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The mitochondrial enzyme glutaminase C (GAC) is upre-
gulated in many cancer cells to catalyze the first step in
glutamine metabolism, the hydrolysis of glutamine to gluta-
mate. The dependence of cancer cells on this transformed
metabolic pathway highlights GAC as a potentially important
therapeutic target. GAC acquires maximal catalytic activity
upon binding to anionic activators such as inorganic phos-
phate. To delineate the mechanism of GAC activation, we used
the tryptophan substitution of tyrosine 466 in the catalytic site
of the enzyme as a fluorescent reporter for glutamine binding
in the presence and absence of phosphate. We show that in the
absence of phosphate, glutamine binding to the Y466W GAC
tetramer exhibits positive cooperativity. A high-resolution
X-ray structure of tetrameric Y466W GAC bound to gluta-
mine suggests that cooperativity in substrate binding is coupled
to tyrosine 249, located at the edge of the catalytic site (i.e., the
“lid”), adopting two distinct conformations. In one dimer
within the GAC tetramer, the lids are open and glutamine
binds weakly, whereas, in the adjoining dimer, the lids are
closed over the substrates, resulting in higher affinity in-
teractions. When crystallized in the presence of glutamine and
phosphate, all four subunits of the Y466W GAC tetramer
exhibited bound glutamine with closed lids. Glutamine can
bind with high affinity to each subunit, which subsequently
undergo simultaneous catalysis. These findings explain how the
regulated transitioning of GAC between different conforma-
tional states ensures that maximal catalytic activity is reached
in cancer cells only when an allosteric activator is available.

Targeting the metabolic changes that tumor cells undergo has
offered new opportunities for the development of cancer thera-
peutics with less detrimental effects on normal and healthy cells
compared with traditional radiation and chemotherapy treat-
ments (1-4). The metabolic reprogramming of cancer cells in-
volves the uncoupling of the glycolytic pathway from the
tricarboxylic acid (TCA) cycle, such that pyruvate is almost
entirely converted to lactic acid, rather than being oxidized to
acetyl-CoA as is the case in normal and healthy cells. Thus,
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cancer cells use aerobic glycolysis for the rapid production of
ATP (5, 6), as well as to generate building blocks for fatty acid and
nucleotide synthesis, and other biosynthetic processes necessary
for malignant transformation. These metabolic changes are
commonly referred to as the “Warburg effect.” In order to meet
their metabolic needs and compensate for the Warburg effect
and the uncoupling of glycolysis from the TCA cycle, cancer cells
show a significant increase in their ability to metabolize gluta-
mine, resulting in the production of a-ketoglutarate that can feed
into and sustain the TCA cycle (7-10). The dependence of cancer
cells on glutamine metabolism, 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 en-
zymes collectively known as glutaminase (9, 11-14). The mito-
chondrial glutaminase enzymes catalyze the first step in
glutamine metabolism, specifically, the hydrolysis of glutamine
to glutamate with the accompanying production of ammonia.

In humans, two genes encode the glutaminase enzymes,
designated as glutaminase gene (GLS) (kidney type) and gluta-
minase gene variant 2 (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 GLS (15, 16), whereas others appear to spe-
cifically express and to be dependent upon GLS2 (9). GLS en-
codes for the expression of two active isoforms, kidney-type
glutaminase isoform (the full-length isoform) and glutaminase
C (GAC) (a carboxyl-terminal splice variant). The GAC isoform
is more active and has frequently been found to promote
tumorigenesis in response to upstream oncogenic signals
(17-19). This has led to GAC being examined as a therapeutic
target for cancer treatments, and in fact, an allosteric inhibitor of
its enzymatic activity, CB-839, is in clinical trials (12) (also see
“clinicaltrials.gov”). Additional small molecules targeting GAC
are also being developed as potential anticancer drugs (20).
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 activity (21). The enzyme has been shown to be
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Mechanism for the activation of glutaminase C by phosphate

activated by multiple anionic activators (22), 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. We found that 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. Overall, these findings
provide new mechanistic insights into the regulation of this key
enzyme in cancer cell metabolism by its anionic activators.

