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SUMMARY

Carbamoyl phosphate synthetase 1 (CPS1) catalyzes
the first step in the ammonia-detoxifying urea cycle,
converting ammonia to carbamoyl phosphate under
physiologic conditions. In cancer, CPS1 overexpres-
sion supports pyrimidine synthesis to promote tumor
growth in some cancer types, while in others CPS1
activity prevents the buildup of toxic levels of intratu-
moral ammonia to allow for sustained tumor growth.
Targeted CPS1 inhibitors may, therefore, provide a
therapeutic benefit for cancer patients with tumors
overexpressing CPS1. Herein, we describe the dis-
covery of small-molecule CPS1 inhibitors that bind
to a previously unknown allosteric pocket to block
ATP hydrolysis in the first step of carbamoyl phos-
phate synthesis. CPS1 inhibitors are active in cellular
assays, blocking both urea synthesis and CPS1 sup-
port of the pyrimidine biosynthetic pathway, while
having no activity against CPS2. These newly discov-
ered CPS1 inhibitors are a first step toward providing
researchers with valuable tools for probing CPS1
cancer biology.

INTRODUCTION

The primary function of the urea cycle under normal physiologic
conditions is to remove toxic ammonia from the blood that is pro-
duced as a byproduct of amino acid catabolism (Adeva et al.,
2012). In cancer, malignant cells have found ways to re-wire
this metabolic pathway to support cell growth (Keshet et al.,
2018). This is primarily achieved through two mechanisms:
one, the differential expression of individual urea cycle genes
to repurpose urea cycle metabolites for the support of anabolic
pathways, especially pyrimidine synthesis. Two, upregulation
of total urea cycle activity to prevent the accumulation of
ammonia within tumors that in some cancer types may be
toxic to cell growth. There are five enzymes in the urea cycle:
carbamoyl phosphate synthetase 1 (CPS1), ornithine transcar-
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bamylase (OTC), argininosuccinate synthase (ASS1), arginino-
succinate lyase (ASL), and arginase (ARG) (Adeva et al., 2012).
Several studies have demonstrated that reduced activity of
OTC, ASS1, and ASL diverts urea cycle metabolites to the pyrim-
idine biosynthetic pathway in both cancer and urea cycle defi-
ciency syndromes (Brosnan and Brosnan, 2007; Gerrits et al.,
1993; van Kuilenburg et al., 2006; Lee et al., 2018; Rabinovich
etal., 2015; Salerno et al., 1999). In multiple cancer types, altered
gene expression of these three urea cycle genes is a prognostic
indicator of disease (Allen et al., 2014; Kobayashi et al., 2010;
Lan et al.,, 2014; Lee et al., 2018; Li et al., 2019; Liu et al.,
2017; Szlosarek et al., 2006; Vardon et al., 2017). In some p53-
deficient cancers, upregulation of urea cycle genes has been
shown to be required for the disposal of ammonia generated
by rapidly growing tumors as well as provide ornithine for poly-
amine synthesis to support growth (Li et al., 2019). Collectively,
altered expression of urea cycle genes in cancer has been
termed urea cycle dysregulation, which produces distinct
genomic and biochemical signatures that are observed clinically
(Lee et al., 2018).

Catalyzing the first and rate-limiting step in ammonia commit-
ment to the urea cycle, CPS1 plays a central role in supporting
both pyrimidine synthesis and ammonia detoxification in cancer
(Lee et al., 2018; Li et al., 2019). CPS1 overexpression and
activity in LKB1-deficient and EGFR mutant non-small cell lung
cancer (NSCLC) has been shown to feed into the pyrimidine
biosynthetic pathway to support cancer cell proliferation (Celik-
tas et al., 2017; Kim et al., 2017; Pham-Danis et al., 2019). Here,
carbamoyl phosphate generated by CPS1 is consumed by CAD
(carbamoyl phosphate synthetase 2 [CPS2], aspartyl transcar-
bamylase, dihydroorotase) in the pyrimidine synthetic pathway
rather than feeding into the urea cycle, which is not active in
lung cancer. This shunt of carbamoyl phosphate from CPS1 to
CAD presumably bypasses a negative feedback loop of pyrimi-
dine inhibition of CPS2 activity of CAD to allow for sustained
and unchecked pyrimidine synthesis to support cancer cell
growth (Serre et al., 2004; Shaw and Carrey, 1992). Genetic
knockdown of CPS1 was shown to reduce cancer cell prolifera-
tion both in vitro and in vivo and synergize with standard of care
NSCLC chemotherapeutics (Celiktas et al., 2017; Kim et al.,
2017). In addition to supporting pyrimidine synthesis, CPS1
upregulation along with other urea cycle genes has been
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Figure 1. CPS1 Gene Expression in Cancer and the Identification of CPS1 Inhibitor H3B-120

(A) Analysis of CPS1 mRNA expression levels in normal and primary tumor samples from The Cancer Genome Atlas (TCGA) cohort. Only indications with n > 5
samples and with both normal and tumor data were included. Abbreviations for each tumor type correspond to TCGA nomenclature. Boxplots represent CPS1
expression levels between the first and third quartile with the median represented as a horizontal line. Outliers, falling outside of the 1.5 interquartile range, are

represented as circles.

