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Metabolic reprogramming has been established as a major hallmark for cancer 

progression. Many cancer cells become dependent on glutamine catabolism, which thus 

has gained a great deal of attention for being a potentially important therapeutic target. 

The mitochondrial glutaminase enzymes are upregulated in many cancer cells to 

catalyze the hydrolysis of glutamine to glutamate, initiating glutamine catabolism. 

Therefore, mechanistic understanding of the regulation of these enzymes has important 

implications for the development of strategies to inhibit malignant growth. Here in my 

thesis, I will first present a novel mechanism for the activation of glutaminase C (GAC), 

an isoform implicated in the progression of many aggressive cancers. GAC acquires 

maximal catalytic activity upon binding to anionic activators such as inorganic 

phosphate. Using a combination of biophysical approaches, I showed that in the absence 

of phosphate, glutamine binding to the GAC tetramer exhibits positive cooperativity. 

This cooperativity is coupled to the transition between the open and closed conformation 

of the ‘lid’, a tyrosine residue located at the edge of the catalytic site, which controls 

substrate access to this site. Phosphate allows glutamine to independently bind with high 

affinity to all subunits, which then undergo simultaneous catalysis with all the lids in a 



 

uniform conformation. This mechanism shows how the regulated transitioning between 

different conformational states of GAC ensures the maximal catalytic activity of the 

enzyme is acquired in cancer cells only when an allosteric activator is available. 

Secondly, I will discuss the underlying basis for the differences in potencies exhibited 

by members of the BPTES/CB-839 class of inhibitors, which selectively target GAC. 

The mechanism of inhibition remained poorly understood as the differences in potency 

could not be explained with standard cryo-cooled X-ray crystal structures of GAC 

bound to these compounds. However, using an emerging technique, serial room-

temperature crystallography, I showed that clear differences were observed between the 

binding conformations of inhibitors with significantly different potencies. The results 

were further corroborated using recently established fluorescence assays that directly 

read-out inhibitor binding to GAC. Collectively, these findings have highlighted novel 

strategies for designing more potent GAC inhibitors as potential cancer therapeutics. 
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CHAPTER 1 

 

INTRODUCTION: GLUTAMINASE ENZYMES AND GLUTAMINE 

CATABOLISM* 

 

1.1 Glutamine enzymes are the key drivers of glutamine catabolism, a pathway heavily 

upregulated in cancer.  

Research in cancer biology has long been focused on identifying the differences 

between normal cells and their transformed counterparts. As these differences make up 

the hallmarks of cancer1–3 they can be targeted to inhibit the growth and/or kill 

malignant  cells. One important hallmark of cancer cells that has gained a great deal of 

attention from cell and cancer researchers, as well as from pharmaceutical companies, 

over the past decade is the reprogramming of their energy metabolism. The set of 

metabolic changes that are characteristic of malignant growth were first described by 

Otto Warburg4 and thus are collectively termed the Warburg effect (Figure 1.1). Under 

normal conditions, cells take up glucose and convert it to pyruvate, which undergoes 

oxidative phosphorylation in the TCA cycle to generate ATP and acetyl-coA for the 

synthesis of biomolecular building blocks such as amino acids, metabolites, and NAD+. 

However, in the tumor microenvironment, cancer cells must compete for glucose with 

stromal cells and immune cells5. This competition selects for cancer cells with a 

reprogrammed metabolism, with ~90% of pyruvate being converted to lactate instead 

of undergoing oxidative phosphorylation6. The new metabolic changes might be more 

advantageous due to the faster kinetics of ATP production when glucose is converted to  

 
* This chapter is adapted from a review that is currently under review the journal Future Drug Discovery. 

Nguyen, T.-T. T., Katt, W. P., Cerione R. A. Alone and together: current approaches to targeting 

glutaminase enzymes as part of anti-cancer therapies.  
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Figure 1.1: Reprogramming of the energy metabolism in cancer cells. Several 

metabolic pathways and their metabolites are shown to highlight the differences 

between normal cells and cancer cells, including the glycolytic pathway, the pentose 

phosphate pathway (PPP), the TCA/Oxidative phosphorylation cycle, and 

glutaminolysis. Glutaminase (GLS) initiates the glutamine’s catabolism pathway. 
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lactate7, enabling cancer cells to scavenge more of this extracellular nutrient. In 

addition, enhanced glycolysis can also increase the flux to other pathways8 including 

the pentose phosphate pathway for de novo nucleotide and lipid synthesis, which are 

needed for rapid proliferation. As a result of malignant transformation, glycolysis 

becomes uncoupled from the TCA cycle. Concomitantly, cancer cells show a significant 

increase in their ability to metabolize glutamine, resulting in the production of α-

ketoglutarate that is an anaplerotic intermediate of the TCA cycle9–12. Isotope tracing11–

15 showed that in many aggressive cancers including glioblastoma, breast cancer, 

pancreatic cancer, and liver cancer, glutamine catabolism is the major contributor to the 

TCA cycle instead of glucose. The dependence of cancer cells on glutamine catabolism, 

known as ‘glutamine addiction’, has led to strategies that attempt to inhibit malignant 

growth by targeting glutaminolysis by starving the cells of glutamine, or inhibiting the 

catalytic activity of members of the family of enzymes collectively known as 

glutaminase11,14,16–18.  

Glutaminase (EC 3.5.1.2), or L-glutamine amidohydrolase, is a family of 

mitochondrial enzymes that initiate glutamine catabolism by catalyzing the conversion 

of glutamine into glutamate and ammonia, and thus serve as essential gatekeepers that 

support glutamine addiction. High levels of glutaminase expression and/or activation 

have been observed in aggressive cancers, and inhibiting its enzymatic activity has been 

shown to reduce the proliferative capability, and often the survival, in a variety of 

different cancer cells, both in vitro and in mouse models of cancer16,17,19. Moreover, 

glutaminase inhibitors have been shown to improve sensitivity to different clinical drug 

candidates, including the recent demonstration that their combination with antibodies 

targeting the immune checkpoint protein PD-L1 offers exciting therapeutic potential20–

22. These findings have led to sustained interest in examining glutaminase enzymes as 

an anti-cancer drug target. Inhibitors targeting this enzyme may find clinical relevance 
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after suitable development.  

1.2 Glutaminase isoforms are differentially regulated in different cancer contexts. 

Two different genes, encoding for different isoforms of glutaminase, exist in 

mammals. The two genes, GLS and GLS2, were initially identified in different tissues 

based on their varying responses to changes in pH23. Both GLS and GLS2 play critical 

roles in the altered metabolism observed in cancer cells, and their differential 

upregulation in various physiological contexts has been a topic of interest for many 

researchers. The GLS gene, located on chromosome 2, is predominantly expressed in 

kidney, brain, small intestine, and at lower levels in at least 20 other tissues24 (Figure 

1.2). Through alternate splicing, GLS gives rise to the isoform KGA and its truncated 

C-terminal variant GAC. The difference in the C termini results in a higher specific 

activity for GAC, which might explain why it is more frequently overexpressed in 

aggressive cancers25,26. The GLS2 gene, from which the isoform LGA is derived, is 

located on chromosome 12 and is expressed mainly in the liver24. The role of LGA in 

cancer progression is highly tissue specific. GLS2 is a target for the tumor-suppressor 

p5314, and so LGA has been suggested to be a tumor suppressor in some contexts. In 

gastric cancers and lung adenocarcinoma, for example, LGA expression is reduced 

compared to healthy tissue, due in part to hypermethylation of the GLS2 promoter 

region27,28. However, LGA overexpression has also been found to correlate with a higher 

degree of malignancy in luminal-subtype breast cancer and liver cancer11,14. Similarly 

in cervical cancer, knocking down LGA sensitizes cervical cancer cells to ionizing 

radiation29. Research is ongoing to examine the differences between GLS and GLS2, 

and particularly for GLS2 to understand why it sometimes functions as a tumor 

suppressor, and in other contexts as a tumor promoter.        

The basis for the tissue distribution of the different isoforms of glutaminase is 

poorly understood. The preferential expression of specific isoforms, however, has been  
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Figure 1.2: The glutaminase family consists of three catalytically active isoforms that 

are alternatively spliced from two independent genes, GLS and GLS2. 
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Figure 1.3: Differential regulation of glutaminase isoforms. The different oncogenic 

factors and transcriptional factors involved in controlling the differential expression of 

specific isoforms of glutaminase in different types of cancer. 
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found to be critical for malignant growth in different contexts (Figure 1.3). Several types  

of cancer cells have mechanisms to select between the two GLS splice variants GAC 

and KGA. In prostate cancer, KGA is initially utilized as the driver for glutamine 

catabolism, causing the tumors to become susceptible to androgen deprivation therapy. 

However, the expression of KGA is reduced as androgen receptors are inhibited during 

hormone therapy, with glutamine metabolism ultimately being restored through the 

upregulation of GAC expression26. The switch to the GAC isoform, which has higher 

catalytic activity, results in increased glutaminolysis and hyperproliferation that are 

independent of the androgen receptors, thus allowing the development of therapeutic 

resistance for androgen deprivation therapy. In addition to the androgen receptor, the 

oncogenic transcription factor c-Myc was also found to correlate with the selective 

expression of GAC in this study, suggesting c-myc-dependent cancers might also 

preferentially promote the expression of GAC and be sensitive to glutamine inhibitors.  

The GAC:KGA ratio can also be controlled at the pre-transcriptional level by 

long non-coding RNA (CCAT2) and polyadenylation factors (CFIm25 and CFIm68)25. 

The long non-coding RNA CCAT2 has two alleles G and T. The G allele preferentially 

binds to CFIm25, and the complex can then associate with the poly(A) site within intron 

14 of the GLS pre-mRNA to selectively direct splicing towards generating the GAC 

transcript. The T allele of CCAT2 on the other hand binds with higher affinity to 

CFIm68 and selects for the production of the KGA transcript. In colorectal cancer, the 

G allele of CCAT2 is overexpressed25, and thus upregulates GAC expression to promote 

metastases and cell proliferation. However, GAC is not always the selected form of the 

enzyme to support malignant growth in aggressive cancers. Triple-negative breast 

cancer cells (MDA-MB-231) utilize both GAC and KGA16,30 and removal of either 

isoform is sufficient to reduce glutamine catabolism30.  

The choice between whether a cell expresses GLS or GLS2 also has important 
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consequences for cancer progression and the signaling processes involved31. For 

example, the glutaminase isoform expression is distinct for luminal versus basal breast 

cancer14. GLS2 is expressed in luminal-subtype breast cancer cell lines (MDA-MB-453, 

T-47D, BT-474, MCF7), and its expression is driven by the luminal-transcription factor 

GATA3. However, in basal-subtype breast cancers, such as the MDA-MD-231, TSE, 

Hs 578T, and HCC38 cell lines, the GLS2 promoter is methylated and therefore protein 

expression is suppressed. These cancer cells instead upregulate GLS expression by 

utilizing the c-Jun oncogenic transcription factor. The reverse was observed in liver 

tumors where GLS2 expression was increased upon knockout of GLS11. Interestingly, 

the same oncogenes can select for a specific GLS isoform in different cellular contexts. 

For example, c-Myc has been shown to select for the expression of GLS over GLS2 in 

B-cell lymphoma cancer cells by repressing the microRNAs miR-23a and miR-23b32. 

These microRNAs bind to the GLS gene, but not the GLS2 gene, and thus decrease GLS 

transcription. However, in active T cells33, c-Myc was correlated with GLS2, but not 

GLS, expression. Another transcription factor in the same family, N-Myc, directly 

increases the transcription level of GLS2 in MYCN-amplified neuroblastoma34. In 

addition, GLS2 transcript levels can also be protected from degradation, resulting in 

higher GLS2 expression compared to GLS. Investigation of esophageal squamous cell 

carcinoma reveals that the RNA methylating enzyme METTL3 enhances the stability 

of the GLS2 transcript in a YTHDF1/IGF2BP2-mediated m6A-dependent manner35.  

The localization of each glutaminase isoform might also provide insights into 

their preferential expression. Prediction algorithms, such as TPpred336 and TargetP 

2.037, when performed on KGA, GAC, and LGA have consistently predicted that all 

isoforms localize in the mitochondria. Specifically, when analyzing the full-length 

cytosolic precursors of the glutaminase isoforms, these servers predict that GAC and 

KGA share a cleavable mitochondrial localization signal peptide at the start of the N-
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terminus based on matching cleavage site motifs (i.e. cleavage after the initial 45 amino 

acids – TPpred3, and 72 amino acids – TargetP 2.0). LGA is also predicted to have an 

N-terminal signal peptide (cleavage after the initial 21 amino acids – TPpred3, and 40 

amino acids – TargetP 2.0). Predictions using the entire sequence (BAR 3.038 and 

ESLPred39) also show similar results. Interestingly, one experimental study provided 

evidence showing that GAC localizes to the mitochondria while KGA remains in the 

cytosol in MDA-MB-231 and SKBR3 breast cancer cells, PC3 and DU145 prostate 

tumor cells, and A549 lung cancer tumor cells, using cell fractionation approaches, 

Western blot analysis, and immunofluorescence40. Similarly, another study that 

examined LGA expression in HCC, GBM and neuroblastoma cells, and monkey COS-

7 cells using immunocytochemistry and subcellular fractionation also suggested that 

LGA can localize to the nucleus in addition to the mitochondria41. Therefore, 

experimental approaches identifying the localization of the various glutaminase 

isoforms for different contexts of cancer progression might be important in offering an 

alternative explanation for their differential regulation in various types of cancer cells.  

There are many other cases where oncogenic signals triggered by Rho-

GTPases16, K-Ras15,42, and c-Myc43,44 upregulate glutamine metabolism, but little is 

known about the specific glutaminase isoforms involved in these signaling pathways. 

These studies examined the effects of glutamine deprivation, tracked the fate of isotope-

labeled glutamine, or measured ammonia production (a by-product of glutamine 

hydrolysis by glutaminase). In addition, both GLS and GLS2 have been found to be 

associated with tumor suppression depending on the specific contexts being studied, 

suggesting the multifaceted roles played by the different glutaminase isoforms in cancer 

progression.  
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1.3 The mechanism of activation of glutaminase enzymes  

The glutaminase enzymes have several key features that relate to their activity. 

The N- and C-termini are poorly resolved in crystal structures to date, but are believed 

to contribute to the regulation of these enzymes, possibly by interacting with binding 

partners, or by facilitating the formation of large multimeric structures45. By 

comparison, in-depth structural data is available for the bifurcated catalytic domain, 

many features of which are well conserved among the glutaminase isoforms. 

Considering GLS and GLS2, sequence alignment with BLAST shows 88% similarity 

for the catalytic domains from Ile221 to Arg544 in GAC/KGA and Ile154 to Arg477 in 

LGA. Structure alignment of the catalytic domains of KGA (PDB: 3czd) and LGA 

(PDB: 4bqm) is shown in Figure 1.4A. Specifically, all three glutaminase isoforms are 

highly similar in their catalytic sites, with each containing a Ser-Lys-Tyr catalytic triad 

(Figure 1.4B). GAC, KGA, and LGA have all been found to self-associate to form 

dimers and tetramers in solution (Figure 1.5). The dimers are held together mainly by 

the salt bridges between Asp386 and Lys396. Important structural elements such as the 

‘activation loop’ (Gly315 to Glu325 in GAC/KGA and Gly248 to Glu258 in LGA)46 

and the ‘lid region’ (Tyr249 to Lys255 in GAC/KGA and Tyr182 to Lys188 in LGA)47  

have been implicated in regulating the activation of GAC and LGA, and as discussed 

below are also implicated in small-molecule inhibitory mechanisms. Despite the close 

similarity between the various isozymes, several small molecules have been found 

which can discriminate between GLS and GLS2, as discussed further below. 

The transition from dimers to tetramers increases the affinity of glutaminase 

enzymes for glutamine40,47,48, which correlates with increased catalytic activity. All 

three glutaminase isoforms exhibit maximal catalytic activity in the presence of the 

allosteric activator inorganic phosphate (Pi). The activation by phosphate46 differs 

markedly between GLS and GLS2, as shown in Table 1.1. The efficient catalytic  
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Figure 1.4: GLS and GLS2 share highly conserved active sites. (A) Alignment of 

the catalytic domains of KGA (green, PDB: 3czd) and LGA (cyan, PDB: 4bqm). The 

few differences are highlighted in magenta. (B) A closer look at the substrate-binding 

pocket, with the catalytically active residues shown as sticks. 
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Figure 1.5: The typical tetrameric assembly of glutaminase. Glutaminase monomers 

assemble into dimers and tetramers, with the crystallographic assembly shown. Different 

important structural units are highlighted in different colors.  
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turnover of GAC26 is thought to be a driving force for the preferred expression of this 

isoform by many cancer cells, and thus its mechanism of activation has been extensively  

studied. Phosphate drives the formation of GAC tetramers in vitro40, and the formation 

of an active tetramer is essential for maximal catalytic activity49,50. The tetramer is 

generally thought to be the biologically meaningful glutaminase multimer, but addition 

of large amounts of phosphate can lead to even higher-order structures40,45. It remains 

unclear however why phosphate induces the formation of these higher-order oligomers 

of GAC in solution, and how this impacts enzyme activation45,51. Enhanced catalytic 

activity can also be achieved by mutating Lys320 in the activation loop of GAC to Ala, 

which yields a constitutively active enzyme with activity matching that of GAC (wt) in 

the presence of phosphate, and also results in oligomer formation50. In contrast, KGA 

and LGA do not show the same capability for forming higher order oligomers45. In fact, 

LGA only forms tetramers in the presence of phosphate47.  