Results

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) because of enzyme catalysis, we generated a re-
combinant human GAC mutant in which the active site res-
idue Tyr466 was changed to tryptophan. The GAC (Y466 W)
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) (23), thereby providing a direct
readout for the interactions of glutamine with the enzyme.
The activation of GAC has been shown to require its tran-
sition from an inactive dimer to an active tetramer (21, 24—-27).
Higher concentrations of GAC (i.e., [GAC] = 400 nM) favor
the formation of tetramers (28), whereas the enzyme exists
predominantly in its dimeric state at lower concentrations,
with the Kp, value for tetramer formation being ~160 nM (29).
We therefore examined the binding profiles for glutamine over
a range of enzyme concentrations, (i.e., from 100 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 (Fig. 1A4). The equilibrium
fluorescence (Fg) measured at each concentration of glutamine
was normalized against the intrinsic fluorescence of the GAC
(Y466 W) mutant (F,) and plotted as a function of the substrate
concentration (Fig. 1B). The data were then fit to the Hill
equation (see “Experimental procedures” section, Equation 1).
At GAC concentrations greater than 200 nM (i.e., above the
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Figure 1. Glutamine binding to GAC (Y466W) shows increasing positive cooperativity as the concentration of enzyme increases. A, the fluorescence
emission (Aex = 285 nm and A, = 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 (Fy). B, equilibrium
fluorescence from A for different concentrations of GAC (Y466W) was plotted as a function of glutamine concentration. A nonleast square fit of the data at
each concentration to Equation 1 (solid lines) yielded the Hill coefficients (h) as listed in the figure (+SE of the fit). The data points are representative of three

independent experiments. GAC, glutaminase C.
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Mechanism for the activation of glutaminase C by phosphate

Kp value for tetramer formation), the substrate-binding pro-
files exhibited positive cooperativity with Hill coefficients
ranging between 1.8 and 2.8. However, at the 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 K value of 16.0 + 4.5 mM.

inorganic phosphate influenced the binding profiles for
substrate. As shown in Figure 24, 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 concentra-
tions, 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 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 transi-
tion from an inactive dimer to an activated tetramer
(21, 24-27). Thus, we were interested in seeing how
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Figure 2. The interactions of the anionic activator inorganic phosphate and glutamine with GAC. A, the equilibrium fluorescence (Aox = 285 nm and
Aem = 340 nm) for 800 nM of GAC (Y466W) was monitored in real time, and different glutamine concentrations were added at 30 s. The equilibrium
fluorescence in the presence and absence of 100 mM K,HPO, (inorganic phosphate) was normalized with the initial fluorescence and plotted as a function
of glutamine concentration in magenta and black, respectively. A nonleast 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 + SE from
three independent experiments. B, the equilibrium fluorescence (A\ex = 285 nm and A, = 340 nm) from real-time fluorescence emission for 800 nM of GAC
(K320A and Y466W) in the absence of phosphate was normalized with the initial fluoresence and plotted as a function of glutamine concentration.
A nonleast 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 (0-100 mM K,HPQ,), the equilibrium fluorescence (Aox = 285 nm and A, = 340 nm) was monitored in real time, and
glutamine was added at 30 s 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 fluoresence of the enzyme and plotted as a function of phosphate concentration. A nonleast square fit (solid black
line) of the data in each case to Equation 2 yields Kp 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 + SE from three independent experiments. GAC, glutaminase C.
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Mechanism for the activation of glutaminase C by phosphate

