I) chloride and pyridine 
under ambient air to give int-4. Careful hydrogenation of int-4 using 
palladium hydroxide in tetrahydrofuran and N,N-dimethylformamide 
provided int-5, and subsequent hydrolysis using trifluoroacetic acid 
afforded the symmetric pyridazine amine int-6. Symmetric thiadiazole 
amine and asymmetric pyridazine-thiadiazole amine were prepared 
according to a previously reported procedure.14 Dipropylene glycol was 
di-tosylated with tosyl chloride and sodium hydroxide to provide int-7. 
Int-7 was then coupled with tert-butyl 2-(3-hydroxyphenyl)acetate and 
cesium carbonate to afford di-tert-butyl ester int-8. Di-tert-butyl ester 
int-8 was hydrolyzed using trifluoroacetic acid to give di-acid int-9. Di- 
acid int-9 was converted into di-acid chloride using oxalyl chloride, 
followed by in situ addition of int-6 with triethylamine to generate the 
desired symmetric macrocyclic compound 13. All macrocycles, 1–15, 
were prepared through this chemistry route. 

First, to survey the macrocycle core linker length effect, n-propylene 
(1), n-butylene (2), and n-pentylene (3) core linker analogs were pre
pared, and their GLS1 biochemical activities were measured (Table 1). 
Consistent as the previous report, the n-butylene molecule (2) is most 
active, followed by n-propylene (1) and n-pentylene (3) analogs in this 
study.14 From this SAR result, we select the n-butylene as default core 
linker on our macrocyclic molecule study. 

Next, we examined the effect of the number of ethylene glycols in the 
wing linker (Table 2). Mono-ethylene glycol (5), di-ethylene glycol (2), 
tri-ethylene glycol (6) and tetra-ethylene glycol (7) derivatives were 
prepared along with their acyclic parent molecule (4). Undoubtedly, 
acyclic (4) molecule was almost inactive in our assay (GLS1 IC50 > 10 
μM), and all the cyclic derivatives showed a level of potency toward 
GLS1. The smaller the number of wing linker atoms of the macrocyclic 
inhibitor, the more potent to the GLS1: mono-ethylene glycol (5) is most 

Fig. 1. Glutaminase inhibitors.  
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potent, followed by di-ethylene glycol (2), tri-ethylene glycol (6) and 
tetra-ethylene glycol (7) derivatives in this series. 

We then investigated the core SAR study as summarized in Table 3. 

Symmetric bis-thiadiazole (2) and bis-pyridazine (8) analogs and 
asymmetric thiadiazole-pyridazine molecule (9) were synthesized, and 
their GLS1 potency was compared. Symmetric bis-thiadiazole (2) was 

Fig. 2. Medicinal chemistry strategy for macrocyclic GLS1 inhibitor.  

Scheme 1. Reagents and conditions: (a) Boc2O, TEA, DMAP, DCM, rt, o/n (63 %); (b) PdCl2(PPh3)2, CuI, ethynyltrimethylsilane, TEA, THF, 50 ◦C, o/n (79 %); (c) 
K2CO3, MeOH, rt, 1 h (quantitative); (d) CuCl, pyridine, air, rt, 1 h (quantitative); (e) Pd(OH)2, H2, THF/DMF, rt, o/n (56 %); (f) TFA, rt, 2 h (quantitative); (g) TsCl, 
NaOH, DCM, rt, o/n (94 %); (h) tert-butyl 2-(3-hydroxyphenyl)acetate, NaI, Cs2CO3, DMSO, 90 ◦C, o/n (56 %), (i) 30 % TFA in DCM, rt, 1 h (quantitative); (j) 
(COCl)2, DMF (cat.), toluene, rt, 1 h; (k) int-6, TEA, DMF, rt,o/n (24 % in two steps). 

E.J. Lee et al.                                                                                                                                                                                                                                    



Bioorganic & Medicinal Chemistry Letters 75 (2022) 128956

4

the least potent in this comparison, and both bis-pyridazine (8) and 
asymmetric thiadiazole-pyridazine (9) were equally potent for GLS1 
inhibition in this study. 