Table 1.1: GAC, KGA, and GAC show distinct in enzymatic activity profiles in the 

presence of phosphate. Table adapted from DeLaBarre et. al.46 with EC50 
 = Ka. 

Isoform EC50 for Pi 

(mM) 

kcat (s-1) KM for Gln 

(mM) 

Cooperativity 

GAC 80 ± 8 22 ± 2 1.4 ± 0.4 Michaelis-Menten kinetics 

KGA 76 ± 7 10 ± 1 1.9 ± 0.4 Michaelis-Menten kinetics 

LGA 8 ± 1 2.5 ± 0.3 4.0 ± 0.2 Positive cooperativity 

As an interesting contrast, at higher enzyme concentrations, LGA shows positive 

cooperativity for glutamine catalysis while both GAC and KGA show classical 

Michaelis-Menten kinetics47. The positive cooperativity indicates that LGA binds 

glutamine at reduced affinity at low concentrations of substrate, only to undergo a 

switch to a higher affinity state that is driven by an increase in substrate concentration, 

resulting in a lower overall KM (Table 1.1). The different responses to substrate binding 
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and catalysis might account for the differences in the mechanism of activation for these 

isoforms, offering a basis for the preferential expression of each isoform in varying 

contexts. As a result, it may be possible that new competitive inhibitors can be 

developed to better compete with glutamine in targeting LGA, given the isoform’s 

reduced affinity for the substrate at low concentration. Further mechanistic investigation 

of substrate binding in LGA can provide a potential avenue for the development of 

effective competitive inhibitors in LGA.  

Glutaminase can also be activated by several other bivalent anions such as 

sulfate49, though to a lesser extent. Isolation of intact mitochondria also shows an 

enhanced rate of glutamine hydrolysis in the presence of ADP, ATP, citrate, and 

tricarboxylic acid52,53; however, these effects have not been investigated with 

recombinant enzymes.  

 

1.4 The mechanism of glutaminase inhibition  

1.4.1 Competitive inhibition by glutamine analogs 

Efforts targeting glutaminase enzymes, mainly GAC and KGA, have found 

success using both substrate mimetics and small-molecule allosteric inhibitors54,5554,55. 

Glutamine analogs share structural similarities with the substrate but typically contain 

other functional groups in place of the amide moiety. 6-diazo-5-oxo-L-norleucine 

(DON), its prodrugs JHU-083 and DRP-104, azaserine, chloroketone, acivicin, and their 

derivatives function as competitive inhibitors versus the substrate, either through an 

irreversible or reversible binding mechanism55 (Figure 1.6A). Among these compounds, 

DON exhibits the lowest IC50 value with the recombinant glutaminase enzymes 

compared to the other analogs56, and thus has been the focal point for optimization. The 

hydrolysis of glutamine catalyzed by GAC/KGA involves a nucleophilic attack on the 

acyl carbon by Ser286 in the enzyme active site, and subsequent proton transfer from  
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Figure 1.6: Glutamine analogs and their conserved mechanism of action at the 

glutamine-binding site (A) Structures of various glutamine analogs have shown 

inhibition of glutaminase activity (B) Alignment of the active sites of γ-

Glutamyltranspeptidase when bound to different glutamine mimetics show highly 

similar interactions between the analogs and the catalytically active residues. From left 

to right is the structure of Bacillus licheniformis γ-Glutamyltranspeptidase with DON 

(green, PDB: 5Y9B), Escherichia coli γ-Glutamyltranspeptidase with azaserine (cyan, 

PDB: 5Z8I), Escherichia coli γ-Glutamyltranspeptidase with acivicin (magenta, PDB: 

2Z8K). 
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Tyr466 facilitates the deamidation/hydrolysis reaction. The same nucleophilic attack 

occurs at the acyl carbon in DON, but without subsequent hydrolysis. Instead, the diazo 

group is released as Ser286 forms a covalent bond with the remainder of the small 

molecule, locking in the suicide inhibition. Co-crystallization with the enzyme (PDB: 

4O7D) shows that this glutamine mimetic binds in a highly specific manner to the active 

site, making hydrogen bonds with Tyr249, Gln285, Ser286, Asn335, Glu381, Asn388, 

Tyr414, Tyr466 and Val48456. Aside from DON, there have not been any direct 

structural characterizations for glutaminase and other glutamine mimetics. However, a 

closely related enzyme, γ-Glutamyltranspeptidase, which also catalyzes glutamine 

hydrolysis, has been crystallized with DON57, azaserine58, and acivin58 in three 

independent structures (PDB: 5Y9B, 2Z8I, and 2Z8K respectively). The similarities in 

these structures suggest that the glutamine mimetics are all binding to γ-

Glutamyltranspeptidase in a similar manner (Figure 1.6B), and presumably the same 

would be true for GLS. Unfortunately, these structures also demonstrate how glutamine 

analogs have significant off-target effects. Beyond GLS and γ-Glutamyltranspeptidase, 

glutamine mimetics inhibit many other enzymes that hydrolyze glutamine59, including 

but not limited to asparagine synthetase, CTP synthetase, NAD+ synthetase, and 

carbamyl phosphate synthetase. 

Despite its anti-tumor effects, DON showed high levels of gastrointestinal 

toxicity and was removed from clinical trials after phase II as patients experienced 

severe nausea and vomiting. For this reason, efforts have been made to create prodrugs 

based on DON that might bypass the gastrointestinal tract by adding protecting groups 

on both the amine and carboxylate functional groups60. With this strategy, the prodrugs 

showed increased stability in human plasma, swine liver and intestinal homogenates. 

These compounds also showed improved human tumor cell-to-plasma partitioning and 

are better directed to the central nervous system. The compound DRP-104, currently in 
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a clinical trial, has shown promising results with lower toxicity compared to DON, and 

sustained glutaminase inhibition in MYC-driven medulloblastoma61. 

The ability to specifically inhibit the glutaminase enzymes greatly advanced 

upon the development of small-molecule allosteric inhibitors for GAC/KGA. These 

compounds are also more potent than the glutamine analogs, and mainly target two 

distinct allosteric sites on the enzyme: the dimer-dimer interface and the monomer-

monomer interface. Kinetics studies thus far suggest that the allosteric inhibitors of 

glutaminase are either uncompetitive or noncompetitive17,19. 

1.4.2 Inhibition by allosteric inhibitors 

BPTES class. The first class of inhibitors are all derived from the initial hit 

compound bis-2-(5-phenylacetamido-1,3,4-thiadiazol-2-yl) ethyl sulfide (BPTES) 

(Figure 1.7A). Among these is CB-839, which was optimized for better potency, and is 

currently the lead compound for this class, being in phase II clinical trials (Table 1.2). 

A second BPTES derivative, IPN6009062, has also entered clinical trials, but is 

considerably less well studied.  

 

 Table 1.2: Current clinical trials with CB-839 

 

Indication Trial No. (NCT___) Phase Status 

NF1 positive tumors & 

nerve sheath tumors 

03872427 2 Active  

Hematological tumors 02071888 1 & 2 Completed 

Healthy patients 

(PK/formulation study) 

02944435 1 Completed 

Leukemia 02071927 1 Completed 

Solid tumors, 

multiple indications 

02071862 1 Completed 
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Figure 1.7: Structures of the small-molecule allosteric inhibitors that target 

glutaminase enzymes. (A) Structures of representative compounds from the BPTES 

class that specifically target GLS1 (B) Structures of other allosteric inhibitors that can 

target GLS1 and GLS2 
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Despite being the lead compound in clinical trials, CB-839 shows higher 

calculated logP (a measure of lipophilicity) and lower lipophilic efficiency (LipE, a 

measure of inhibitory potency relative to lipophilicity, and often used as a predictor of 

long-term clinical success) than BPTES63, and also requires as-yet unexplained long 

pre-incubation times to achieve maximum potency17. Thus, other derivatives are being 

developed to improve the pharmacokinetics of the compounds in this class, including 

for example the UPGL series of allosteric inhibitors or IPN6009062, which substitute a 

heterocyclic ring in place of the flexible core of BPTES or CB-839 in order to constrain 

the conformational space of the molecules and reduce the entropic penalty for binding, 

while simultaneously improving metabolic stability and increasing LipE64.  

The BPTES class of compounds are highly selective for GLS46. The difference 

in potency seems to be dictated by the activation loops of GAC/KGA and LGA. 

Extensive structural characterizations using X-ray crystallography have been carried out 

for compounds in this class. It has been found that these compounds occupy the space 

between two adjacent activation loops of GAC and KGA, which span from residues 

Gly315 to Glu325. Important hydrogen bonds that stabilize the enzyme-drug 

interactions involve the backbones of Leu323, Phe322, and Tyr394. By binding near the 

dimer-dimer interface of the glutaminase tetramers, these compounds can stabilize an 

inactive tetrameric conformation of the enzyme49. However, despite the knowledge of 

this general mechanism, traditional cryo-cooled X-ray crystallography has not been able 

to explain the differences in potency amongst the compounds in the BPTES class.  

The development of fluorescence spectroscopic read-outs for the binding of 

inhibitor molecules to the glutaminase enzymes has contributed significantly to our 

understanding of their mechanisms of action. For example, the substitution of a 

tryptophan residue for Phe327 at the activation loop showed that the BPTES-class of 

compounds compete with inorganic phosphate in modulating the activation loop 
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conformation49. This tryptophan mutant, together with another tryptophan substitution 

for Tyr466 in the active site of GAC, has provided valuable tools for assaying the 

binding affinities of different compounds in this class of inhibitors49,65.  

Benzophenanthridinone class. Another group of allosteric inhibitors is 

comprised of molecules derived from benzophenanthridinone, with the lead compound 

being 968 (Fig. 1.6B). This compound was first used to show the importance of GAC 

activity for oncogenic transformation in cell culture, as well as for the growth and 

survival of cancer cell lines and tumor growth in mice16, and it has since been shown to 

exhibit a slight selectivity (<= 2 fold) for inhibiting LGA, compared to GAC14. 968 and 

its optimized analogs all contain a ‘hotspot ring’ (generally an o-bromo, N-methyl-

amino-phenyl moiety or a structurally similar group). This so-called hotspot ring was 

used to precipitate its target, GAC, from oncogenic transformed NIH 3T3 cell lysates16. 

Using GAC molecules labeled with fluorescent reporter groups, it was shown by FRET 

that 968 uses an inhibition mechanism distinct from that of BPTES. Specifically, 968 

does not interfere with the dimer-dimer interaction within the glutaminase tetramers. 

Instead, it was reported to preferentially bind to the monomeric form of GAC, with the 

requirement that it associates with the enzyme prior to the binding of activators, as it 

engages and stabilizes an inactive state. 968 is also able to inhibit the catalytic activity 

of the LGA isoform though the mechanism of inhibition has not been characterized in 

detail as with GAC14.  

Structure-activity relationship studies were carried out for the 

benzophenanthridinone class of inhibitors. A docking study suggested that 968 binds in 

a hydrophobic pocket between the monomer-monomer interface of GAC, at the junction 

where the N- and C- termini meet the catalytic domain19. This binding position was 

supported by site-directed mutagenesis that caused a corresponding reduction in the 

potency of 968, but has not been unambiguously verified e.g. by X-ray crystallographic 
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structural determinations, as the low solubility of this compound and its preference for 

binding to the enzyme monomer (which exists only at relatively low protein 

concentrations) has hindered crystallization efforts. Other structural approaches have 

been complicated by the intrinsic absorbance of 968, which shares the same wavelength 

as tryptophan, rendering biophysical studies similar to those conducted on the BPTES-

class compounds challenging. In addition, as the binding affinities of these compounds 

are reduced with increasing enzyme concentration, characterization methods which 

require high protein concentrations, such as isothermal titration calorimetry, or surface 

plasmon resonance, are not ideal for studying this class of glutaminase inhibitors. A 

newer technique, microscale thermophoresis, might offer an alternative as it requires 

less protein for measurement66, but to the best of our knowledge no such study has yet 

been attempted.  

Other classes of allosteric inhibitors. There are several additional lead 

compounds from other classes of inhibitors that target glutaminase enzymes, many of 

which were identified through high-throughput screens (Fig. 1.6B). Thiazolidine-2,4-

dione derivatives67 possess unique structures from the previous classes of molecules, 

and can inhibit both GLS and GLS2. Molecular modeling and site-directed mutagenesis 

studies with KGA suggest that these compounds occupy the active sites of the 

glutaminase enzymes, likely engaging in a hydrophobic interaction with Arg387, and 

thus might explain the low selectivity towards the different enzyme isoforms. A recent 

effort to create high throughput assays for glutaminase inhibitors using a fluorescence 

enzyme-coupled read-out identified novel scaffolds with 2-sulfonylpyrimidine/2-

thiopyrimidine derivatives for inhibitor design68. These scaffolds were found to engage 

in noncompetitive inhibition versus substrate and to bind and stabilize GAC in a 

tetrameric state. Structural modeling suggested that the lead compound C9 might bind 

to the activation loops of GAC similarly to BPTES. However, while BPTES decreases 
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polydispersity of the enzyme upon binding (i.e. caused the enzyme to reduce 

aggregation), C9 did not exhibit such an effect. Natural-product inhibitors have also 

been identified, including physapubescin66 and brachyantheraoside A869. Interestingly, 

physapubescin shares structural similarity with the benzophenathridinone class of 

inhibitors, displaying even lower IC50. However, the interactions of these compounds 

with the glutaminase enzymes have not been well characterized. Further structural 

characterizations and structure-activity relationship studies across different classes of 

compounds might provide new insights into their mechanism of inhibition.  

In addition, since the role of LGA in cancer progression has not gained 

significant attention until recently, inhibitor development specific for this isoform also 

warrants additional efforts. Currently, no other molecule besides AV-170, a natural alkyl 

benzoquinone, can selectively inhibit LGA over GAC/KGA (almost 10-fold selectivity 

against LGA, IC50 being 0.28 μM versus IC50 being 2.1 μM for KGA). Molecular 

docking also suggested that this compound binds at a distinct site from DON, BPTES, 

or 968, but as is the case for most of these allosteric compounds, a definitive binding 

site has yet to be identified by structural approaches.  

 

1.5 Overview of thesis research 

Given the important role of glutaminases in cancer progression, and the 

increasing evidence that targeting glutaminase activity can block the growth and 

survival of cancer cells, either alone or when combined with cancer therapeutics, my 

thesis research aimed to better understand the molecular mechanisms underlying the 

activation and inhibition of this class of enzymes. This information has the potential to 

provide new insights into how this enzyme is regulated and potentially can be used to 

develop new inhibitors.   

The first question I set out to investigate is how the GAC isoform becomes 
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activated in cancer cells. Even though it has been shown that inorganic phosphate 

activates glutaminases in vitro, how this activation occurs, and whether it is 

physiologically relevant is still unknown. Focusing on GAC, which is the most 

frequently upregulated isoform in aggressive forms of glioblastoma, breast cancer, 

pancreatic cancer, I present here a novel mechanism through which inorganic phosphate 

regulates the activation of the enzyme. This was done using a combination of 

biophysical characterization approaches.  

The second part of my thesis uncovers the mechanistic basis behind the 

inhibition of GAC activity by the BPTES-class of inhibitors. Since the discovery of this 

class of inhibitors, the factors that determine the differences in potency between 

compounds in this class have been unknown, hindering more rational inhibitor design. 

Our lab has been designing the UPGL-class of compounds, which share the thiadiazole 

motifs with BPTES and possess improved pharmacokinetics properties. Utilizing an 

emerging technique – serial room temperature crystallography, I describe how these 

inhibitors bind to GAC, which explains the difference in potency between UPGL00004 

and BPTES, providing a framework for future design of GLS inhibitors.   