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, Fig. 2A) in this case can be fitted to Equation 1
yielding an apparent K value of 0.5 + 0.1 mM. In contrast, in
the absence of inorganic phosphate, the Hill coefficients larger
than 1 (seen previously in Fig. 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 model (30) (or the
symmetry model), which assumes that there are two different
conformations of the enzyme: the T state that binds glutamine
weakly and the R state that binds glutamine with higher af-
finity. For example, in the case of 800 nM GAC (Y466W), the
sigmoidal titration curve that gives a Hill coefficient of 2.8
(black trace, Fig. 2A) was modeled with Equation 2, yielding
two different dissociation constants: K; = 21 + 0.1 mM and
Kr = 0.3 £ 0.1 mM. These two constants suggest that gluta-
mine initially binds to GAC with low affinity, similar to the
apparent Kp value determined for the binding of glutamine to
100 nM GAC (Y466W), that is, when the enzyme exists pre-
dominantly 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 pres-
ence 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
active (21, 31), with its catalytic activity matching that
measured when the WT enzyme was activated by inorganic
phosphate. We therefore generated a double-mutant GAC
(K320A and Y466W) and examined glutamine binding by
monitoring changes in Trp466 emission. The glutamine-
binding profile obtained with the GAC (K320A and Y466W)
double mutant mirrored what we observed when assaying
substrate binding in the presence of inorganic phosphate
(Fig. 2B). Specifically, glutamine bound to a single class of
high-affinity sites on the GAC (K320A and 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 readout was used to monitor
glutamine-induced changes in Trp466 fluorescence; however,
lower enzyme concentrations were examined to ensure that
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 nonsaturating (5 mM)
doses of the substrate. In the presence of saturating (20 mM)
glutamine, we measured an apparent Kp, value of 8.5 + 1.9 mM
for inorganic phosphate (Fig. 2C), compared with a value of
87.0 + 17.8 mM when the assays were performed under con-
ditions of subsaturating levels of substrate (i.e., 5 mM gluta-
mine) (Fig. 2D). These studies indicate that the presence of
glutamine in the active sites increases the affinity of the
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enzyme for phosphate, establishing the reciprocal communi-
cation between the binding of the anionic activator and
substrate.

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 A resolution X-ray
crystal structure for the GAC (Y466W)—substrate complex
(see Table 1 for the crystallographic parameters). Four GAC
monomers were observed in the asymmetric unit, with elec-
tron density for glutamine being present in each enzyme
subunit making up the tetramer (Fig. 3A4). In the X-ray crystal
structures (28, 32, 33) 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 3B shows the electron density calculated
with the 2F,—F. 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 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, 11e250, and Pro251, and is highly conserved in gluta-
minase enzymes across many species (21). 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 (Fig. 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 A), such
that the lid completely covers the active site (Fig. 44, top

Table 1
X-ray crystal data collection and refinement statistics

Human glutaminase C
(Y466 W) with 1-GIn

Human glutaminase C
(Y466W) with L-GIn plus

without phosphate phosphate
Structure (PDB: 7SBM) (PDB: 7SBN)
Data collection
Space group P2,2,2; P12,1

Cell dimensions

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

@By, 90, 90, 90 90, 95.4, 90
Resolution (A) 2.8 2.1
Completeness (%) 99.40 (98.52) 98.46 (88.80)
Redundancy 6.3 (6.3) 3.3 (2.8)

Refinement

Resolution (A) 37.9-2.8 47.8-2.1
No. of reflections 60,927 (5953) 133,794 (12,085)
RyondRice 0.1993/0.2435 0.1879/0.2301
Avg B-factors (A% 38.04 40.33
Rmsd

Bond lengths (A) 0.010 0.007

Bond angles (°) 1.38 0.87

Values in parentheses are for highest-resolution shell.
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Figure 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 2F,-F. map at the contour level of 0.7 rmsd, which had been crossverified with the
overlapping green density of the F,—F. map at the contour level of 2.0 rmsd. GAC, glutaminase C.