(B) Crystal structure of the ADP and NAG bound active conformation of CPS1 (PDB: 5DOU) with an outline of the CPS1 catalyzed carbamoyl phosphate synthesis
reaction. CPS1 contains six globular domains: N-terminal domain (light blue), inactive glutamine amido transferase domain (purple), carbamate synthetase ATP A
domain (light orange), integrating domain (yellow), carbamoyl phosphate synthetase ATP B domain (pink), and NAG binding domain (green).

(C) Chemical structure of H3B-120.
(D) Dose-response curve of H3B-120 inhibition of CPS1 activity when measurin
carbamoyl phosphate (CP) production (ICso = 1.6 uM, Hill coefficient 1.0). Error

demonstrated to prevent the accumulation of high levels of
ammonia in p53-deficient malignant cells, which may otherwise
be toxic to rapidly growing tumors (Li et al., 2019). Also in this
setting, increased nitrogen flux through the urea cycle allows
for a higher rate of polyamine synthesis to support growth (Li
et al., 2019).

An analysis of CPS1 mRNA expression across all cohorts from
The Cancer Genome Atlas (https://portal.gdc.cancer.gov) re-
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g ADP formation using the PK/LDH assay (ICso = 1.2 pM, Hill coefficient 1.1) or
bars represent the standard deviation, n = 2.

veals that CPS1 transcript levels can be upregulated in multiple
cancer types (Figure 1A). CPS1 is found to be highly overex-
pressed in a subset of lung, colon, prostate, bladder, esopha-
geal, and endometrial cancers (Figure 1A). In colon cancer
and LKB1-deficient NSCLC, increased CPS1 expression is
associated with decreased probability of survival of cancer pa-
tients (Kim et al., 2017; Lee et al., 2014; May et al., 2011; Pala-
niappan et al., 2016; Pham-Danis et al., 2019). Likewise, CPS1
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Figure 2. Steady-State Kinetic Analysis of
H3B-120 Inhibition of CPS1

(A) Steady-state kinetic analysis of H3B-120 inhibi-
tion of total CPS1 activity measured using the PK/
LDH assay. Curves are globally fit to a mixed inhi-
bition model. Data presented as a representative
graph. Error bars represent the standard deviation,
n=2.
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measuring ADP formation only at the ATP A domain
using the PK/LDH assay. Error bars represent the
standard deviation, n = 2.

(C) Representative ICsq curve of H3B-120 inhibition
of ATP B activity using the Kinase Glo assay. Error
bars represent the standard deviation, n = 2.

(D) Global fit of steady-state kinetic analysis of H3B-
120 inhibition of CPS1 ATP A activity using the PK/
LDH assay. Data are globally fit to a competitive
inhibition model. Error bars represent the standard
deviation, n = 2.
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overexpression in cholangiocarcinoma and some subtypes of
glioblastoma is associated with poor prognosis (Ma et al.,
2015; Milinkovic et al., 2013). These observations suggest that
increased CPS1 activity may be exploited frequently by malig-
nant cells to support tumor growth in multiple cancer types.
These observations highlight the need to gain a better under-
standing of the role CPS1 plays in cancer. With no known inhib-
itors identified to date, we performed a high-throughput screen
in search of CPS1 small-molecule inhibitors. Herein, we describe
the discovery of a small-molecule inhibitor, H3B-120, which tar-
gets a previously unidentified allosteric pocket to achieve inhibi-
tion of CPS1 carbamoyl phosphate synthesis activity. Kinetic
and structural data demonstrate that H3B-120 causes a confor-
mational change in the carbamate synthetase domain, which
prevents ATP binding and catalysis. H3B-120 is selective for
CPS1, with no inhibition of CPS2 activity of CAD. H3B-120 is
also active in cellular assays, blocking both CPS1 activity in
ammonia conversion to urea and support of pyrimidine synthe-
sis. We propose that H3B-120 is a valuable tool for future efforts
toward dissecting the involvement of CPS1 in cancer biology.