 

1.6 Author contributions 

  This chapter is adapted from a review that is currently under review the journal 

Future Drug Discovery. Nguyen, T.-T. T., Katt, W. P., Cerione R. A. Alone and 

together: current approaches to targeting glutaminase enzymes as part of anti-cancer 

therapies. The author of this thesis was responsible for conception of the review and 

prioritization of topics for consideration. All authors helped to write, edit, and finalize 

the manuscript.  
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CHAPTER 2 

 

HIGH-RESOLUTION STRUCTURES OF MITOCHONDRIAL GLUTAMINASE C 

TETRAMERS INDICATE CONFORMATIONAL CHANGES UPON PHOSPHATE 

BINDING† 

 

2.1 Introduction 

In humans, two genes encode the glutaminase enzymes, designated as GLS 

(kidney-type) and GLS2 (liver-type), which are expressed in a wide range of tissues 

under different conditions. A number of cancer cells are known to preferentially 

upregulate the activity and expression of GLS1,2, whereas others appear to specifically 

express and to be dependent upon GLS23,4. GLS encodes for the expression of two active 

isoforms, KGA (the full-length isoform) and GAC (a carboxyl-terminal splice variant). 

Among the different glutaminase isoforms, the GAC isoform is highly active and has 

frequently been found to promote tumorigenesis in response to upstream oncogenic 

signals5–7. This has led to GAC being extensively examined as a therapeutic target for 

cancer treatments, and in fact, an allosteric inhibitor of its enzymatic activity, CB-839, 

is in clinical trials8 (also see section 1.4 in this dissertation). Additional small molecules 

targeting GAC are also being developed as potential anti-cancer drugs9. Therefore, 

gaining further insights into the mechanistic basis by which this enzyme is activated 

should benefit the development of new therapeutic strategies.  

GAC exists predominantly as either dimers or tetramers in solution, with the 

tetrameric form of the enzyme being essential for catalytic activty10. The enzyme has 

 
† This chapter is adapted from an article originally published in the Journal of Biological Chemistry. 

Nguyen, T.-T. T., Ramachandran, S., Hill, M. J., Cerione, R. A. High-resolution structures of 

mitochondrial glutaminase C tetramers indicate conformational changes upon phosphate binding. J. Biol. 

Chem. 298 (2), 101564 (2022). 
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been shown to be activated by multiple anionic activators11, of which inorganic 

phosphate induces tetramer formation and gives rise to maximal specific activity. 

However, the underlying mechanism by which anionic activators markedly increase 

GAC activity is still not completely understood. Thus, we set out to address this 

important question using a combination of tryptophan fluorescence spectroscopy, X-ray 

crystallography, and biochemical assays. 

Tryptophan residues are the amino acids with the highest molar extinction 

coefficient and tryptophan fluorescence is highly sensitive to changes in its immediate 

surrounding environment. Intrinsic tryptophan fluorescence of proteins and their intact 

mutants therefore can provide sensitive readouts to monitor the conformational changes 

of the tryptophan and neighboring residues upon their interactions with ligands12–14. 

Previously we have successfully taken advantage of a phenylalanine residue (Phe322) 

in the activation loop of GAC, mutated it into a tryptophan, and showed that the intrinsic 

fluorescence emission from this mutant provides a readout for binding to the activator 

and the inhibitor15. Similarly, in this study, we mutate Tyr466 in the active site into a 

tryptophan to probe glutamine binding affinity to GAC in the presence and absence of 

inorganic phosphate.  

This chapter demonstrates our findings that help elucidate a novel mechanism 

through which inorganic phosphate activates GAC. Specifically, in the absence of 

inorganic phosphate, GAC adopts an asymmetric arrangement between the two dimers 

that comprise the tetrameric enzyme, with substrate binding being highly cooperative 

and with the enzyme showing only weak catalytic activity. Upon the addition of the 

activator phosphate, a conformational transition occurs that results in a symmetrical 

arrangement of the four subunits comprising the GAC tetramer, such that glutamine 

binds independently and with high affinity at each substrate site, enabling all four 

subunits to simultaneously undergo hydrolysis at maximal rates of catalytic turnover. 
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Overall, these findings provide new mechanistic insights into the regulation of this key 

enzyme in cancer cell metabolism by its anionic activators.  

 

2.2 Results 

2.2.1 Substrate binding to GAC reveals communication across its subunits 

In order to monitor substrate (glutamine) binding to GAC without the 

complications of its conversion to product (glutamate) due to enzyme catalysis, we 

generated a recombinant human GAC mutant in which the active site residue Tyr466 

was changed to tryptophan. The GAC (Y466W) mutant is unable to catalyze the 

hydrolysis of glutamine to glutamate; however, the fluorescence of Trp466 is quenched 

specifically upon the binding of substrate (glutamine) but not the product (glutamate),16 

thereby providing a direct read-out for the interactions of glutamine with the enzyme.  

The activation of GAC has been shown to require its transition from an inactive 

dimer to an active tetramer10,17–20. Higher concentrations of GAC (i.e. [GAC] ≥ 400 nM) 

favor the formation of tetramers21, whereas the enzyme exists predominantly in its 

dimeric state at lower concentrations, with the KD value for tetramer formation being 

~160 nM22. We therefore examined the binding profiles for glutamine over a range of 

enzyme concentrations, (i.e. from 100 nM to 800 nM). For each concentration of GAC 

(Y466W), we measured real-time fluorescence traces prior to and after the addition of 

increasing amounts of glutamine (Figure 2.1A). The equilibrium fluorescence (Ff) 

measured at each concentration of glutamine was normalized against the intrinsic 

fluorescence of the GAC (Y466W) mutant (Fo) and plotted as a function of the substrate 

concentration (Figure 2.1B). The data were then fit to the Hill equation (see 

‘Experimental Procedures’, equation 1). At GAC concentrations greater than 200 nM 

(i.e. above the KD value for tetramer formation), the substrate binding profiles exhibited 

positive cooperativity with Hill coefficients ranging between 1.8 to 2.8. However, at the  
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Figure 2.1: Glutamine binding to GAC (Y466W) shows increasing positive 

cooperativity as the concentration of enzyme increases. (A) The fluorescence 

emission (λex = 285 nm, λem = 340 nm) of 800 nM GAC (Y466W) was monitored in 

real-time. At the indicated time (30 s, arrow), glutamine was added to the indicated final 

concentrations, resulting in a quench in fluorescence. The signal was normalized to the 

initial fluorescence value (F0). (B) Equilibrium fluorescence from panel A for different 

concentrations of GAC (Y466W) were plotted as a function of glutamine concentration. 

A non-linear least square fit of the data at each concentration to Equation 1 (solid lines) 

yielded the Hill coefficients (h) as listed in the figure (± S.E. of the fit). The data points 

are representative of three independent experiments. 
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lowest GAC concentration examined (100 nM), a single class of glutamine binding sites 

was observed with a Hill coefficient of 1.0. The titration curve in this case can be fitted 

to equation 1 to yield a single KD value of 16.0 ± 4.5 mM using equation 3.  

2.2.2. The anionic activator inorganic phosphate synchronizes glutamine binding 

events at each of the four subunits of GAC 

The binding of the allosteric anionic activator, inorganic phosphate, to GAC has 

been shown to promote its transition from an inactive dimer to an activated tetramer10,17–

20. Thus, we were interested in seeing how inorganic phosphate influenced the binding 

profiles for substrate. As shown in  

A, the binding of glutamine to 800 nM GAC (Y466W) in the absence of 

inorganic phosphate again yielded a profile indicative of positive cooperativity with a 

Hill coefficient of 2.8 ± 0.1. However, when glutamine binding was examined in the 

presence of 100 mM inorganic phosphate, a concentration of the anionic activator that 

maximally activates GAC, the substrate binding profile was shifted to lower glutamine 

concentrations, indicative of an increase in the affinity of the substrate for the enzyme. 

Moreover, in the presence of phosphate, the glutamine binding profile showed no 

sigmoidal behavior indicative of positive cooperativity, and instead yielded a Hill 

coefficient of 1.4 ± 0.1. 

The presence of inorganic phosphate induces all four GAC subunits to adopt a 

single class of high-affinity binding sites for glutamine. The titration curve in the 

presence of phosphate (magenta trace,  

A) in this case can be fitted to equation 3 yielding an apparent KD value of 0.5 ± 

0.1 mM. In contrast, in the absence of inorganic phosphate, the Hill coefficients larger 

than 1 (seen previously in Figure 2.1) suggest the existence of multiple conformations 

of the enzyme with varying affinity for the substrate. We have now modeled this 

sigmoidal behavior with the Monod-Wyman-Changeux model23 (or the symmetry  
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Figure 2.2: The interactions of the anionic activator inorganic phosphate and 

glutamine with GAC. (A) The equilibrium fluorescence (λex = 285 nm, λem = 340 nm) 

for 800 nM of GAC (Y466W) was monitored in real-time, and different glutamine 

concentrations were added at 30 seconds. The equilibrium fluorescence in the presence 

and absence of 100 mM K2HPO4 (inorganic phosphate) was normalized with the initial 

fluorescence and plotted as a function of glutamine concentration in magenta and black, 

respectively. A non-linear least square fit of the data in each case to Equation 1 (solid 

lines) yielded the Hill coefficients (h) of h = 1.4 ± 0.1 in the presence of phosphate and 

h = 2.8 ± 0.1 in the absence of phosphate. Each data point shown is the mean ± S.E. 

from 3 independent experiment. (B) Data points from the independent experiments from 

(A) in the absence of phosphate were averaged at each glutamine concentration and fit 

to Equation 2 (solid line) using specified values of L and c (see Methods, section 2.4.4) 

to yield KR value of 0.3 ± 0.1 mM. (C) The equilibrium fluorescence (λex = 285 nm, λem 

= 340 nm) from real-time fluorescence emission for 800 nM of GAC (K320A, Y466W) 

in the absence of phosphate, was normalized with the initial fluoresence and plotted as 

a function of glutamine concentration. A non-linear least square fit (solid black line) of 

the data in each case to Equation 1, fixing the Hill coefficient h = 1, was shown. (C) and 

(D) In the presence of different concentrations of inorganic phosphate (0 to 100 mM 

K2HPO4), the equilibrium fluorescence (λex = 285 nm, λem = 340 nm) was monitored in 

real-time, and glutamine was added at 30 seconds to the indicated concentrations of 20 

mM (C) and 5 mM (D). The equilibrium fluorescence emission for each concentration 

of phosphate was normalized to the initial fluorescence of the enzyme and plotted as a 

function of phosphate concentration. A non-linear least square fit (solid black line) of 

the data in each case to Equation 3 yield KD values of 8.5 ± 1.9 mM and 87.0 ± 17.8 

mM for A and B respectively. Each data point shown is the mean ± S.E. from 3 

independent experiments. 
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model), which assumes that there are two different conformations of the enzyme: the T 

state which binds glutamine weakly, and the R state which binds glutamine with higher 

affinity. For example, in the case of 800 nM GAC (Y466W), the sigmoidal titration 

curve that gives a Hill coefficient of 2.8 (black trace, Figure 2.2A) was modeled with 

equation 2 as seen in Figure 2.2B, yielding two different dissociation constants: KR = 

0.3 ± 0.1 mM and KT = 21 ± 0.1 mM.  These two constants suggest that glutamine 

initially binds to GAC with low affinity, similar to the apparent KD value (16.0 ± 4.5 

mM) previously determined for the binding of glutamine to 100 nM GAC (Y466W), 

i.e., when the enzyme exists predominantly as a dimer. This initial binding of glutamine 

causes conformational changes within GAC such that subsequent substrate binding 

occurs with a higher affinity similar to what we observe when substrate binding is 

measured in the presence of the allosteric activator inorganic phosphate. 

We and others have previously shown that changing the lysine residue at 

position 320 within the activation loop of GAC to alanine yielded an enzyme that was 

constitutively active10,24, with its catalytic activity matching that measured when the 

wild-type enzyme was activated by inorganic phosphate. We therefore generated a 

double mutant GAC (K320A, Y466W) and examined glutamine binding by monitoring 

changes in Trp466 emission. The glutamine binding profile obtained with the GAC 

(K320A, Y466W) double mutant mirrored what we observed when assaying substrate 

binding in the presence of inorganic phosphate (Figure 2.2C). Specifically, glutamine 

bound to a single class of high affinity sites on the GAC (K320A, Y466W) double 

mutant, again with no detectable cooperativity.  

We then examined whether glutamine can exert a reciprocal effect and increase 

the affinity of phosphate for the enzyme. The same fluorescence read-out was used to 

monitor glutamine-induced changes in Trp466 fluorescence; however, lower enzyme 
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concentrations were examined to ensure fewer GAC tetramers were present at the outset 

of the assay, in order to better observe GAC tetramer formation induced by the binding 

of phosphate and/or glutamine. These assays were performed at two different glutamine 

concentrations which represented saturating (20 mM) and non-saturating (5 mM) doses 

of the substrate. In the presence of saturating (20 mM) glutamine, we measured an 

apparent KD value of 8.5 ± 1.9 mM for inorganic phosphate (Figure 2.2D), compared to 

a value of 87.0 ± 17.8 mM when the assays were performed under conditions of sub-

saturating levels of substrate (i.e. 5 mM glutamine) (Figure 2.2E). These studies indicate 

that the presence of glutamine in the active sites increases the affinity of the enzyme for 

phosphate, establishing the reciprocal communication between the binding of the 

anionic activator and substrate.  

2.2.3 X-ray structure of glutamine bound to GAC (Y466W) in the absence of an 

anionic activator 

To better understand the structural basis of glutamine binding to GAC, we 

determined a 2.8 Å resolution X-ray crystal structure for the GAC (Y466W)-substrate 

complex (see Table 2.1 for the crystallographic parameters). Four GAC monomers were 

observed in the asymmetric unit, with electron density for glutamine being present in 

each enzyme subunit making up the tetramer (Figure 2.3A). In the X-ray crystal 

structures21,25,26 determined thus far for GAC bound to either the product of the catalytic 

reaction, glutamate, or the glutamine analog DON, most of the key catalytic residues, 

including Ser286, Tyr466, Lys289, and Tyr414, appear to be essentially in the same 

positions as observed in the structure for the apo enzyme. The same is true for the crystal 

structure that we determined for the GAC (Y466W) mutant bound to glutamine. Figure 

2.3B shows the electron density calculated with the 2Fo-Fc map at the contour level of 

0.7 rmsd for glutamine and the side chains engaging in hydrogen bond interactions with 

the substrate, together with the catalytically active residues. However, one structural  
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Table 2.1: X-ray crystal data collection and refinement statistics. Values in 

parentheses are for highest-resolution shell. 

 Human glutaminase C 

(Y466W) with L-Gln        

without phosphate 

(PDB: 7SBM) 

Human glutaminase C 

(Y466W) with L-Gln 

plus phosphate 

(PDB: 7SBN) 

Data collection   

Space group P212121 P1211 

Cell dimensions     

    a, b, c (Å) 98.8, 139.1, 177.4 51.1, 140.1, 177.2 

    α, β, γ ()  90, 90, 90 90, 95.4, 90 

Resolution (Å) 2.8 2.1 

Completeness (%) 99.40 (98.52) 98.46 (88.80) 

Redundancy 6.3 (6.3) 3.3 (2.8) 

   

Refinement   

Resolution (Å) 37.9 - 2.8 47.8 - 2.1 

No. reflections 60,927 (5,953) 133,794 (12,085) 

Rwork / Rfree 0.1993 / 0.2435 0.1879 / 0.2301 

Avg B-factors (Å2) 38.04 40.33 

R.m.s. deviations   

    Bond lengths (Å) 0.010 0.007 

    Bond angles () 1.38 0.87 
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Figure 2.3: Structure of the GAC (Y466W) tetramer, with glutamine bound to all 

four subunits. (A) Glutamine binding sites in the GAC (Y466W) tetramer are shown. 

(B) The electron density for glutamine and the side chains engaging in hydrogen 

bonding with the substrate, together with the catalytically active residues. The electron 

density shown was calculated with the 2Fo-Fc map at the contour level of 0.7 rmsd, 

which had been cross-verified with the overlapping green density of the Fo-Fc map at 

the contour level of 2.0 rmsd. 
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element of GAC that we suspected to be more dynamic during the catalytic reaction is 

the region that serves as a ‘lid’ to cover the active site pocket.  

The lid is made-up of the “YIP” motif, which consists of Tyr249, Ile250, and 

Pro251 and is highly conserved in glutaminase enzymes across many species10. In 

analyzing the crystal structure for the glutamine-bound GAC (Y466W) tetrameric 

complex, we found that each GAC dimer within the tetramer shows Tyr249 in a 

different conformation, resulting in the lid adopting two distinct states (Figure 2.4). 

Within one of the GAC dimers, Tyr249 in chains A and D form a hydrogen bond with 

Glu381 (with a measured distance of 2.5 Å), such that the lid completely covers the 

active site (Figure 2.4, top dimer). This is referred to as the ‘closed’ lid conformation of 

GAC and presumably represents a high affinity state for substrate binding as glutamine 

would effectively be ‘locked’ into its binding site. Closing the lid through hydrogen 

bonding between Tyr249 and Glu381 is critical both for high affinity glutamine binding 

at the active site and for enzymatic catalysis to occur. In the adjacent GAC dimer 

comprising the tetrameric enzyme (i.e. chains B and chain C), this hydrogen bond is 

broken and Tyr249 moves away from Glu381 in each of the two subunits (with 

measured distances of 6.1 Å and 5.9 Å) (Figure 2.4, bottom dimer). Instead, the phenyl 

ring in Tyr249 appears to engage in a hydrophobic interaction with the alkyl chain of 

Val484. Therefore, we refer to this as the ‘open’ lid conformation of GAC.  