dimer). This is referred to as the “closed” lid conformation of
GAC and presumably represents a high-affinity state for sub-
strate 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 catal-
ysis 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 and 5.9 A)
(Fig. 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 compared with 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 con-
formations. Indeed, we observed that in the absence of inor-
ganic phosphate, glutamine has a significantly weaker affinity
for the GAC (Y249F and Y466W) double mutant compared
with the GAC (466W) mutant (Fig. S1). In the presence of
phosphate, the dose response for glutamine is still shifted to
much lower concentrations; however, interestingly, positive

SASBMB

cooperativity for substrate binding was observed, unlike the
case for the WT 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 phos-
phate to synchronize substrate binding to each of the subunits
comprising the GAC tetramer.

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 A resolution crystal structure for GAC
(Y466W) bound to glutamine in the presence of H,PO4* (see
Table 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 (Fig. S2). Moreover, the density for the entire YIP
motif and the neighboring residues are well resolved in this
structure (Fig. 5A), unlike in the structures of GAC (Y466 W)
and WT GAC (21) obtained in the absence of phosphate,
where we were not able to observe electron density in this
region (Fig. 5B). The residues from Pro251 to Lys255 now
form an a-helix, positioning GIn252 to engage in a hydrogen
bond with Ser380, further closing the glutamine-binding
pocket and stabilizing the “closed” conformation. However,

J. Biol. Chem. (2022) 298(2) 101564 5



Mechanism for the activation of glutaminase C by phosphate

Chain A (closed)

4 ~ &>

S% Glu3s1

Glutanmine

Tyr249

Val484

b 2

Trp466

Val484

>

’ Glutamine

(—x :Trp466

Chain B (open)

Chain D (closed)

Tyr249\ \

.6%?'(5Iu381

Val484

4
i Glutamine

“ y
SN
% 4

L 62-<€Glu3s1
valaga %< >? s’a

.
Glutaminé

p

Trpags N
Chain C (open)

Figure 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 four chains) is shown, with the blue dashed line showing the dimer-dimer inteﬂrface. The dimer at the top (chains A and D)
shows the “closed” conformation: Tyr249 is forming hydrogen bonds with Glu381 (measured distance of 2.5 A). The dimer at the bottom (chains B and C)
shows Tyr249 moving away from Glu381 (measured distance of 6.1 and 5.9 A). The hydrophobic residue Val484 is also shown to be in close proximity with

Tyr249 in chains B and C. GAC, glutaminase C.

clear density for phosphate was not observed. This may be due
to inorganic phosphate binding preferentially to and stabilizing
the open lid conformation of the enzyme, since we found that
the GAC (Y249F and Y466W) double mutant exhibits a greatly
increased affinity for the anionic activator (21). Therefore, as
considered further in the “Discussion” section later, 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.

Examining the interplay between glutamine and inorganic
phosphate during enzyme catalysis

We next compared the initial velocity for glutamine hy-
drolysis measured for 800 nM WT GAC in the presence of

6 . Biol. Chem. (2022) 298(2) 101564

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 (Fig. 6, A and B). 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 K, for glutamine is very similar in the
presence and absence of phosphate (K,; = 7.7 + 0.7 mM and
8.6 + 1.3 mM, respectively). 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 Kj; value for substrate as observed in the presence of
phosphate. However, in the absence of the anionic activator, a
very low k., is measured. The presence of the anionic activator

SASBMB
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Figure 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 lle250 to Lys255 is not well resolved and results in a partially

disordered loop. GAC, glutaminase C.

then induces a symmetrical GAC tetramer, allowing each of
the enzyme subunits to undergo catalysis simultaneously and
with a maximum Kk,

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
(Fig. S3). 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 (Fig. 6C). This
differs from what we observed with the WT 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 bind-
ing of phosphate (at low doses) to fully drive tetramer for-
mation, 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 inor-
ganic phosphate, a strict hyperbolic dependence on substrate
concentration was observed with a Hill coefficient of 1.0 + 0.1
(Fig. 6D), similar to what we observed when assaying WT
GAC. Thus, saturating levels of inorganic phosphate are able
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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.