Finally, we examined the effect of oxygen on the wing linker. As 
shown in Table 4, compound 10 has n-pentylenediol in the wing linker 
whereas compound 9 has di-ethylene glycol in the wing linker: 

compound 9 is more potent than compound 10 toward GLS1 inhibition. 
Other examples are the compounds 11 and 12. Compound 11 has n- 
heptylenediol in the wing linker, whereas compound 12 has di- 
propylene glycol in the wing linker: compound 12 is more potent than 
compound 11 to GLS1. It is noteworthy to mention that the smaller size 
of the wing linker molecules (10, 9) are more potent than their larger 

Table 1 
Biochemical activities by regulating number of carbons on the core linker.  

Compound # of carbon 
on core linker

# of core 
thiadiazole

# of core 
pyridazine

# of oxygen 
atoms on 

wing linker

# of atoms on 
wing linker

GLS1 
IC50

(µM)

CB-839 0.2

1 3 (n = 1) 2 0 3 7 4

2 4 (n = 2) 2 0 3 7 2

3 5 (n = 3) 2 0 3 7 10

Table 2 
Biochemical activities by regulating number of oxygens and total atoms on the wing linker.  

Compound # of carbon on 
core linker

# of core 
thiadiazole

# of core 
pyridazine

# of oxygen 
atoms on 

wing linker

# of atoms on 
wing linker

GLS1 
IC50

(µM)

CB-839 0.2

4 4 2 0 >10

5 4 2 0 2 4 0.98

2 4 2 0 3 7 2

6 4 2 0 4 10 3

7 4 2 0 5 13 4
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homologs (11, 12) in this series as well (vide supra). Based on the above 
results, we conclude that additional oxygen atoms in the wing linker 
may boost GLS1 potency. 

To this end, we could identify a series of potent macrocyclic mole
cules for GLS1 inhibition after an intensive SAR study: compounds 13, 
14, and 15 are most potent to GLS1 inhibitors in this medicinal 
campaign (GLS1 IC50 = 0.18–0.31 μM) which are comparable to CB-839 

(GLS1 IC50 = 0.2 μM), as summarized in Table 5. 
The selected compounds (8, 9, 13, 14, and 15) were further evalu

ated using a cellular assay. Previous preclinical studies reported that 
alterations in the KEAP1/NRF2 pathway drives metabolic adaptations in 
tumor cells, and that results in glutamine dependence and vulnerability 
to glutaminase inhibition.15 Based on these reports, we evaluated the 
effect of pharmacologic glutaminase inhibition of selected compounds 

Table 3 
Biochemical activities by regulating the heteroaromatic cores.  

Compound # of carbon on 
core linker

# of core 
thiadiazole

# of core 
pyridazine

# of oxygen 
atoms on 

wing linker

# of atoms on 
wing linker

GLS1 
IC50

(µM)

CB-839 0.2

2 4 2 0 3 7 2

8 4 0 2 3 7 0.43

9 4 1 1 3 7 0.4

Table 4 
Biochemical activities by regulating number of oxygens and total atoms on the wing linker.  

Compound # of carbon on 
core linker

# of core 
thiadiazole

# of core 
pyridazine

# of oxygen 
atoms on 

wing linker

# of atoms on 
wing linker

GLS1 
IC50

(µM)

CB-839 0.2

10 4 1 1 2 7 1

9 4 1 1 3 7 0.4

11 4 1 1 2 9 3

12 4 1 1 3 9 0.8
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compared to CB-839 in glutamine-addicted LR (LDK378-resistant) cells. 
Although all compounds dose-dependently inhibited LR cell growth, CB- 
839 and compound 13 exhibited more potent anti-proliferative effects 
than tested other compounds with IC50 values of less than 0.1 μM 
(Fig. 3A). The discrepancy between GLS1 biochemical and LR cellular 
activities may be due to differences in cell permeability between the 
tested molecules. 