Because glutamine can enter and leave the active site freely when the lids 

assume an open conformation, this should represent a lower affinity substrate binding 

state as the rate of substrate dissociation from the enzyme would be significantly 

increased and the rate of association would be decreased compared to when the lids are 

closed. We tested this idea by examining the GAC (Y249F) mutant, since by changing 

the tyrosine to phenylalanine, the hydrogen bond interaction between Tyr249 and 

Glu381 is weakened, allowing the lids to rapidly switch between their open and closed  
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Figure 2.4: Two distinct conformations of the ‘lid’, Tyr249, are observed in each 

dimer of GAC (Y466W) in the presence of glutamine: The GAC (Y466W) tetramer 

(made up of 4 chains) is shown, with the blue dashed line showing the dimer-dimer 

interface. The dimer at the top (chain A, D) shows the ‘closed’ conformation: Tyr249 is 

forming hydrogen bonds with Glu381 (measured distance of 2.5 Å). The dimer at the 

bottom (chain B, C) shows Tyr249 moving away from Glu381 (measured distance of 

6.1 and 5.9 Å). The hydrophobic residue Val484 is also shown to be in close proximity 

with Tyr249 in chain B and C. 
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conformations. Indeed, we observed that in the absence of inorganic phosphate, 

glutamine has a significantly weaker affinity for the GAC (Y249F, Y466W) double 

mutant compared to the GAC (466W) mutant (Figure S2.1, see section 2.6). In the 

presence of phosphate, the dose response for glutamine is still shifted to much lower 

concentrations; however, interestingly, positive cooperativity for substrate binding was 

observed, unlike the case for the wild-type enzyme. Thus, the Y249F mutation, which 

allows the lids to transition more easily between their closed and open states, apparently 

makes it more difficult for phosphate to synchronize substrate binding to each of the 

subunits comprising the GAC tetramer.  

2.2.4 X-ray structure of glutamine bound to GAC (Y466W) in the presence of 

inorganic phosphate 

To investigate how the presence of inorganic phosphate influences the lids and 

affects glutamine binding to GAC, we determined a 2.1 Å resolution crystal structure 

for GAC (Y466W) bound to glutamine in the presence of H2PO42- (see Table 2.1 for 

the crystallographic parameters). The structure shows that there are four GAC 

monomers in the asymmetric unit, with electron density for glutamine being present in 

all four active sites. Inorganic phosphate appears to induce a symmetrical arrangement 

of the GAC tetramer, such that all four subunits bind glutamine with high affinity and 

closed lids, as evident by Tyr249 engaging in hydrogen bonding with Glu381 (Figure 

S2.2). Moreover, the density for the entire YIP motif and the neighboring residues are 

well resolved in this structure (Figure 2.5A), unlike in the structures of GAC (Y466W) 

and wild-type GAC10 obtained in the absence of phosphate, where we were not able to 

observe electron density in this region (Figure 2.5B). The residues from Pro251 to 

Lys255 now form an α-helix, positioning Gln252 to engage in a hydrogen bond with 

Ser380, further closing the glutamine-binding pocket and stabilizing the ‘closed’ 

conformation. However, clear density for phosphate was not observed. This may be due  
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Figure 2.5: A more stable ‘closed’ conformation for GAC crystallized in the 

presence of phosphate: (A) The ‘closed’ conformation was observed in all four chains 

in the structure for GAC (Y466W) with bound glutamine when protein crystallization 

was performed in the presence of both substrate and inorganic phosphate (figure shows 

the residues in chain A). The residues following Tyr249 now form an a-helix, further 

closing off the active site. (B) Comparison to the conformation observed in the absence 

of phosphate, where the density for Ile250 to Lys255 is not well resolved and results in 

a partially disordered loop. 

 



55 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



56 

to inorganic phosphate binding preferentially to and stabilizing the open lid 

conformation of the enzyme, since we found that the GAC (Y249F, Y466W) double 

mutant exhibits a greatly increased affinity for the anionic activator21. Therefore, as 

considered further in the ‘Discussion’ below, once phosphate has helped increase 

substrate access to the active site by stabilizing the open conformation, the lids then 

close over the bound substrates at each active site, weakening the affinity of the anionic 

activator for the enzyme. This likely makes it difficult to trap a complex between 

phosphate with GAC tetramers that have all four subunits in the closed state. 

2.2.5 Examining the interplay between glutamine and inorganic phosphate during 

enzyme catalysis 

We next compared the initial velocity for glutamine hydrolysis measured for 800 

nM wild-type GAC in the presence of glutamine alone, versus the catalytic rate 

determined in the presence of substrate and inorganic phosphate. As expected, the 

anionic activator gave rise to a significant increase in the Vmax of the reaction (Figure 

2.6A and Figure 2.6B). However, especially interesting was the fact that the dose curve 

for the substrate glutamine in the absence of phosphate did not show any detectable 

cooperativity, contrary to what we observed when we measured glutamine binding in 

the absence of the anionic activator. Moreover, the KM for glutamine is very similar in 

the presence and absence of phosphate (KM = 7.7 ± 0.7 mM and 8.6 ± 1.3 mM, 

respectively, values obtained from fitting to equation 4). This would suggest that 

without the anionic activator, only those enzyme subunits that bind substrate with high 

affinity (i.e. with their lids closed) are capable of catalytic turnover at any given time, 

thus yielding a similar KM value for substrate as observed in the presence of phosphate. 

However, in the absence of the anionic activator, a very low kcat is measured. The 

presence of the anionic activator then induces a symmetrical GAC tetramer, allowing 

each of the enzyme subunits to undergo catalysis simultaneously and with a maximum  
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Figure 2.6: Catalysis of glutamine by wild-type GAC shows no cooperativity. (A) 

and (B) Initial velocities of glutamine hydrolysis by 800 nM wild-type GAC was 

measured at the indicated glutamine concentrations in the absence (black) or presence 

(magenta) of 100 mM K2HPO4 using the two-step assay method. Each data point shown 

is the mean ± S.E. from 3 independent experiments. A simultaneous non-linear least 

square fit of the data from 3 independent experiments to Equation 4 (solid line) yielded 

Hill coefficients h = 1.0 ± 0.1 and h = 0.9 ± 0.1 (± S.E. of the fit) in the absence and 

presence of phosphate, respectively, indicative of no cooperativity in both cases. (C) 

Initial velocities of glutamine hydrolysis by GAC (D386A) was measured at the 

indicated phosphate concentrations and 20 mM glutamine using the two-step assay. 

Each data point shown is the mean from 3 independent experiments. A simultaneous 

non-linear least square fit of the data from 3 independent experiments to Equation 4 

(solid line) yielded a Hill coefficient h = 1.7 ± 0.2 (± S.D. of there independent fits). (D) 

Initial velocities of glutamine hydrolysis by GAC (D386A) was measured at the 

indicated glutamine concentrations and 100 mM K2HPO4 using the two-step assay. 

Each data point shown is the mean from 3 independent experiments. A simultaneous 

non-linear least square fit of the data from 3 independent experiments to Equation 4 

(solid line) yielded a Hill coefficient h = 1.0 ± 0.1 (± S.D. of there independent fits). 
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value of kcat.  

The two dimers comprising the GAC tetramer are held together by four salt 

bridge interactions between Asp386 and Lys396 that are present on the opposing subunit 

pairs. Weakening the electrostatic interactions at the GAC dimer-dimer interface and 

reducing the ability of dimers to engage to form a tetramer would allow us to further 

examine how glutamine and phosphate are influencing the dimer to tetramer transition 

during catalysis. Therefore, we changed the aspartic acid at position 386 to an alanine 

residue to create GAC (D386A), which is less effective at forming tetramers as indicated 

by analytical size-exclusion chromatography (Figure S2.3). When the enzymatic 

activity of the GAC (D386A) mutant was assayed as a function of inorganic phosphate 

concentration, at a fixed saturating level of glutamine, the dose response profile for the 

anionic activator appeared to be cooperative with a Hill coefficient of 1.7 ± 0.2 (Figure 

2.6C). This differs from what we observed with the wild-type enzyme, where no 

cooperativity was observed for the phosphate dose response when measuring catalytic 

activity. The hindered ability of the GAC (D386A) mutant to form tetramers, even at 

saturating substrate concentrations, apparently requires the initial binding of phosphate 

(at the low doses) to fully drive tetramer formation, which then enables the activator to 

bind with higher affinity to the tetrameric enzyme, thereby accounting for the 

cooperativity observed. However, when the enzymatic activity of the GAC (D386A) 

mutant was assayed as a function of glutamine concentration, at a fixed saturating level 

of inorganic phosphate, a strict hyperbolic dependence on substrate concentration was 

observed with a Hill coefficient of 1.0 ± 0.1 (Figure 2.6D), similar to what we observed 

when assaying wild-type GAC. Thus, saturating levels of inorganic phosphate are able 

to fully drive the GAC (D386A) mutant to form tetramers and synchronize glutamine 

binding to all four enzyme subunits with high affinity, thereby giving rise to maximal 

catalytic activity.  
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2.3 Discussion 

Members of the glutaminase family of enzymes play a key role in cancer 

progression by catalyzing the first step in glutamine metabolism, the hydrolysis of 

glutamine to glutamate with the production of ammonia, generating α-ketoglutarate as 

a carbon source that enters the TCA cycle4,27–29. This provides a mechanism to 

compensate for the uncoupling of the glycolytic pathway from the mitochondrial TCA 

cycle, characteristic of the Warburg effect. GAC, a carboxyl-terminal splice variant of 

the glutaminase family member GLS, has been shown to be highly up-regulated in a 

number of cancers and consequently has received a good deal of attention as a potential 

therapeutic target4,8,30,31. Therefore, much effort has been directed toward understanding 

how the catalytic activity of GAC is regulated. 

In order to gain additional insights into the mechanisms responsible for GAC 

activation, we have developed fluorescence spectroscopic assays to directly monitor the 

binding of the substrate glutamine, as well as the anionic activator inorganic phosphate 

and allosteric inhibitors to the enzyme15,16. Here we have used one of these read-outs in 

which a tryptophan was substituted for a tyrosine residue at position 466 within human 

GAC, immediately proximal to the substrate binding site. This substitution prevented 

catalysis and thereby made it possible to directly monitor the binding of glutamine to 

GAC, both in the presence and absence of inorganic phosphate, without complications 

arising from hydrolysis of the substrate to the product glutamate. When using this 

spectroscopic read-out to assay glutamine binding in the absence of the activator, at low 

GAC concentrations where the enzyme would exist predominantly in its dimeric state, 

we observed a single class of substrate interactions with relatively weak affinity. 

However, when these assays were performed at progressively higher GAC 

concentrations which increases the potential for tetramers to form, substrate binding 
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showed positive cooperativity. Thus, under conditions where GAC exists in a dimeric 

state, glutamine binds to the two subunits of the dimer equally and independently, but 

relatively weakly. At higher GAC concentrations, the initial low affinity binding of 

glutamine to the enzyme dimer helps promote tetramer formation, albeit less effectively 

than inorganic phosphate (Figure S2.4), thus enabling substrates to bind to the tetramers 

that form with higher affinity.   

Structural analysis of the glutamine-bound GAC (Y466W) tetramer in the 

absence of the anionic activator phosphate shed additional light on how substrate binds 

to enzyme. The X-ray structure showed that each of the four enzyme subunits were 

occupied with glutamine, although there were differences in the orientation of their lids 

that open and close over the active site. In particular, the two subunits comprising one 

of the dimers making up the GAC tetramer showed the lids in an open conformation, 

whereas the two subunits of the adjacent dimer had closed lids. In the case of the GAC 

tetramer in the apo state (i.e. without bound substrate or anionic activators), the lids 

likely undergo transitions between the open and closed conformations, as X-ray crystal 

structures of the apo enzyme show that their lids are poorly defined. Glutamine binding 

to a GAC dimer with one or both subunits having an open lid conformation is likely to 

be relatively weak, consistent with our finding that substitutions within the lid which 

enable it to more easily transition to the open-state conformation result in the enzyme 

having a significantly weaker affinity for substrate. However, the initial weak binding 

of glutamine to a GAC dimer with open lids, by promoting tetramer formation and 

transmitting conformational changes to the adjoining enzyme dimer within the tetramer, 

would enable the lids to close over the bound substrates, resulting in higher affinity 

interactions that account for the positive cooperativity observed in the glutamine 

binding profiles. 

When the same fluorescence read-out was used to assay glutamine binding to 
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GAC (Y466W) in the presence of the anionic activator, inorganic phosphate, a different 

profile was obtained. Instead of observing positive cooperativity for the interactions of 

glutamine with GAC at enzyme concentrations where tetramers are able to form, the 

presence of the activator made it possible for the substrate to bind equally and with high 

affinity to each of the four enzyme subunits. The same was true when we examined 

glutamine binding to a double mutant, GAC (K320A, Y466W), which mimics the 

effects of an anionic activator. Moreover, when GAC (Y466W) was crystallized in the 

presence of both glutamine and phosphate, the resulting X-ray structure for the enzyme 

tetramer bound to glutamine did not show the same asymmetry regarding the lid 

orientations that we observed in the absence of the anionic activator. Instead, all four 

enzyme subunits contained glutamine with closed lid conformations. While anionic 

activators such as inorganic phosphate, as well as GAC mutants that mimic the actions 

of activators, significantly increase substrate binding affinity, we found that the reverse 

is also true, i.e. the interactions of inorganic phosphate with GAC are enhanced at 

increasing substrate concentrations. This is likely due to the ability of glutamine to 

promote the formation of GAC tetramers, although again less effectively than inorganic 

phosphate (Figure S2.4).  

An analysis of the initial rates of enzyme catalysis observed under different 

conditions can then be interpreted in light of the glutamine binding profiles that we have 

obtained. Although the activity of GAC in the absence of inorganic phosphate was 

markedly decreased compared to that measured in the presence of the anionic activator, 

a hyperbolic response rather than a sigmoidal profile indicative of positive cooperativity 

was obtained when GAC activity was measured as a function of glutamine 

concentration, even at enzyme levels where it exists as a tetramer. This finding indicates 

that in the absence of the anionic activator, catalysis is only occurring at those subunits 

in which the lids have closed over the bound substrates, but with a low turnover 
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rate24,29,30. The binding of the anionic activator then causes the situation to change, by 

triggering conformational changes that immediately induce GAC tetramer 

formation17,21,24 and enabling substrates to have immediate access to all four subunits of 

the enzyme tetramer by stabilizing their open lid conformations. Upon glutamine 

binding, the lids then close over the active sites, increasing substrate affinity by 

impairing substrate dissociation from the enzyme, thus enabling equal and simultaneous 

maximal catalytic turnover at each active site.  

These findings, together with those from earlier studies21,23,28, lead to a working 

model for the interactions of substrates and anionic activators with GAC. As depicted 

in Figure 2.7, under conditions where apo GAC initially exists as a dimer, glutamine 

binds with relatively low affinity only to those subunits that have an open lid. Substrate 

binding can help promote tetramer formation, thereby enabling the subsequent binding 

of substrates to occur with higher affinity as the lids close over their binding sites, 

accounting for the positive cooperativity observed in the glutamine binding profiles. In 

the absence of allosteric activators such as inorganic phosphate, catalytic turnover is 

only occurring at those subunits where the lids have closed but is still relatively low. 

The binding of allosteric anionic activators to GAC more strongly induces tetramer 

formation and stabilizes the open lid conformation, enabling glutamine to immediately 

have access to all four active sites of the enzyme tetramer.  However, upon glutamine 

binding, the lids close over the substrates, locking them into the active sites and enabling 

maximum catalytic turnover to occur at all four subunits simultaneously, while 

weakening the affinity for the anionic activators. The formation of products (glutamate) 

would then prompt the opening of the lids to enable their release and allow the re-

binding of activators to start another catalytic cycle. Such a mechanism would provide 

for a highly tuned regulation of GAC catalytic activity, which would ensure that even 

at relatively high glutamine concentrations, while the enzyme is fully loaded with  
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Figure 2.7: Schematic diagram depicting the interactions of the substrate 

glutamine and the anionic activator phosphate with GAC. Shown is the initial weak 

binding of glutamine to dimeric GAC in which the lids are in an open conformation.  