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 gluta-
mate with the production of ammonia, generating a-ketoglu-
tarate as a carbon source that enters the TCA cycle (7-10).
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 upregulated in a number of cancers and
consequently has received a good deal of attention as a po-
tential therapeutic target (9, 11-13). 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 fluores-
cence spectroscopic assays to directly monitor the binding of
the substrate glutamine as well as the anionic activator inor-
ganic phosphate and allosteric inhibitors to the enzyme
(23, 34). Here, we have used one of these readouts 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 hy-
drolysis of the substrate to the product glutamate. When using
this spectroscopic readout to assay glutamine binding in the
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Figure 6. Catalysis of glutamine by WT GAC shows no cooperativity. A and B, initial velocities of glutamine hydrolysis by 800 nM WT GAC was measured
at the indicated glutamine concentrations in the absence (black) or the presence (magenta) of 100 mM K,HPO, using the two-step assay method. Each data
point shown is the mean * SE from three independent experiments. A simultaneous nonleast square fit of the data from three independent experiments to
Equation 4 (solid line) yielded Hill coefficients, h = 1.0 £ 0.1 and h = 0.9 £ 0.1 (£SE of the fit) in the absence and presence of phosphate, respectively,
indicative of no cooperativity in both cases. G, initial velocities of glutamine hydrolysis by GAC (D386A) was measured at the indicated phosphate con-
centrations and 20 mM glutamine using the two-step assay. Each data point shown is the mean from three independent experiments. A simultaneous
nonleast square fit of the data from three independent experiments to Equation 4 (solid line) yielded a Hill coefficient, h = 1.7 + 0.2 (£SD of there inde-
pendent fits). D, initial velocities of glutamine hydrolysis by GAC (D386A) was measured at the indicated glutamine concentrations and 100 mM K,HPO,
using the two-step assay. Each data point shown is the mean from three independent experiments. A simultaneous nonleast square fit of the data from
three independent experiments to Equation 4 (solid line) yielded a Hill coefficient, h = 1.0 £ 0.1 (£SD of there independent fits). GAC, glutaminase C.

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 increase the
potential for tetramers to form, substrate binding 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 for-
mation, albeit less effectively than inorganic phosphate
(Fig. S4), 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
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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 that 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
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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 readout was used to assay
glutamine binding to 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 and Y466W), which mimics the effects of an
anionic activator. Moreover, when GAC (Y466W) was crys-
tallized 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 gluta-
mine 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, that is the interactions of inorganic phosphate with GAC
are enhanced at increasing substrate concentrations. This is
likely because of the ability of glutamine to promote the for-
mation of GAC tetramers, although again less effectively than
inorganic phosphate (Fig. S4).

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 with 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 rate (24, 29, 30).
The binding of the anionic activator then causes the situation
to change, by triggering conformational changes that imme-
diately induce GAC tetramer formation (24, 28, 31) and
enabling substrates to have immediate access to all four sub-
units 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 studies
(21, 23, 28), lead to a working model for the interactions of
substrates and anionic activators with GAC. As depicted in
Figure 7, under conditions where apo GAC initially exists as a
dimer, glutamine binds with relatively low affinity only to
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those subunits that have an open lid. Substrate binding can
help promote tetramer formation, thereby enabling the sub-
sequent 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 pro-
files. In the absence of allosteric activators, such as inorganic
phosphate, catalytic turnover is only occurring at those sub-
units 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, whereas
weakening the affinity for the anionic activators. The forma-
tion of products (glutamate) would then prompt the opening
of the lids to enable their release and allow the rebinding 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 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.