As part of the mechanism of action study, intracellular glutamate/ 
glutamine levels were evaluated with selected molecules. Consistent 
with cell viability results, all compounds resulted in significant reduc
tion in intracellular glutamate levels in LR cells at a concentration of 0.3 
μM, of which CB-839 and compound 13 were most effective (Fig. 3B). It 
is important to mention that a high intracellular glutamine concentra
tion was maintained in all the tested compounds. We further confirmed 
the potency of compound 13 in KRAS-mutant lung adenocarcinomas 
with KEAP1 mutations. As expected, CB-839 and compound 13 
dramatically reduced the growth of A549 and H460 cells, which have 
co-occurring mutations including KRAS and KEAP1, but had little effect 
on H358 cells that harbor only KRAS mutations (Fig. 4). Taken together, 
these results suggest that both CB-839 and compound 13 exert antitumor 

effects on glutamine-addicted tumor cells by effectively inhibiting 
glutaminase. 

We attempted to explain GLS1 inhibition by compound 13 using a 
molecular modeling study, as depicted in Fig. 5. Like CB-839, compound 
13 occupies the allosteric pocket of the solvent-exposed region between 
the activation loops of the homo-dimeric proteins. The chemical struc
ture of compound 13 has internal symmetry, with two exactly equiva
lent parts, including a pyridazine, amide, and a phenyl group, and it 
equally interacts with each monomer chain. The activity of compound 
13 was ascribed mainly to several strong hydrogen bonds and hydro
phobic interactions. The pyridazine ring and amide N formed strong 
hydrogen bonds with the mainchain N of Phe322 and Leu323, and O of 
Leu323. The amide bond O also formed a hydrogen bond with the NZ of 
Lys320. The pyridazine groups and aliphatic linker were well-stabilized 
in the hydrophobic pocket consisting of Leu321, Phe322, Leu323, and 
Tyr394 from both monomers. Additionally, the cation-pi interaction of 
the phenyl group with the NH1 of Arg317 also contributes to binding 
stability. 

In conclusion, starting with the GLS1 allosteric inhibitor BPTES, 
which has poor solubility and pharmacokinetic properties, we designed 

Table 5 

Novel and potent macrocyclic GLS1 inhibitors.

Compound # of carbon on core linker # of core thiadiazole # of core pyridazine # of oxygen atoms on wing linker # of atoms on wing linker GLS1 IC50 (µM) 

CB-839       0.2 
13 4 0 2 3 9  0.31 
14 4 0 2 2 4  0.18 
15 4 0 2 2 5  0.18  

Fig. 3. A, Dose–response curves of cell viability by Cell Titer-Glo of LR cells treated with 0, 0.01, 0.03, 0.1, 0.3, 1 μM of the indicated compounds for 72 h (left) and 
IC50 values of each compounds (right). B, Intracellular glutamate levels (left) and intracellular glutamine levels (right) in LR cells at 24 h after treatment with the 
indicated compounds at a 0.3 μM concentration. 
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macrocyclic inhibitors with additional oxygen atoms in the wing linker 
to improve plasma and microsomal stability and increase aqueous sol
ubility. The synthetic chemistry of macrocyclic compound 13 is 
described, and the SAR study of the macrocycles toward GLS1 is care
fully disclosed on the core, core linker, and wing linker. Compound 13 
was identified as a potent macrocyclic GLS1 inhibitor in both 
biochemical and cell viability assays. Compound 13 resulted in the 
greatest reduction in intracellular glutamate levels in LR cells, which 
was consistent with the cell viability results. In addition, compound 13 
selectively reduced the growth of A549 and H460 cells, which have co- 

occurring mutations including KRAS and KEAP1. The putative binding 
mode of compound 13 was also described using a molecular docking 
model. Further lead optimization of compound 13 is currently underway 
and will be reported in due time. 
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Fig. 4. Dose–response curves of cell viability by Cell Titer-Glo of indicated cells after treatment with 0, 0.01, 0.03, 0.1, 0.3, 1 μM of CB-839 and C-13 for 72 h (upper) 
and IC50 values of each compound (bottom). 

Fig. 5. Proposed binding pose of compound 13 (green) in the allosteric site of glutaminase (PDB ID: 5HL1) complexed with CB-839 (blue). Glutaminase chains are 
depicted in ribbons (A-chain: cyan; D-chain: orange), and only hydrogen-bonding interaction (red dots) residues are displayed in thin sticks for clarity. (For inter
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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