However, this leads to the formation of GAC tetramers, as a result of conformational 

changes through the activation loops at the dimer-dimer interface, and the subsequent 

high affinity binding of glutamine to the remaining substrate sites, caused by the closing 

of the lids, resulting in (low) catalytic turnover.  The production of glutamate causes the 

lids to re-open, enabling the reaction product to be released.  In the presence of inorganic 

phosphate, GAC dimers are driven to form tetramers, which then enables all four 

subunits to bind glutamine with high affinity and to have their lids closed. The closing 

of the lids results in the dissociation of the activator phosphate and maximal catalytic 

turnover, at which point the production of glutamate opens the lids so that it can 

dissociate from the enzyme.  The activator phosphate would then re-bind to the enzyme 

with open lids and start another catalytic cycle. 
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substrate, it would only be capable of very low catalytic activity. When an anionic 

activator is made available, GAC is then immediately converted from an asymmetric 

tetrameric state with relatively weak enzymatic activity, to a symmetrical tetramer that  

can undergo high rates of catalysis occurring at all four subunits. Future studies will be  

directed toward further testing different aspects of this working model and identifying 

those anionic activators produced by cancer cells that drive GAC to an optimal catalytic 

state, thus ensuring that optimal levels of glutamine metabolism occur to appropriately 

compensate for the Warburg effect.  

 

2.4 Methods 

2.4.1 Recombinant Protein Expression and Purification 

An N-terminal His-tagged form of the full-length human kidney-type 

glutaminase isoform GAC (NP_001106854.1) gene without the mitochondrial 

localization sequence (residue Leu72-Ser598) was cloned into pQE80L plasmid. The 

equivalent construct encoding the mouse GAC gene was cloned into pET28a plasmid. 

Site-directed mutagenesis was performed for desired mutations using Phusion DNA 

polymerase (NEB). To express each construct, plasmids were transformed into 

Escherichia coli BL21(DE3) competent cells. Overnight cultures were grown in LB 

medium with 100 mg/mL ampicillin (for pQE80L) or 50 mg/mL kanamycin (for 

pET28a), and subsequently inoculated at ~1:100 ratio in 6 L cultures with the same 

antibiotic concentrations. The culture was left shaking at 37°C and 180 rpm for 3-4 

hours until the OD600 reached between 0.6 and 0.8. The flasks were then chilled at 4°C 

for 1-2 hours before being induced by the addition of 30 μM IPTG (isopropyl β-D-1-

thiogalactopyranoside) and shaking at RT for 16-18 hours. Cells were collected by rapid 

centrifugation and resuspended in 150 mL lysis buffer (50 mM Tris-HCl pH 8.5, 500 

mM NaCl, 10% glycerol) with ~2 mg of DNase I for 20-30 minutes. The cells were 
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disrupted mechanically using sonication, and the soluble fractions were separated from 

the debris by ultra-centrifugation (40,000xg). The lysate was then loaded onto Co2+-

charged TALON resin, which had been equilibrated previously with the wash buffer (50 

mM Tris-HCl pH 8.5, 10 mM NaCl, 10 mM imidazole). The protein that bound to the 

column was washed with the wash buffer and eluted with 320 mM imidazole. Further 

purification was performed by anion exchange chromatography using MonoQTM 

column (GE Healthcare) and size-exclusion chromatography using SuperdexTM 200 pg 

16/600 column (GE Healthcare). Proteins were kept in 20 mM Tris-HCl pH 8.5, 500 

mM NaCl for crystallization and 20 mM Tris-HCl pH 8.5, 150 mM NaCl for assay 

purposes, and otherwise snap-frozen in liquid nitrogen and stored at -80°C. Protein 

concentrations were determined by absorbance at 280 nm using extinction coefficients 

calculated using Expasy ProtParam tool. The residue numbers for GAC were used 

throughout the text to avoid confusion. 

2.4.2 Fluorescence Assays 

Measurements were carried out using a Varian Cary Eclipse fluorimeter in the 

‘Kinetics’ mode. Stock solutions of glutamine or glutamate (200mM) and K2HPO4 (1M) 

were prepared in the assay buffer (50 mM Tris acetate, pH 8.5, 0.125 mM EDTA, 100 

mM NaCl). One hundred μL of recombinant GAC was added to 900 μL of assay buffer, 

supplemented with 100 mM NaCl in a 1-mL quartz cuvette to the appropriate final 

concentration. Samples were stirred constantly while being held at 25°C. Subsequently, 

100 μL of glutamine at the indicated concentrations were added to the protein solution 

at 30 seconds. The signal was recorded at an excitation wavelength of 285 nm (5 nm 

bandpass) and an emission wavelength of 340 nm (20 nm bandpass). K2HPO4 was 

supplemented as part of the 900 μL of initial buffer when needed.    

2.4.3 Glutaminase activity assays 

Glutaminase activity was measured by coupling NAD+ reduction to glutamine 
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hydrolysis in a two-step reaction. In the first reaction, glutaminase catalyzes the 

hydrolysis of glutamine to glutamate, and in the second reaction glutamate 

dehydrogenase catalyzes the oxidative deamination of glutamate to form α-

ketoglutarate and NADH, which can be measured through its absorbance at 340 nm. 

Assay buffer for the first reaction contains 50 mM Tris acetate (pH 8.5), 0.125 mM 

EDTA. Stock solutions of glutamine or glutamate (200mM) and K2HPO4 (1M) were 

prepared in the assay buffer. The first reaction was initiated upon the addition of 10 L 

of wild-type GAC (0.5 M stock) to 90 L of a reaction mix (20 L glutamine, 10 L 

K2HPO4, and 60 L assay buffer). The reaction was quenched after 2 minutes (in the 

absence of K2HPO4) or 15 seconds (in the presence of K2HPO4) by the addition of 10 

L HCl (3M) and the samples were subsequently stored on ice. In the second reaction, 

the reaction mixture containing 130 mM Tris HCl pH 9.4, 7 units/ml of GDH, and 2 

mM NAD+. Two hundred L of the reaction mix was added to a single well of a 96-

well Costar clear plate (Corning), and 10 L of each sample from the first step was 

added and the reaction was incubated with gentle rocking at room temperature for 40-

60 minutes. The absorbance at 340 nm was measured on a plate reader. A standard curve 

was obtained with glutamate solutions in place of the first reaction. The slope of the 

linear part of the standard curve was used to convert the absorbance values to the 

concentration of glutamine hydrolyzed. The initial velocities of glutamine hydrolysis 

were calculated by dividing the concentration of glutamine hydrolyzed by the time of 

the first reaction.  

2.4.4 Equations for data analysis 

Dose-response curves of fluorescence as a function of glutamine concentration 

were fit to equations 1, 2, and 3. Equations 1 and 3 were taken from our previously 

published work which analyzed the fluorescence response of the GAC (Y466W) 

mutant16. Equation 2 was taken from the original paper proposing the symmetry 
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model23.  Fitting to equation 1 yielded the Hill coefficient h: 

where h is the Hill coefficient, F is the equilibrium fluorescence attained upon the 

addition of glutamine at a concentration LT, F0 is the initial fluorescence before the 

addition of glutamine, Ff is the fluorescence attained in the presence of saturating 

concentrations of glutamine, and K0.5 is the concentration of glutamine at which 50% of 

the fluorescence change occurs.  

 Fitting to equation 2 with L = 9,000 and c = 0.014 yielded KR value for 800 nM 

GAC (Y466W). Other concentrations of the enzyme required other values for L and c. 

KT can be calculated accordingly from the value of c. Specifically, the parameters are: 

where c = (KR)/(KT) where KT is the dissociation constant for the weak binding state, α 

is the ligand concentration normalized to KR (α = S/KR), where S is the concentration 

of glutamine and KR is the dissociation constant for the tight binding state, n is the 

number of binding sites (n = 4 for GAC), L is the equilibrium constant between the R 

and T states in the absence of ligand (L= [T0]/[R0]), and Y is the fractional fluorescence 

change. 

 Fitting to equation 3 yielded the KD for the single-affinity states: 

where KD is the dissociation constant, F is the equilibrium fluorescence attained upon 

the addition of glutamine at a concentration LT, F0 is the initial fluorescence before the 

addition of glutamine, Ff is the fluorescence attained in the presence of saturating 
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concentrations of glutamine, and RT is the concentration of glutaminase used. 

Initial velocities of glutamine hydrolysis as a function of glutamine 

concentration were fit to the Michaelis-Menten equation, 

where V is the initial velocity at any glutamine concentration, S is the concentration of 

glutamine, Vmax is the maximal velocity at saturating concentrations of glutamine, and 

KM is the Michaelis constant, and h is the Hill coefficient. 

2.4.5 Crystallization, Data Collection, and Structure Determination 

Human GAC (Y466W) was concentrated to 5 mg/mL using an Amicon 

ultrafiltration device (10 KDa cutoff; Millipore). Stock solutions of glutamine (200 

mM) and K2HPO4 (1 M) were made using the buffer from the size exclusion purification 

step (20 mM Tris-HCl pH 8.5, 150 mM NaCl). GAC (Y466W) was mixed with 

glutamine so that the final concentration was 3 mg/mL for the protein and 40 mM 

glutamine and kept on ice for ~1 hour. Crystallization experiments were performed at 

18°C using the conventional hanging drop vapor diffusion technique (2 μL of protein 

solution and 2 μL of reservoir solution), with the reservoir containing 11.5% PEG 6000, 

0.95 M LiCl, and 0.1 M Tris pH 8.5. Crystals formed after 5 days and grew to full size 

in 14 days and did not require cryo-protectant for plunge freezing. For crystallization in 

the presence of inorganic phosphate, GAC (Y466W) was mixed with the ligand solution 

so that the final concentrations were 3 mg/mL for the protein, 40 mM glutamine, and 

40 mM K2HPO4. Crystals formed with 9% PEG 3350, 0.9 M LiCl and 0.1 M Tris pH 

8.5 after 5 days and grew to full size in 14 days. The harvested crystals were soaked for 

15 minutes with a solution of mother liquor supplemented with 40 mM Gln, 200 mM 

K2HPO4 and 10% ethylene glycol immediately prior to freezing. 

The diffraction data was collected at cryogenic temperature (100 K) at the 23-
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ID-D and 23-ID-B-GM/CA beamline at the GM/CA beamline of the Advanced Photon 

Source (APS, Chicago) with 0.2° oscillation/image. The monomer extracted from the 

apo hGAC (wt) structure (PDB: 5d3o) was used as the search model for molecular 

replacement for both structures. The data reduction was performed with HKL200032, 

prior to phasing and refinement by Phenix33 and Coot34. 

2.4.6 Analytical Size Exclusion Chromatography 

Different running buffers were made to obtain elution profiles of apo GAC (20 

mM Tris pH 8.5, 100 mM NaCl), GAC with saturating glutamine (20 mM Tris pH 8.5, 

100 mM NaCl, 20 mM glutamine), and GAC with saturating inorganic phosphate (20 

mM Tris pH 8.5, 100 mM NaCl, 100 mM K2HPO4). A superdexTM 200 5/150 GL 

(Cytiva) column was pre-equilibrated with the running buffers and 50 L of protein (10 

M) was injected in the column.  

 

2.5 Data availability 

The structures of GAC (Y466W) co-crystallized with L-glutamine in the 

absence and presence of K2HPO4 can be found in the Protein Data Bank (PDB ID: 

7SBM and 7SBN, respectively).  

 

2.6 Author contributions 

This chapter is adapted from an article originally published in the Journal of 

Biological Chemistry. Nguyen, T.-T. T., Ramachandran, S., Hill, M. J., Cerione, R. A. 

High-resolution structures of mitochondrial glutaminase C tetramers indicate 

conformational changes upon phosphate binding. J. Biol. Chem. 298 (2), 101564 

(2022). T.-T. T. N. and S. R. conceptualization; T.-T. T. N. designed and performed 

experiments; M. J. H. performed experiments; T.-T. T. N. and R. A. C. writing, review, 

and editing the manuscript, S. R. validation and editing; R. A. C. funding acquisition; 
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R. A. C. project administration. 

 

2.7 Supplementary data 

 This section contains the supporting data (Figures S2.1, S2.2, S2.3, and S2.4), 

which were referred to throughout the text above in this chapter. 
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Figure S2.1: Increasing the mobility of the ‘lid’ results in weaker binding to the 

substrate. The equilibrium fluorescence (λex = 285 nm, λem = 340 nm) for 800 nM of 

GAC (Y249F, Y466W) was monitored in real-time, and different glutamine 

concentrations were added at 30 seconds. The equilibrium fluorescence in the presence 

and absence of 100 mM K2HPO4 (inorganic phosphate) was normalized with the initial 

fluorescence and plotted as a function of glutamine concentration in magenta and black, 

respectively. Each data point shown is the mean ± S.E. from 3 independent experiment. 

A non-linear least square fit (solid line) of the data in the presence of phosphate to 

Equation 1 was shown, yielding a Hill coefficient value h = 2.6 ± 0.07. 
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Figure S2.2: Symmetric arrangement of the ‘lid’ region (Tyr249 – Lys255) is 

observed in all subunits of GAC (Y466W) crystallized in the presence of glutamine 

and inorganic phosphate: The GAC (Y466W) tetramer (made up of 4 chains) is 

shown, with the blue dashed line showing the dimer-dimer interface. All subunits show 

the ‘closed’ conformation: Tyr249 forms a hydrogen bond with Glu381. In addition, the 

residues following Tyr249 (Ile250 – Lys255) now form an -helix, further closing off 

the active site with the hydrogen bond between Gln252 and Ser380. 
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Figure S2.3: GAC (D386A) is less effective at forming tetramers compared to wild-

type GAC (wt). Analytical size exclusion chromatography shows GAC (D386A) 

(green trace) at a higher elution volume than GAC (wt) (black trace), indicating a 

smaller average Stokes radius. Only in the presence of saturating (20 mM) glutamine, 

GAC (D386A) (magenta trace) shows elution profile matching that of GAC (wt). 

Therefore, GAC (D386A) on average forms less tetramers than the wild-type enzyme. 

Also shown are the reference elution profiles of the GAC mutants that exclusively form 

dimers (GAC (D386K)) and tetramers (GAC (A390C, Y394C)). The data is 

representative of three independent experiments. 
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Figure S2.4: Glutamine promotes tetramer formation, though less effectively than 

phosphate. Analytical size exclusion chromatography shows that in the presence of 

saturating glutamine (20 mM, red trace), wild-type GAC (wt) eluted at a smaller elution 

volume than the apo enzyme (black trace), indicating an increase in the average size of 

GAC species or more tetramers formed. The presence of saturating phosphate (100 mM, 

green trace) induces even more oligomer formation. Also shown are the reference 

elution profiles of the GAC mutants that exclusively form dimers (GAC (D386K)) and 

tetramers (GAC (A390C, Y394C)). The data is representative of three independent 

experiments. 
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CHAPTER 3 

 

NEW INSIGHTS INTO THE MOLECULAR MECHANISM OF GLUTAMINASE C 

INHIBITORS‡  

 

3.1 Introduction 

Numerous GAC inhibitors have been reported, with the most heavily 

investigated being a class of compounds derived from the small molecule BPTES (bis-

2-(5-phenylacetamido-1,3,4-thiadiazol-2-yl)ethyl sulfide)1,2. These compounds bind at 

the dimer/dimer interface of the GAC tetramer, which is near the so-called activation 

loop (Gly315 to Glu325), effectively trapping the tetrameric enzyme in an inactive 

conformation1–8. Over 2,000 BPTES analogs have been reported to date, mostly in 

various patents, with BPTES and CB-839 (Fig. 3.1A) being the most studied9,10. Both 

CB-839 and a more recently described compound, IPN60090, have advanced to clinical 

trials11,12, although CB-839 has not been approved as yet as an anti-cancer drug, while 

IPN60090 has reportedly been removed from trials entirely13. Despite the extensive 

optimization efforts conducted during its discovery, CB-839 has both a higher 

calculated logP (ClogP, a measure of lipophilicity) and lower lipophilic efficiency 

(LipE, a measure of inhibitory potency relative to lipophilicity) than BPTES14. We 

developed the UPGL series of inhibitors with the aim of replacing the flexible linker 

present in BPTES and CB-839 with a rigid, saturated heterocyclic ring as a means of 

improving the physicochemical properties of the drugs by minimizing the number of 

rotatable bonds and increasing potency via the reduction of the entropic penalty to  

 
‡ This chapter is adapted from an article originally published in the Journal of Biological Chemistry. 

Milano, S. K.*, Huang, Q.*, Nguyen, T.-T. T.*, Ramachandran, S., Finke, A., Kriksunov, I., Schuller, 

D., Szebenyi, M., Arenholz, E., McDermott, L. A., Sukumar, N., Cerione, R. A., Katt, W. P. New Insights 

into the Mechanisms Used by Inhibitors Targeting Glutamine Metabolism in Cancer Cells, J. Biol. Chem. 