Experimental procedures
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 pQE8OL plasmid. The equiv-
alent 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 cul-
tures were grown in LB medium with 100 mg/ml ampicillin
(for pQESOL) or 50 mg/ml kanamycin (for pET28a) and sub-
sequently inoculated at ~1:100 ratio in 6 1 cultures with the
same antibiotic concentrations. The culture was left shaking at
37 °C and 180 rpm for 3 to 4 h until an absorbance reached
between 0.6 and 0.8 at 600 nm. The flasks were then chilled at
4 °C for 1 to 2 h before being induced by the addition of 30 pM
IPTG and shaking at room temperature for 16 to 18 h. Cells
were collected by rapid centrifugation and resuspended in
150 ml lysis buffer (50 mM Tris—HCI, pH 8.5, 500 mM NaCl,
and 10% glycerol) with ~2 mg of DNase I for 20 to 30 min.
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Figure 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 reopen,
enabling the reaction product to be released. In the presence of inorganic phosphate, GAC dimers are driven to form tetramers, which then enable 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 rebind to the enzyme with open lids and start another catalytic cycle. GAC, glutaminase C.

The cells were disrupted mechanically using sonication, and
the soluble fractions were separated from the debris by ul-
tracentrifugation (40,000g). The lysate was then loaded onto
Co**-charged TALON resin, which had been equilibrated
previously with the wash buffer (50 mM Tris—HCI, pH 8.5,
10 mM NaCl, and 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 MonoQ column
(GE Healthcare) and size-exclusion chromatography using
Superdex 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—HCI (pH 8.5), 150 mM NaCl
for assay purposes and otherwise snap-frozen in liquid nitro-
gen and stored at -80 °C. Protein concentrations were
determined by absorbance at 280 nm using extinction co-
efficients calculated using Expasy ProtParam tool. The residue
numbers for GAC were used throughout the text to avoid
confusion.

Fluorescence assays

Measurements were carried out using a Varian Cary Eclipse
fluorimeter in the “Kinetics” mode. Stock solutions of gluta-
mine or glutamate (200 mM) and K,HPO, (1 M) were pre-
pared in the assay buffer (50 mM Tris acetate, pH 8.5,
0.125 mM EDTA, and 100 mM NaCl). One hundred microliter
of recombinant GAC was added to 900 ul of assay bulffer,
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 ul of
glutamine at the indicated concentrations were added to the
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protein solution at 30 s. The signal was recorded at an exci-
tation wavelength of 285 nm (5 nm bandpass) and an emission
wavelength of 340 nm (20 nm bandpass). K;HPO, was sup-
plemented as part of the 900 pl of initial buffer when needed.

Glutaminase activity assays

Glutaminase activity was measured by coupling NAD"
reduction to glutamine hydrolysis in a two-step reaction. In the
first reaction, glutaminase catalyzes the hydrolysis of gluta-
mine to glutamate, and in the second reaction, glutamate de-
hydrogenase catalyzes the oxidative deamination of glutamate
to form o-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) and 0.125 mM
EDTA. Stock solutions of glutamine or glutamate (200 mM)
and K;HPO, (1 M) were prepared in the assay buffer. The first
reaction was initiated upon the addition of 10 ul of WT GAC
(0.5 uM stock) to 90 pl of a reaction mix (20 ul glutamine,
10 pl KyHPO,, and 60 pl assay buffer). The reaction was
quenched after 2 min (in the absence of K,;HPO,) or 15 s (in
the presence of K;HPO,) by the addition of 10 ul HCI (3 M),
and the samples were subsequently stored on ice. In the sec-
ond reaction, the reaction mixture containing 130 mM Tris—
HCI (pH 9.4), 7 units/ml of glutamate dehydrogenase, and
2 mM NAD". Two hundred microliter of the reaction mix was
added to a single well of a 96-well Costar clear plate (Corning),
and 10 pl of each sample from the first step was added, and the
reaction was incubated with gentle rocking at room temper-
ature for 40 to 60 min. 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
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slope of the linear part of the standard curve was used to
convert the absorbance values to the concentration of gluta-
mine hydrolyzed. The initial velocities of glutamine hydrolysis
were calculated by dividing the concentration of glutamine
hydrolyzed by the time of the first reaction.