298 (2), 101535, (2022). *indicates equal contribution 
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Figure 3.1: Allosteric inhibitors of GAC. A) BPTES, the parent member of the class 

of inhibitors, and CB-839, which is currently in clinical trials for various cancer 

indications. B) Five compounds from the UPGL series for which we had previously 

reported crystal structures. C) Two examples of the eleven UPGL series compounds co-

crystallized with GAC in this study. PDB ID codes are shown for each compound. IC50 

values reported are taken from14. 
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protein binding. Some of these compounds have been able to surpass CB-839 in 

potency, LipE, and resistance to degradation by liver microsomes14. However, the X-

ray crystal structures that we previously determined for the five potent UPGL molecules 

shown in Fig. 3.1B, bound to GAC5,14, as well as those reported for the enzyme 

complexed either to CB-839 or to the less potent compound BPTES3–5, are all very 

similar and thus provide little insight into the mechanistic basis of inhibition and what 

regulates potency.  

In the present study we aimed to further probe the molecular determinants 

responsible for the potency of the BPTES/CB-839 class of inhibitors and their 

mechanisms of action. First, we solved the X-ray crystal structures of eleven additional 

molecules from the UPGL series bound to GAC (Figs. 3.1C and S3.1). These structures 

highlight a set of highly conserved contacts between the central cores of the UPGL 

compounds and the protein, which are maintained regardless of drug potency. By 

making use of serial room temperature crystallography15–17, we then obtained our first 

insight into what dictates potency differences for the BPTES/CB-839 class of inhibitors. 

Next, we used computational approaches together with recently developed inhibitor 

binding assays to complement our crystallographic analyses to help further define the 

chemical differences between weakly and strongly potent inhibitory molecules. These 

studies shed new light on the molecular basis for the range of inhibitory potencies 

exhibited by the BPTES/CB-839 class of compounds and the mechanism by which they 

inhibit enzymatic activity, thus helping to inform future efforts toward designing GAC 

inhibitors that combine improved potency with favorable pharmacological 

characteristics. 
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3.2 Results 

3.2.1 X-ray crystal structures for GAC bound to the BPTES/CB-839 class of inhibitors 

show a conserved binding interaction despite differences in inhibitory potency     

To obtain a better understanding of how the BPTES/CB-839 class of inhibitors 

bind to and inhibit GAC enzymatic activity, we solved the X-ray crystal structures of 

GAC complexed to eleven different inhibitors from the UPGL series of compounds 

(Fig. 3.1C; and see section 3.7 for Fig. S3.1, Table S3.1 and Table S3.2). The crystals 

were cryo-cooled at high pressure (350 MPa) before placing them in the X-ray beam5 

to improve diffraction data. The structural analyses showed that each compound 

assumes a cup-like orientation within the helical interfaces between two GAC dimers. 

An example for GAC bound to compound UPGL00031 is shown in Fig. 3.2. Members 

of the UPGL series engage in a conserved hydrogen bonding network via their 

thiadiazole rings (or pyridazine rings in the case of UPGL00045) to the backbone atoms 

of Lys 320, Phe 322 and Leu 323 of GAC, and/or the hydroxyl hydrogen of Tyr 394, 

similar to what has been observed for BPTES and CB-8395. All of the compounds 

largely occupy the same region of space, with the sole outlier being UPGL00031, which 

shifts slightly in the binding site to enable its primary amine to form a hydrogen bond 

to the backbone carbonyl of Asn 324 while still maintaining the hydrogen bonding 

network shared across the UPGL series. The central cores of the UPGL-series of 

molecules take on a variety of conformations in order to project the thiadiazole rings 

into this hydrogen bonding network, leading to the hypothesis that correctly positioning 

the thiadiazole rings is a major requirement for binding. 

As shown in Fig. 3.3, even compounds of the UPGL series with vastly different 

potencies, e.g. UPGL00019 and UPGL00018, assume nearly identical orientations with 

the same hydrogen bonding network to GAC. However, the electron density for the 

terminal rings of the compounds and for several GAC residues in the activation loop  



90 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2: Cryo-cooled X-ray crystal structure of GAC bound to UPGL00031 

(PDB ID 6UMF, IC50 = 203 nM). GAC crystallized as a tetramer, with two dimers 

coming together to form a tetramer along the dotted line. Each GAC monomer has one 

catalytic site and one activation loop. The relative positions of the catalytic site, the 

activation loop, and the binding sites for the BPTES/CB-839 class of inhibitors are 

indicated. Bound UPGL00031 is shown in magenta. 
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Figure 3.3: Cryo-cooled X-ray crystal structures show that BPTES/CB-839-class 

molecules bind to GAC in a similar fashion regardless of inhibitory potency. A) 

Cryo-cooled X-ray crystal structure of UPGL00019 (IC50 = 30 nM) bound to the 

activation loop of GAC. Each UPGL00019 molecule is bound to two adjacent 

monomers, which are presented as ribbon and colored as different shades of gray. The 

drug molecule and residues in the activation loop that engage in hydrogen bonds with 

the drug are colored by B-factors. Blue and green B-factor coloration suggest regions 

of little movement, while red and orange colors suggest regions of greater movement in 

the crystal structure. Most of the activation loop, and the core of the inhibitor, have low 

B-factors, but the GAC residues proximal to Lys320, and the terminal phenyl rings of 

the inhibitor, are all more highly mobile. The other crystal structures in the series show 

similar trends. B) Cryo-cooled X-ray crystal structure of UPGL00018 (IC50 > 10,000 

nM) bound to GAC (PDB ID 6UK6) colored as in (A). UPGL00018 occupies a nearly 

identical region of space in GAC to UPGL00019, despite enormous potency differences. 
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could not be fully resolved in the X-ray crystal structures for the different GAC-inhibitor 

complexes (such as UPGL00019; Fig. 3.3A). The B-factors, which describe the degree 

of atomic motion in a crystal structure, for the terminal rings of UPGL00019 and 

neighboring GAC residues are relatively high (colored red and orange), despite the low 

B-factors (blue and green colors) for the core of the molecule and most of the residues 

in the activation loop. This trend is consistent across all the co-crystal structures of GAC 

and the UPGL compounds.  

3.2.2 Serial room temperature X-ray crystallography provides an insight into the basis 

for the marked differences in potency exhibited by two members of the BPTES/CB-

839 class of inhibitors. 

Given that the traditional cryo-cooled crystallography described above could not 

differentiate between drugs with different potencies, we turned to serial X-ray 

crystallography, which collects data from dozens of individual crystals at room 

temperature to achieve a high-resolution structure, and offers the potential to reveal 

dynamic ligand-binding states not detected when using cryogenic methods15. 

Crystallization and data collection of complexes between GAC and either UPGL00004 

(a potent inhibitor) or BPTES (a less potent inhibitor) were performed at room 

temperature and the diffraction data for at least sixty crystals of each complex were 

analyzed to determine their structures (see Table S3.3 for crystallization parameters).  

The serial room temperature crystal structure that was solved for the GAC-

UPGL00004 complex was largely similar to the corresponding high-pressure cryo-

cooled structure, with the two inhibitor molecules bound to the GAC tetramer exhibiting 

the same cup-shaped orientation routinely observed in the cryo-cooled structure for this 

complex. Figs. 3.4A and 3.4B show examples for one of the two bound UPGL0004 

molecules as observed in the room temperature (3.4A) and cryo-cooled (3.4B) crystal 

structures. This indicates that the high-pressure cryo-cooling was not distorting the  
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Figure 3.4: Comparison between the serial room temperature and cryo-cooled X-

ray crystal structures of inhibitor-bound GAC complexes. All the inhibitor 

molecules are color coded by B-factors. Blue and green B-factor coloration suggest 

regions of little movement, while red and orange colors suggest regions of greater 

movement in the crystal structure. The side chains for Lys320, Phe322, and Leu323 are 

shown in grey as frame of reference. The distances between the terminal rings are 

measured in Å and listed in each panel. A) Serial room temperature crystal structure 

showing one of the two UPGL00004 molecules (IC50 = 29 nM) bound to GAC (light 

orange). The two molecules of UPGL0004 bound to GAC adopt the expected cup-

shaped structure. B) Cryo-cooled crystal structure showing one of the two UPGL00004 

molecules (PDB ID 5WJ6) bound to GAC (light blue). The structure of GAC, and 

conformation of UPGL00004, are nearly identical to the serial structure in (A). C) Serial 

room temperature crystal structure showing that one of the two BPTES molecules (IC50 

= 371 nM) bound to GAC (light orange) adopts an extended, semi-linear conformation. 

The inhibitor is also highly flexible as indicated by the red color of B-factor scale. D) 

Cryo-cooled crystal structure of one of the two BPTES molecules (PDB ID 4JKT) 

bound to GAC (light blue). Unlike in the structure in (C), both molecules of BPTES 

bound to GAC adopt the expected cup-like conformation. 
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protein significantly. However, the serial room temperature structure for the GAC-

BPTES complex shows that one of the two BPTES molecules assumes a more extended 

orientation (Fig. 3.4C) compared to UPGL00004, whereas in the cryo-cooled co-crystal 

structure of GAC bound to BPTES, each of the two bound BPTES molecules adopt an 

orientation similar to UPGL00004 (Fig. 3.4D). The extension of the BPTES molecule 

in the serial room temperature structure is most dramatically demonstrated by the 

distance between its terminal rings. In this case, the ring-to-ring distance is 18.5 Å, 

which is significantly larger than the distances between the rings in either the cryo-

cooled structure (14.4 Å), or for the UPGL0004 molecule (14.6 Å in the cryo-cooled 

structure and 14.7 Å in the room-temperature structure). In fact, the BPTES molecule 

in the serial room temperature structure also shows the highest B-factor, suggesting that 

that the weaker inhibitor (BPTES) undergoes multiple conformational changes before 

stabilizing in the cup-like orientation as always observed for UPGL0004. Examining 

the interactions with the activation loop reveals that the thiadiazole ring within the more 

linear end of the extended BPTES molecule in the room temperature structure for the 

GAC-BPTES complex is shifted away from its hydrogen bonding partner, the backbone 

NH of Phe 322 (4.3 Å distance for the more-linear end vs. 3.8 Å for the more cup-shaped 

end of the molecule). This apparent disruption of hydrogen bonds between GAC and 

the thiadiazole ring in BPTES, compared to the same ring in UPGL00004 (3.7 Å 

distance), might partially explain the basis for BPTES having a weaker binding affinity 

and lower potency with GAC.  

3.2.3 Fluorescence spectroscopic read-outs for inhibitor binding to GAC support the 

role of the terminal rings in determining inhibitor potency 

Recently, we developed two fluorescent spectroscopic assays to examine the 

coupling between inhibitor binding and conformational changes occurring either at the 

activation loop or the substrate-binding site of GAC6,18. These read-outs made use of 
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GAC mutants in which a tryptophan replaced either a phenylalanine within the 

activation loop close to where the BPTES/CB-839 class of inhibitors bind (GAC 

(F322W)), or a tyrosine at the substrate-binding site (GAC (Y466W))6,18. We have 

previously used the GAC (F322W) assay to help identify the importance of the central 

linking-region of BPTES/CB-839 class inhibitors in determining binding potency5 and 

were thus interested in using these assays to probe the importance of the terminal ring 

systems. To test the suggestion from our modeling efforts that the terminal groups of 

the BPTES/CB-839 class of inhibitors contribute to their ability to bind and affect GAC 

catalytic activity, we examined a subset of the UPGL series with identical molecular 

structure at the centers, but which differ in the number (but not the structure) of their 

terminal groups. These compounds were UPGL00019 which has two terminal phenyl 

rings (IC50 = 30 nM), UPGL00031 with a single terminal phenyl ring (IC50 = 200 nM), 

and UPGL00018 that lacks terminal groups (IC50 > 10,000 nM). We first examined their 

ability to alter the conformation of the activation loop, i.e. the site where the compounds 

bind to GAC6,18. The GAC (F322W) mutant was treated with each of the three 

inhibitors, or with DMSO as a negative control, and the fluorescent signal of Trp 322 

was monitored (Figs. 3.5A, 3.5B, S3.2A, and S3.2B). The binding of both UPGL00019 

and UPGL00031 resulted in a quenching of Trp 322 fluorescence, while UPGL00018 

was largely ineffective at micromolar concentrations. We then treated the GAC 

(Y466W) mutant with each molecule to monitor conformational changes within the 

substrate-binding site6,18. UPGL00019 and UPGL00031 were again effective at causing 

a quenching of Trp 466 fluorescence, whereas UPGL00018 was markedly less effective 

(Figs. 3.5C, 3.5D, S3.2C, and S3.2D). These results indicate that the presence of at least 

one terminal group on the molecule can either help inhibitor binding and/or alter the 

activation loop conformation in a manner that blocks its communication with the active 

site, which in turn inhibits catalytic activity. To further support this conclusion, we  
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Figure 3.5: Analysis of the binding mechanism between GAC and the BPTES/CB-

839 class of inhibitors. A) Real-time tryptophan fluorescence emission signal (λex = 

285 nm, λem = 340 nm) of 100 nM GAC (F322W) is quenched upon the addition of 

UPGL00019 at 30 seconds. The signal was normalized to the initial fluorescence (F0). 

B) The equilibrium fluorescence from panel A was plotted as a function of drug 

concentration for different UPGL-series inhibitors. While both UPGL00019 (black 

circles, KD = 54.5 nM) and UPGL00031 (white circles, KD = 34.4 nM) are able to 

strongly quench the tryptophan fluorescent signal, UPGL00018 binds weakly (gray 

triangles, KD > 1,000 nM), but shows statistically significant quenching of GAC 

(Y322W) at concentrations as low as 240 nM. C) Time-dependent tryptophan 

fluorescence quenching of 100 nM GAC (Y466W) by UPGL00019. D) Normalized 

fluorescence quenching of GAC (Y466W) by UPGL00019 (black circles), UPGL00031 

(white circles) and UPGL00018 (gray triangles). UPGL00019 (KD = 28.7 nM) and 

UPGL00031 KD = 27.2 nM) are each able to strongly quench the tryptophan fluorescent 

signal. UPGL00018 (gray triangles, KD > 1,000 nM) has no statistically significant 

effect on tryptophan fluorescence until the highest tested concentration (980 nM), where 

the effect is minimal. Statistical significance is shown only for UPGL00018 data points. 

Data shown in panels (A) and (C) are representative of three separate experiments. 
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examined the molecules UPGL00020 (IC50 = 1053 nM), which lacks the phenyl rings 

but retains the terminal methyl groups, and UPGL00030 (IC50 = 157 nM), which has 

cyclopropyl groups at the termini. As expected, UPGL0020 shows significantly reduced 

binding while UPGL0030 maintains a higher affinity to the enzyme (Fig S3.3). The 

fluorescence data once again largely mirrored the inhibitory data, further demonstrating 

the importance of having the right functional groups at the terminal region of the 

inhibitors for targeting GAC. 

We then examined if the inability of UPGL00018 to cause a detectable 

quenching of Trp 466 fluorescence was due to a significantly weaker binding affinity 

for GAC compared to UPGL00019, or if UPGL00018 is capable of binding to the 

enzyme with high affinity but is unable to induce the necessary conformational change 

to quench the tryptophan fluorescence emission. In one set of experiments, the GAC 

(Y466W) mutant was treated simultaneously with 1 µM UPGL00018 and 1 µM 

UPGL00019. As shown in Fig. 3.6A, the resultant quenching of Trp 466 fluorescence 

was nearly identical to that with UPGL00019 treatment alone. The same was true when 

UPGL00018 was added first to GAC followed by UPGL00019 (Fig. 3.6Figure 3.6B). 

The inability of 1 µM UPGL00018 to block the binding of 1 µM UPGL00019 to 

GAC(Y466W) and its accompanying quenching of Trp 466 fluorescence indicates that 

it binds with a significantly weaker affinity compared to UPGL00019. Therefore, the 

terminal groups of the BPTES/CB-839 class of inhibitors appear to be important for 

their GAC-binding affinity and correspondingly, for their inhibitory capability.  

3.2.4 Lysine 320 is essential for the binding of the BPTES/CB-839 class of inhibitors 

to GAC 

Because the terminal groups of the BPTES/CB-839-class inhibitors such as 

UPGL00019 are essential for high affinity binding to GAC, we were interested in 

determining how these rings interact with GAC. In some of the co-crystal structures for  
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Figure 3.6: Competition analysis between UPGL00018 and UPGL00019 for GAC. 

A) Binding assays for 100 nM GAC (Y466W) and 1 mM UPGL00018 (IC50 > 10,000 

nM) and/or 1 mM UPGL00019 (IC50 = 30 nM), when the inhibitor molecules were 

added simultaneously to the enzyme. The quenching caused by an equimolar amount of 

both drugs together is identical to that caused by UPGL00019 alone, showing that 

UPGL00018 is unable to compete away UPGL00019. B) Binding assays for 100 nM 

GAC (Y466W) and 1 mM UPGL00018 and 1 mM UPGL00019 added sequentially. 

The drug added at each injection point for each curve is indicated on the plot. Order of 

addition does not affect the total level of Trp quenching, suggesting that kinetic 

variables (on-rate and off-rate) do not account for the inability of UPGL00018 to 

compete with UPGL00019 in these assays. Data shown in panels (A) and (B) are 

representative of three separate experiments. 
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GAC bound to the BPTES/CB-839 class of molecules (e.g. 5HL1), Lys 320 projects 

toward at least one terminal ring of the bound inhibitor. Moreover, Lys 320 plays an 

essential role in catalysis, as substituting an alanine for the lysine residue at this position 

(GAC (K320A)) resulted in a constitutively active enzyme6. We prepared the double-

mutant GAC (K320A, Y466W) to analyze the binding of two of the most potent 

compounds in the UPGL series, UPGL0004 and UPGL00019, by monitoring the 

changes in the fluorescence of Trp 466. The lysine to alanine mutation resulted in a 

striking reduction in the binding affinity (i.e. apparent KD values) of these compounds 

for the enzyme (Table 3.1). We also examined inhibitor binding to the double-mutants 

GAC (R317A, Y466W) and GAC (F318A, Y466W), since Arg 317 and Phe 318 also 

project to be near the terminal rings of the inhibitor molecules. These alanine-substituted 

mutants however were fully capable of binding to each of the inhibitors (Table 3.1).  

Table 3.1: Apparent KD values for UPGL00004 or UPGL00019 binding to different 

GAC mutants  

Drug GAC Mutant KD (nM) 

UPGL00004  Y466W 76  

 K320A, Y466W >1000 

 R317A, Y466W 38 

 F318A, Y466W 24  

UPGL00019  Y466W 29 

 K320A, Y466W > 1000 

 R317A, Y466W 31 

 F318A, Y466W 54 
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3.3 Discussion 

GAC has garnered significant attention as a potential cancer target, with 

considerable effort spent on studying the BPTES/CB-839 class of compounds. 

However, thus far, no GAC inhibitor has been approved for cancer treatment. A major 

shortcoming for the further development of the BPTES/CB-839 family of molecules as 

drug candidates stems from questions regarding what dictates their potency. Our 

analyses of 11 new X-ray crystal structures for GAC complexed to members of the 

UPGL series of the BPTES/CB-839 compound family of varying inhibitory potency, 

using crystals obtained under cryo-cooled conditions, showed that the binding contacts 

for the different inhibitors were largely conserved. Thus, despite these extensive 

crystallization efforts, the molecular determinants that dictate potency for this class of 

GAC allosteric inhibitors were not evident. 

To gain further insight, we took advantage of serial room temperature 

crystallography to examine two allosteric inhibitors of GAC with different potencies, 

BPTES and UPGL0004. The room temperature X-ray crystal structure for GAC 

complexed to BPTES showed two distinct poses, with one of the BPTES molecules 

exhibiting an extended conformation, and the other more closely resembling the prior 

cup-shaped structural images of this inhibitor. By contrast, both molecules of 

UPGL00004 bound to GAC in the room temperature X-ray structures adopted the more 

typical cup-shaped orientation within the binding site. This supports the idea that 

UPGL00004 is held rigidly in the allosteric binding site of GAC, while BPTES, even 

when bound to the enzyme, has a significant degree of conformational flexibility. 

Moreover, our results suggest that proper positioning of the thiadiazole rings of either 

compound within the hydrogen bonding network of the allosteric binding site is one of 

the key determinants of inhibitory potency, and that the inability to maintain the proper 

positioning of these rings is one reason BPTES is less potent than UPGL00004. 
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Thiadiazole rings, which both cryo-cooled and room temperature 

crystallography suggested were a key to binding affinity, have highly polarizable, 

electronegative surface regions. However, the terminal rings of the most potent UPGL 

series molecules also have these characteristics, suggesting that they are also important 

for binding to GAC. This supports our earlier work suggesting that inhibitory potency 

might be influenced by the combined Van der Waals volume of the terminal groups of 

these inhibitors19, showing that for the BPTES/CB-839 class of molecules, the most 

potent compounds tend to either have aromatic rings (e.g. benzene or pyridine rings) or 

electron-donating pseudo-aromatic groups such as cyclopropane as terminal 

groups9,10,20,21. Moreover, fluorescent binding assays showed that at least one terminal 

ring is necessary for an inhibitor molecule to bind GAC with high affinity. This is 

evident as both UPGL00019 and UPGL00031 exhibit nearly identical binding profiles 

despite having different number of rings. However, the symmetric presence of the 

second terminal ring in UPGL00019 appears to help transmit the binding affinity from 

the activation loop to effective inhibition of catalytic activity in the active site, resulting 

in a ~10-fold increase in the IC50 value compared to UPGL00031.  

 

3.4 Implications for the rational design of new inhibitor molecules 

A key structural feature of the BPTES/CB-839 class of compounds necessary 

for tight binding and potent inhibition of GAC activity is the thiadiazole-centered 

hydrogen bonding network between the core of these inhibitor compounds and the 

enzyme, which is best maintained by a cup-shaped molecule. Indeed, a recently reported 

series of BPTES-derived molecules used macrocyclization to successfully stabilize this 

orientation and achieve low nanomolar potency, albeit with generally poor 

pharmacological properties22. We also found that Lys 320 likely interacts with the 

terminal groups of BPTES/CB-839 class inhibitors and is essential for their ability to 
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bind to GAC. This is further supported by the findings of Ferreira et al. that showed 

mouse GAC (K325A) (equivalent to human GAC (K320A)) is resistant to inhibition by 

BPTES at concentrations as high as 10 M8, which is similar to the concentration 

required for UPGL00018, a compound that lacks terminal rings, to elicit a minimal 

inhibitory effect (~20% inhibition at 10 M). 

Overall, our findings support a mechanism in which the terminal rings of most 

BPTES/CB-839 class inhibitors initially undergo a dynamic and/or transient association 

with Lys 320 within the activation loop of GAC, which precedes a more stable, high 

affinity interaction involving a hydrogen bonding network between the thiadiazole rings 

of these molecules and the enzyme. Our data shows that a single terminal ring may be 

sufficient to engage this mechanism, as UPGL00031 and UPGL00019 have largely 

similar abilities to bind to GAC. The relatively high affinity of the enzyme for 

UPGL00031 might be because the terminal amine of this compound comes within 4 Å 

of the sidechain of Lys 320, potentially enabling it to engage in a hydrogen bond that 

compensates for the absence of a terminal ring. Although UPGL00031 is less potent 

than UPGL00019 in catalytic assays, and of similar potency to CB-839 (Fig. 3.1), it has 

a much higher LipE (4.42 for UPGL00031 vs. 3.36 for UPGL00019 or 1.99 for CB-

839)14. LipE, which combines inhibitory potency and logP into a single number, is 

increasingly being recognized as a more accurate predictive factor for eventual clinical 

success than inhibitory potency alone23,24. Thus, while new compounds that either 

enforce the cup-shaped orientation, or have groups specifically designed to interact with 

Lys 320, might be capable of higher potency compared to current molecules, there may 

also be a significant benefit in further optimizing compounds with a single terminal 

group, which have thus far been comparatively poorly studied. 
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3.5 Methods 

All small molecules were prepared as previously described14. Common 

chemicals and other consumables were obtained from Thermo Fisher Scientific 

(Waltham, MA). The IC50 values reported in Fig. 3.1 and Fig. S3.1 were taken from14. 

In that study, the compounds were assayed against the same preparation of recombinant 

GAC (50 nM), and total glutamine hydrolysis was determined via a coupled glutamate 

dehydrogenase assay.  

3.5.1 High pressure cryo-cooled crystal structures 

Protein purification and crystallization were carried out as described 

previously5,14.  Briefly, the indicated inhibitor was mixed with human GAC protein at a 

mole ratio of 4:1 and incubated on ice for one hour.  Crystals were grown at 20C in 

10% PEG6000 (w/v), 1 M LiCl, and 0.1 M Tris-HCl, pH 8.5.  Generally, crystals were 

observed within 24 hours, and reached a size of 100 X 100 X 200 µm3 after 7 days.  The 

crystals were high-pressure cryo-cooled at 350 MPa for 30 min to reduce lattice disorder 

prior to data collection25,26.  Diffraction data were collected at 100K at the CHESS A1 

station.  The diffraction data were processed using the HKL package27.  Statistics of 

data collection and processing are summarized in Table S3.1 and Table S3.2. The crystal 

structures were solved by molecular replacement using human apo GAC (PDB ID: 

5D3O) as a search model28.  Model building was performed using COOT29, and 

refinement was performed using Phenix refine30.  Statistics of structure refinement are 

summarized in Table S3.1 and Table S3.2. 

Both human and mouse GAC, which we have found to be catalytically identical, 

have been used in these studies. For simplicity, all residue numbering throughout the 

manuscript is based on the human GAC sequence, except when describing the methods 

for preparing mutants of mouse GAC below.  

3.5.2 Serial room temperature crystallography 
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Protein purification and crystallization were carried out using methods 

previously described5,14. Briefly, solutions of 20 mg/mL GAC (in 150 mM NaCl and 50 

mM Tris-HCl, pH 7.5) and 30 mM inhibitor (BPTES or UPGL00004 in DMSO) were 

prepared. The protein-inhibitor complexes were formed by mixing 95 μL of the GAC 

solution and 5 μL of the inhibitor solution, yielding a mole ratio of 1:4, and then 

incubating the mixture on ice for 1 h. Crystals were grown at 20 ˚C by the hanging drop 

vapor diffusion method in crystallization trays. Typically, 1 μL of the complex solution 

was mixed with 1 μL of a reservoir solution consisting of 10% PEG6000 (w/v), 1.0 M 

LiCl, and 0.1 M Tris-HCl buffer (pH 8.5).  Crystals were observed within 24 h, reaching 

an average size of 100 × 100 × 200 μm3 after 7 days. The crystals were transferred 

onto chips (sample support) mounted in crystal caps provided by MiTeGen (Ithaca, 

NY). Approximately 15-20 crystals were harvested per chip. The crystals on the chip 

were moved into a humidified glovebox (humidity >97%) (MiTeGen) and a vacuum 

was applied to remove excess liquid (from crystal harvesting) before sealing the chip 

with a thin transparent film (MiTeGen). In the beam (ID7B2 station at CHESS), the 

chips were raster scanned in 20 μm steps and 5 of oscillation data was collected. Each 

step of the raster scanning was completed in 0.75 s – 0.5 s and 0.25 ms for data 

acquisition (25 frames, 0.2 and 10 ms/frame) – corresponding to a 1.3 Hz raster rate. 

Individual oscillation frame sets were processed with XDS and scaled and merged 

together with XSCALE31,32. The detailed processing and filtering routine using 

XSCALE_ISOCLUSTER33 has been previously described34. Phasing and molecular 

replacement (using PDB ID: 5WJ6 as the phasing model) were performed using 

PHASER and phenix.refine in PHENIX, respectively30,35. Statistics of structure 

refinement are summarized in Table S3.3. 

3.5.3 Comparison of crystal structures 

All visualization was performed in PyMol (Schrodinger LLC). Crystal structures 
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were aligned using the “cealign” command targeting the whole protein structure.   

3.5.4 Fluorescent tryptophan quenching assays 

Mouse GAC (F327W) and GAC (Y471W), which correspond to human GAC 

(F322W) and GAC (Y466W), were prepared as previously described5,18, except that the 

protein was eluted in a higher salt buffer during FPLC purification (500 mM NaCl, 20 

mM Tris-HCl, pH 8.5) to enhance protein stability. Assays were then conducted as 

previously described5,18. Briefly: 100 nM GAC (F327W) or GAC (Y471W) was 

solvated in 1 mL of 50 mM Tris-acetate, pH 8.5, with 0.1 mM EDTA and the indicated 

amount of inhibitor. Samples were stirred constantly while being held at 25 °C and were 

measured using a Varian Cary Eclipse fluorimeter in counting mode, with an excitation 

wavelength of 285 nm (5 nm bandpass) and an emission wavelength of 340 nm (20 nm 

bandpass). P-values were calculated using Student’s 2-tailed t-test from normalized 

fluorescence values. 

 

3.6 Data Availability 

Crystal structure data has been deposited with the protein databank. PDB ID 

numbers are reported in the supplementary Tables S3.1, S3.2, and S3.3. All other data 

are contained in the manuscript and accompanying supplemental information. 

 

 

3.7 Author contributions 

This chapter has been adapted from the following original research article: 

Milano, S. K.*, Huang, Q.*, Nguyen, T.-T. T.*, Ramachandran, S., Finke, A., 

Kriksunov, I., Schuller, D., Szebenyi, M., Arenholz, E., McDermott, L. A., Sukumar, 

N., Cerione, R. A., Katt, W. P. New Insights into the Mechanisms Used by Inhibitors 

Targeting Glutamine Metabolism in Cancer Cells, J. Biol. Chem. 298 (2), 101535, 
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(2022) where *indicates equal contribution. The author of this thesis conducted the 

fluorescence quenching experiments and was involved in structural data analysis. For 

detailed contribution, W.P.K, L.A.M., and R.A.C. conceived the study. S.K.M., Q.H., 

A.F., I.K., D.S., M.S., and E.A. conducted the serial crystallography experiments. Q.H. 

conducted the cryo-cooled crystallography experiments. T.T.N. and S.R. conducted the 

fluorescence quenching experiments. N.S., and W.P.K. conducted the QSAR 

experiments. L.A.M. provided the small molecules for study. W.P.K. and R.A.C. wrote 

the paper. All authors read and agreed upon the final manuscript before submission.  

  

3.8 Supplementary data 

 This section contains the supporting data including tables (Table S3.1A and 

3.1B, and S3.2) and figures (Fig. S3.1, S3.2, and S3.3), which were referred to 

throughout the text above in this chapter. 
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Table S3.1: Cryo-cooled X-ray crystal data collection and refinement statistics, 

part 1. Diffraction data collection and structure refinement statistics of the GAC-

inhibitor complexes, for UPGL-12, UPGL-13, UPGL-18, UPGL-20, UPGL-23, and 

UPGL-27. Data in parentheses refer to the highest resolution shell. 

Inhibitor                 UPGL-12      UPGL-13      UPGL-18       UPGL-20      UPGL-23      UPGL-27       

Data collection 

Space group             P21               P21                P21                 P212121        P212121         P212121           

Cell dimensions 

  a (Å)                      98.83             49.30              54.44              99.23              97.88              99.98                

  b (Å)                     138.84           139.01            138.79            139.39           138.24            138.82               

  c (Å)                     177.21           177.39            179.05            178.13           176.49            176.64               

   ()                       90.03             93.41              89.99              90                  90                   90                      

Resolution (Å)        50-2.9             50-2.5           50-2.7              50-3.0            50-2.5            50-2.6                

                               (2.95-2.90)     (2.54-2.50)    (2.75-2.70)      (3.05-3.0)      (2.54-2.50)     (2.64-2.60)        

Unique reflections   105300          78825             71136             50186             82779            71710               

                                 (5072)           (3492)            (3135)             (2448)            (4060)           (3067)               

Redundancy             3.4 (3.2)         6.2 (5.8)        3.4 (2.6)          7.9 (7.4)          6.6 (5.9)         7.2 (6.3)             

Completeness (%)  98.5(95.8)      95.4(85.1)      96.4(84.4)      99.7(99.4)       99.6(99.1)      97.9(84.1)         

Average I/I           6.39(0.98)      8.78(1.23)      11.21(0.15)    13.54(2.30)    16.23(4.71)   13.94(1.44)       

Rsym                         0.257(0.0)      0.119(0.512)   0.138(0.0)      0.227(0.0)      0.199(0.491)  0.20(0.0)      

Rmeas                        0.293(0.0)     0.129(0.558)    0.163(0.0)      0.234(0.0)      N/D                N/D                 

CC1/2                      0.573             0.883              0.523              0.860              N/D                N/D                   

CC*                         0.854             0.968              0.829              0.962              N/D                N/D                     

Refinement 

Resolution (Å)        50-3.0           44.3-2.5           22.1-2.9          46.7-3.0        48.9-2.5           48.1-2.75          

 Rwork/Rfree               0.233/0.306   0.205/0.26       0.236/0.306   0.195/0.250    0.194/0.244     0.229/0.293      

RMSD 

Bond length (Å)     0.0098           0.0084             0.0137            0.0098            0.008              0.0113               

Angle ()                 1.162             1.108              1.905              1.181              0.999              1.579                

Ramachandran statistics 

Favored regions (%) 93.17             97.30              92.34             96.50             97.41               94.85                

Allowed regions (%) 5.91               2.45               6.99               3.44                2.59                 5.15                  

Outliers (%)              0.43              0.25                 0.67                0.06                0                      0 

PDB ID                   6UJG            6UJM              6UK6             6UKB            6UL9               6UMC              
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Table S3.2: Cryo-cooled X-ray crystal data collection and refinement statistics, 

part 2. Diffraction data collection and structure refinement statistics of the GAC-

inhibitor complexes, for UPGL-30, UPGL-31, UPGL-45, UPGL-60, and UPGL-61. 

Data in parentheses refer to the highest resolution shell. 