Equations for data analysis

Dose-response curves of fluorescence as a function of
glutamine concentration were fit to Equations 1 and 2,

(Fo-Fy)

h
()

where F is the equilibrium fluorescence attained upon the
addition of glutamine at a concentration Lz, Fy is the initial
fluorescence before the addition of glutamine, Fyis the fluo-
rescence attained in the presence of saturating concentrations
of glutamine, Ky 5 is the concentration of glutamine at which
50% of the fluorescence change occurs, and / is the Hill co-
efficient.

F=Fo+

~a(140)" ! +Lea(14ca)"!

Y
(14+a)"+L(14cax)"

(2)

where Y is the fractional fluorescence change, a is the
normalized ligand concentration describing how many times
of Ky the ligand concentration is (a = S/[Kg], where S is the
concentration of glutamine and K, 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 R and
T states, and ¢ = (Ky)/(K7), where K is the dissociation con-
stant for the weak binding state.

\/ (Kp+L7-+R7)*~4R7Ly
F=Fo-(Fo - Fy) ST 3)

where F is the equilibrium fluorescence attained upon the
addition of glutamine at a concentration Lz, Fy is the initial
fluorescence before the addition of glutamine, Fyis the fluo-
rescence attained in the presence of saturating concentrations
of glutamine, Rt is the concentration of glutaminase used, and
Kp is the dissociation constant.

Initial velocities of glutamine hydrolysis as a function of
glutamine concentration were fit to the Michaelis—Menten
equation,

V _ VmaXSh
K, +Sh

(4)

where V'is the initial velocity at any glutamine concentration, S
is the concentration of glutamine, V.« is the maximal velocity
at saturating concentrations of glutamine, K, is the Michaelis
constant, and / is the Hill coefficient.
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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 K;HPO, (1 M)
were made using the buffer from the size-exclusion purifica-
tion step (20 mM Tris—HCI [pH 8.5] and 150 mM NacCl). GAC
(Y466W) was mixed with glutamine so that the final concen-
tration was 3 mg/ml for the protein and 40 mM glutamine and
kept on ice for ~1 h. Crystallization experiments were per-
formed at 18 °C using the conventional hanging drop vapor
diffusion technique (2 pl of protein solution and 2 ul 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
cryoprotectant 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 K,;HPO,. 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 min with
a solution of mother liquor supplemented with 40 mM Gln,
200 mM K,HPO,, and 10% ethylene glycol immediately prior
to freezing.

The diffraction data were collected at cryogenic temperature
(100 K) at the 23-ID-D and 23-ID-B-GM/CA beamline at the
GM/CA beamline of the Advanced Photon Source (APS) with
0.2° oscillation/image. The monomer extracted from the apo
hGAC (WT) structure (Protein Data Bank [PDB]: 5D30) was
used as the search model for molecular replacement for both
structures. The data reduction was performed with HKL2000
(35), prior to phasing and refinement by Phenix (36) and Coot
(37).

Analytical size-exclusion chromatography

Different running buffers were made to obtain elution
profiles of apo GAC (20 mM Tris [pH 8.5] and 100 mM
NaCl), GAC with saturating glutamine (20 mM Tris [pH
8.5], 100 mM NaCl, and 20 mM glutamine), and GAC with
saturating inorganic phosphate (20 mM Tris [pH 8.5],
100 mM NaCl, and 100 mM K,HPO,). A superdex 200
5/150 GL (Cytiva) column was pre-equilibrated with the
running buffers, and 50 pl of protein (10 pM) was injected
in the column.

Data availability

The structures of GAC (Y466W) co-crystallized with
L-glutamine in the absence and presence of K,HPO, can be
found in the PDB (PDB IDs: 7SBM and 7SBN, respectively).
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