Inhibitor                 UPGL-30       UPGL-31      UPGL-45      UPGL-60      UPGL-61 

Data collection 

Space group                  P21                P21                 P21                P212121        P212121 

Cell dimensions 

  a (Å)                           98.72             49.73              49.55             100.48            100.87 

  b (Å)                         138.89           138.98            138.89             139.16             139.09 

  c (Å)                         177.15           177.03            176.99             178.19             178.24 

   ()                           89.98             93.91              93.91                  90                  90 

Resolution (Å)             50-2.7           50-2.7             50-2.7             50-2.5           50-2.8 

                                 (2.75-2.70)    (2.75-2.7)       (2.75-2.70)     (2.54-2.50)    (2.85-2.80) 

Unique reflections      124737           63034              56593            85958           121885 

                                     (6102)            (2581)             (2566)            (3800)           (5554) 

Redundancy                3.3 (3.1)        5.2 (4.4)          3.2 (2.6)         6.8 (6.0)        3.7 (3.1) 

Completeness (%)     97.2(95.7)      93.6 (77.3)      85.8(76.4)      98.2(88.6)     99.2(91.2) 

Average I/I              9.14(0.86)      4.1 (0.45)        15.64(2.80)    15.72(1.59)   8.89(1.05) 

Rsym                           0.169(0.0)    0.237(0.684)    0.110(0.484)    0.134(0.0)    0.156(0.888)            

Rmeas                          0.185(0.0)    0.282(0.934)    0.131(0.597)    0.144(0.0)    0.173(0.0) 

CC1/2                        0.528               0.645              0.739               0.903            0.811   

CC*                           0.831               0.886               0.922              0.974           0.946     

Refinement 

Resolution (Å)         37.9-2.95       48.6-2.7          36.4-2.7          20.2-2.7        24.5-2.9 

 Rwork/Rfree                0.217/0.279   0.219/0.299    0.179/0.236   0.221/0.281   0.226/0.289 

RMSD 

Bond length (Å)        0.011             0.008               0.0095            0.009            0.010 

Angle ()                   1.488              1.069               1.362             1.053             1.117 

Ramachandran statistics 

Favored regions (%)   96.87              92.06               95.95             94.88            95.22 

Allowed regions (%)   2.81                7.57                 3.68               4.75              3.86 

Outliers (%)                 0.31               0.37                  0.37               0.18              0.92 

PDB ID                     6ULA            6UMF              6ULJ             6UMD          6UME       
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Table S3.3: Serial diffraction data and structure refinement statistics of the GAC-

inhibitor complexes. Data in parentheses refer to the highest resolution shell. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Inhibitor                      BPTES                 UPGL-4     

Data collection 

Space group                  P21                       P21                                     

Cell dimensions 

  a (Å)                           50.0                      53.2                     

  b (Å)                           138.00                 138.44                   

  c (Å)                           178.00                 177.49                    

   ()                            90.00                   93.44                        

Resolution (Å)             20-3.0                  20-2.8                    

Unique reflections        47136                 61831                                

                                     (4690)                 (6026)                    

Redundancy                  19.8 (19.8)         27.4 (22.2)             

Completeness (%)        97.6 (98.6)          97.9 (97.1)                   

Average I/I                 5.4 (1.3)             5.0 (0.5)                 

Rmerge                            0.468 (2.34)        0.670 (23.23)           

Rmeas                             0.496(2.39)         0.678 (23.80)           

CC1/2                          0.970                   0.972                      

Refinement 

Resolution (Å)             20-3.0                20-2.8                    

 Rwork/Rfree                    0.207/0.288        0.209/0.278           

RMSD 

Bond length (Å)          0.009                  0.010                     

Angle ()                     1.189                  1.185                     

Ramachandran statistics 

Favored regions (%)    91.84                 92.06                     

Allowed regions (%)   6.71                   6.75                     

Outliers (%)                 1.44                   1.19                       

PDB ID                        7RGG               7REN                                                 
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Figure S3.1: UPGL series inhibitors co-crystalized with GAC in this study.  For 

each compound, its PDB ID for co-crystal structure with GAC as determined in this 

study, and IC50 as determined in reference14 are reported. 
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Figure S3.2: Raw data from fluorescent binding assays.  A) Real-time tryptophan 

fluorescence emission signal (λex = 285nm, λem = 340nm) of 100 nM GAC (F322W) is 

quenched upon the addition of (A) UPGL00018 or (B) UPGL00031, and the 

fluorescence signal of 100 nM GAC(Y466W) treated with (C) UPGL00018 or (D) 

UPGL00031 are shown. Data is representative of three independent experiments. 
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Figure S3.3: Further analysis of the binding mechanism between GAC and the 

BPTES/CB-839 class of inhibitors. Real-time tryptophan fluorescence emission signal 

(λex = 285 nm, λem = 340 nm) of 100 nM GAC (Y466W) is quenched upon the addition 

of drugs at 30 seconds. The equilibrium fluorescence from this curve was normalized 

to the initial fluorescence (F0) and plotted as a function of drug concentration for 

UPGL0020 (A) and UPGL0030 (B). Data is representative of three independent 

experiments. 
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CHAPTER 4 

 

CONCLUSION AND FUTURE PERSPECTIVES§ 

 

4.1 Conclusion 

 Inhibition of glutaminase activity has been garnering increasing amounts of 

interest from researchers and the pharmaceutical industry as a potential approach to 

target the metabolic re-programming that occurs in cancer cells. Indeed, there are 

several clinical trials currently being undertaken which utilize glutaminase inhibitors as 

part of their treatment regime. For example, phase 2 trials combining CB-839 with 

everolimus (trial no. 03163667) or with paclitaxel (trial no. 03057600) are being used 

to treat renal cell carcinoma and triple-negative breast cancer, respectively (see 

clinicaltrials.gov). However, given the importance of glutaminase enzymes in cancer 

progression, there is a clear need to better understand the mechanisms that regulate the 

activation and inhibition of this family of enzymes, as this information carries 

potentially important consequences for the development of new and more potent 

inhibitors. GAC, KGA, and LGA are three distinct glutaminase isoforms whose 

expression can be differentially regulated by various oncogenes, and in specific types 

of cancer. Glutaminase isoforms share a similar catalytic domain but can differ in their 

mechanisms of allosteric activation and inhibition. In my thesis, I have focused on 

elucidating the in vitro activation and inhibition of GAC, the predominant isoform that 

was shown to be preferentially expressed in highly aggressive types of cancer.  

In chapter 2, I presented how inorganic phosphate can activate GAC activity by 

maintaining the closed conformation of the lid region, allowing increased affinity for 

 
§ This chapter is adapted from a review that is currently under review the journal Future Drug Discovery. 

Nguyen, T.-T. T., Katt, W. P., Cerione R. A. Alone and together: current approaches to targeting 

glutaminase enzymes as part of anti-cancer therapies. 
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substrate and higher catalytic turnover. This mechanism of GAC activation may have 

important implications in cancer/transformed cells, where the concentrations of 

allosteric activators such as inorganic phosphate are often upregulated. Further work to 

identify in vivo activators that drive the activity of GAC and other glutaminase enzymes 

especially in response to oncogenic signals is needed. Currently, I have been 

investigating the activation of GLS in fibroblasts that can be induced to express an 

oncogenic mutant form of KRAS, a common occurrence in pancreatic adenocarcinoma 

and several other aggressive types of cancer1,2. Specifically, I have been examining the 

changes in the expression and activation of GLS that occurs in fibroblasts that have been 

transformed by the expression of KRASG12D, a mutation in KRAS that renders the 

protein constitutively active3. As shown in Figure 4.1A, the growth of KRASG12D-

expressing cells is highly sensitive to CB-839 treatment, indicating that these cells 

undergo metabolic reprogramming and become dependent on glutamine catabolism. 

Indeed, Figure 4.1B shows an upregulation of mitochondrial GLS activity upon the 

expression of KRASG12D in these cells. Interestingly, even though the overall expression 

of GLS is increased in response to sustained oncogenic signaling by KRAS as detected 

by Western blot analysis, the amount of GLS present in the mitochondria does not 

increase accordingly (Figure 4.1C).  

Since the role of GLS in supplementing the TCA cycle as part of glutamine 

catabolism is known to occur in the mitochondria, this finding is rather interesting for 

the following reasons. First, it suggests that the increased GLS activity detected in the 

mitochondria of KRAS-expressing fibroblasts is likely due to the upregulation of 

allosteric activators within the mitochondria that activate GLS, as opposed to its 

increased expression. Therefore, we can take advantage of fibroblasts that have been 

engineered to express an induced form of oncogenic KRAS to identify physiological 

anionic activators of GLS in the mitochondria. One potential GLS activator that has  
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Figure 4.1: Mouse embryonic fibroblasts (MEFs) that are transformed by 

KRASG12D are dependent on GLS and glutamine catabolism. A) The growth of 

MEFs not expressing (green) or induced to express KRASG12D (red). The growth of the 

KRASG12D-expressing cells was also determined when they were treated with 5 μM CB-

839 (blue). B) Mitochondrial GLS activity is upregulated in fibroblasts induced to 

express KRASG12D. Intact mitochondria were isolated from control MEFs (not 

expressing KRASG12D) or KRASG12D-expressing MEFs using the Qproteome 

Mitochondria Isolation Kit (QIAGEN) and assayed for glutamine hydrolysis. The basal 

GLS activity was measured using 15 μg of mitochondrial protein and the activity in the 

presence of the allosteric activator phosphate was measured with 15 μg of mitochondrial 

protein. C) GLS expression increases in fibroblasts induced to express KRASG12D as 

detected by Western blot analysis using a GLS antibody (whole cell). However, the 

amount of GLS present in the mitochondria isolated from these cells does not change. 

Note that 15 μg of mitochondrial lysate was used to amplify GLS signals, and 60 μg of 

whole cell lysate was used. Since there are less proteins in the mitochondria than in the 

whole cell, the signal for GLS in the mitochondria is much stronger than in whole cell. 

Similar results were observed with 5 μg and 10 μg of mitochondrial lysate (data not 

shown).   
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been identified by a previous postdoc in our laboratory, Dr. Michael Lukey (currently 

an Assistant Professor at Cold Spring Harbor Laboratory), is phosphatidic acid (PA). 

Dr. Lukey was able to observe a synergy between the GLS inhibitor CB-839 and the 

Phospholipase D (PLD) inhibitor JWJ at inhibiting the growth of MDA-MD-231 triple 

negative breast cancer cells, which also express a mutant form of KRAS (data not 

shown). Since the hydrolysis of phosphatidylcholine by PLD is one of the major 

pathways for PA synthesis, we hypothesize that PA is an activator of GLS. Further work 

is being carried out to test this hypothesis, including treating KRAS-mutant-expressing 

fibroblasts with PLD inhibitors and performing metabolomics on them to identify 

changes in PA levels. 

The second reason that my finding showing mutant KRAS causes an increase in 

the expression of non-mitochondrial GLS is interesting is because it suggests that GLS 

may also play a role in other compartments of the cell. Here, we could determine where 

in the cell this pool of GLS is expressed using cell fractionation approaches. Then, 

immunoprecipitation experiments using a GLS antibody can be performed on the 

cellular fractions expressing GLS to determine novel binding partners/regulators for the 

enzyme. Discovering new binding partners GLS could shed new light on how GLS 

drives malignant transformation, beyond promoting glutamine catabolism. 

In chapter 3, I discussed the molecular basis that determines the difference in 

potency of the different compounds in the BPTES/CB-839 class of inhibitors, which 

selectively target GLS over GLS2. Maintaining the cup-shaped orientation of the 

inhibitor through a stable thiadiazole-centered hydrogen bonding network and the 

terminal phenyl substitutions plays a critical role in stabilizing the binding between the 

compounds and the activation loop of GLS, which in turn increases the potency of 

compounds in this class. These findings now lay the groundwork for the more rational 

design of inhibitors that target GLS, with a focus on improving the binding of the 
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terminal phenyl rings to the enzyme. They also highlight the potential importance of 

serial room-temperature crystallography in analyzing how these compounds bind to the 

enzyme. Future efforts can also be focused on development of inhibitors that selectively 

target GLS2 based on modification of the thiadiazole backbone in improving its 

interactions with the activation loop of GLS2.  

 

4.2 Future Perspectives 

Targeting glutamine catabolism has provided a promising approach for cancer 

therapeutics and developing small molecule inhibitors of glutaminase has proven to be 

an effective strategy. Modulating the expression and activity of the different isoforms 

of glutaminase is critical to tuning metabolic pathways in various forms of cancer. 

Further work optimizing small-molecule inhibitors for glutaminase will be beneficial in 

being able to selectively inhibit each glutaminase isoform. A focus on using newer 

structural approaches, such as serial room-temperature crystallography4 and time-

resolved X-ray crystallography5, may yield new insights into the interactions of various 

inhibitors with the glutaminase enzymes and further help the development of potent 

drug candidates. This may be of value in the case of allosteric inhibitors, where the 

inhibitory mechanisms remain less clear, and new opportunities for inhibitor 

optimization may arise as these mechanisms come into clearer focus.  

In addition, an increasing number of studies have found synergistic benefits of 

combining glutaminase inhibitors with other cancer therapeutics, demonstrating the 

need to investigate how the interactions between glutamine catabolism and other 

pathways promote cellular transformation. For example, the mammalian target of 

rapamycin (mTOR) is generally considered to be a master regulator of cell function, and 

hyper-activation of mTOR has been linked to a number of cancers. Inhibition of the 

mTOR complexes mTORC1 and mTORC2 together with inhibiting glutaminase has 
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proven to be an effective strategy to treat lung squamous cell carcinoma6, renal cell 

carcinoma7, and ovarian cancer8, as mTOR inhibition resulted in their dependence on 

glutamine catabolism. Moreover, it has been shown that combining GLS inhibitors with 

traditional cancer therapeutics lowers the overall dosage of the chemotherapies needed 

to get a maximal effect. Current clinical trials that use a combinatorial approach with 

glutaminase inhibition include chemotherapies targeting growth factor receptors, DNA, 

topoisomerase, PARP, and proteasome inhibition. Enhanced outcomes have also been 

observed when combining radiotherapy with CB-839 in head and neck squamous cell 

carcinoma cell lines and xenograft mouse models9. For a subset of non-small cell lung 

cancers with STK11/LKB1 mutations, GLS inhibition was able to overcome resistance 

to standard radiation10.   

Cancer is considered an age-related impairment, and the role of glutamine 

catabolism is also being studied in the context of senescence, where cells enter into an 

irreversible cell cycle arrest. A recent report showed that KGA expression in response 

to lysosomal membrane damage is essential for maintaining senescence11. Here, 

inhibition of glutaminase activity using BPTES was shown to be a strategy for rescuing 

cells from this aging-related process. Glutaminolysis has also been found to modulate 

cell cycle arrest in human endothelial cells12. Future work on controlling cellular fate 

through metabolic reprogramming, including modulating glutaminase activity may 

offer new strategies for regulating cellular senescence, especially in stem cells13 and 

cancer stem cells.  

Targeting glutamine catabolism might also offer potential therapeutic strategies 

against viral infection, an interesting possibility in light of the COVID-19 pandemic. 

Virus infection often results in the metabolic reprogramming of host-infected cells with 

the upregulation of glutamine catabolism being used to satisfy the requirements of viral 

replication. GLS inhibition has been found to halt the replication of adenovirus, herpes 
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simplex virus 1 and influenza A in cultured primary cells14. As glycolysis is upregulated 

for lipid synthesis in human cytomegalovirus (HCMV) infection, the host cells also 

reprogram their mechanisms for inputting into the TCA cycle by increasing glutamine 

consumption. In addition, α-ketoglutarate was shown to rescue HCMV propagation 

upon glutamine deprivation, demonstrating a critical role of glutaminase in mediating 

the infection by HCMV15. Glutamine addiction was also observed in host cells upon 

infection with hepatitis C, rhinovirus, as well as several other common viruses16. 

Targeting glutamine catabolism in virus-infected host cells therefore could offer a 

potentially novel therapeutic strategy, especially to overcome resistance or for targeting 

untreated infections such as COVID-19. This offers an alternative to the current FDA-

approved antiviral drugs, the majority of which are directed toward inhibiting different 

components of the virus machinery17.  

The important role of glutamine catabolism is also being established in other 

therapeutical areas including allograft acceptance18, acute lung injury19, and neural tube 

defects20. Further development of mouse models21 to study glutamine catabolism will 

offer approaches to study the modulatory effects of inhibiting glutaminase in various 

biological processes.  

 

4.3 Author contributions 

This chapter is adapted from a review that is currently under review the journal 

Future Drug Discovery. Nguyen, T.-T. T., Katt, W. P., Cerione R. A. Alone and 

together: current approaches to targeting glutaminase enzymes as part of anti-cancer 

therapies. The author of this thesis was responsible for conception of the review and 

prioritization of topics for consideration. All authors helped to write, edit, and finalize 

the manuscript.  
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