RESULTS

Identification of a Small-Molecule Inhibitor of CPS1

CPS1 converts ammonia to carbamoyl phosphate in a multistep
reaction—consuming ammonia, bicarbonate, and two mole-
cules of ATP for every molecule of carbamoyl phosphate gener-
ated (Figure 1B) (de Cima et al., 2015; Diez-Fernandez et al.,
2013; Rubio et al., 1979). In the first step of the reaction, carba-
mate is produced from bicarbonate and ammonia at the expense
of one molecule of ATP at the carbamate synthetase domain
(hereafter referred to as ATP A). Carbamate is subsequently
shuttled through an internal tunnel to the carbamoyl phosphate
synthetase domain (hereafter referred to as ATP B), where a
second phosphoryl transfer event occurs to generate the final
product carbamoyl phosphate (de Cima et al., 2015). Efficient
catalysis requires a cofactor, N-acetyl glutamate (NAG). NAG

binds to the C-terminal NAG binding domain, causing large
structural rearrangements in CPS1 (primarily in the ATP A
domain) to form the active conformation (de Cima et al., 2015).
In the absence of NAG, CPS1 activity is very low (Britton et al.,
1990). CPS1 also contains a small N-terminal domain of
unknown function as well as a vestigial glutamine amido trans-
ferase domain, which lacks key amino acids required for gluta-
mine hydrolysis. A sixth globular domain referred to as the inte-
grating domain sits between the ATP A and ATP B domains
(Figure 1B) (de Cima et al., 2015). The integrating domain stabi-
lizes a portion of the internal tunnel for carbamate transfer from
ATP A to ATP B and undergoes some structural rearrangement
upon NAG and ATP binding, likely contributing to the stability
of the catalytically competent CPS1 conformation.

We developed an enzymatic assay measuring the ADP forma-
tion activity of CPS1 and screened a diverse chemical library
comprised of approximately 350,000 compounds. H3B-120
was first identified as a confirmed hit following a series of counter
screens and biophysical assays that verified direct CPS1 inhibi-
tion and binding (Figures 1C, S1, and S2). H3B-120 demon-
strated complete inhibition of both ATP activity and carbamoyl
phosphate synthetase activity of CPS1 with an half maximal
inhibitory concentration (ICsg) value of around 1.5 uM (Figure 1D).
A steady-state kinetic ATP competition experiment was per-
formed, globally fitting the data to a mixed inhibition model.
Here, aK;of 1.4 uM was determined for H3B-120, in close agree-
ment with measured 1C5, values (Figure 2A). An o value of 76.7
was calculated, indicating a mixed mode of inhibition for the
overall reaction with the inhibitor having higher affinity for the
apoenzyme than the enzyme substrate complex.

Determining the Mechanism of Action of H3B-120

Because CPS1 synthesizes carbamoyl phosphate in a multistep
process through the coordinated action of two distinct and sepa-
rate domains with enzymatic activity, we next determined which
step of the reaction H3B-120 inhibited. First, we measured activ-
ity of the ATP A domain, by simply omitting ammonia from the
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Figure 3. The Effect of NAG Cofactor on CPS1 Activity and Inhibition
by H3B-120

(A) ICs curves of H3B-120 measuring CPS1 catalyzed ADP formation from the
full reaction at varying concentrations of NAG using the Transcreener FP
assay. Error bars represent the standard deviation, n = 2.

(B) The effect of a saturating concentration of NAG on the ADP formation
activity of the ATP A domain. ADP formation activity of the ATP A domain was
measured continuously for 30 min using a PK/LDH enzyme-coupled assay.
(C) The effect of a saturating concentration of NAG on the ADP formation ac-
tivity of the ATP B domain. ADP formation activity at ATP B only was measured
continuously for 30 min using the HK/G6PDH enzyme-coupled assay.

reaction and measuring ADP formation as carboxyphosphate
was generated. H3B-120 was able to fully inhibit this first step,
with an IC5q essentially identical to the full reaction (Figure 2B).
To measure activity of the ATP B domain, we measured ATP syn-
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thesis in the reverse direction, using carbamoyl phosphate as the
phosphate donor for ADP. H3B-120 was incapable of fully inhib-
iting ATP B activity, with only partial inhibition observed (Fig-
ure 2C). Notably, the inflection point of this curve was 1.2 uM,
suggesting that a specific interaction between CPS1 and H3B-
120 is responsible for this partial inhibition.

Given the apparent selective inhibition of ATP A activity by
H3B-120, we next performed a steady-state kinetic ATP compe-
tition experiment in the ATP A half reaction described above.
Global fitting of the kinetic data clearly demonstrated competi-
tion between ATP and H3B-120, suggesting that binding of these
two CPS1 ligands is mutually exclusive (Figure 2D). Unexpect-
edly, we noticed that when the concentration of NAG was varied
in the enzymatic assay measuring the full forward reaction, the
ICs0 of H3B-120 also varied (Figure 3A). As the concentration
of NAG is increased, the ICsq of H3B-120 inhibition also
increased, suggesting competition between H3B-120 and
NAG. The apparent competition of H3B-120 with both ATP and
NAG was surprising given that ATP and NAG bind to separate
domains on the CPS1 protein (de Cima et al., 2015). However,
this can be rationalized by the observation that NAG binding in-
fluences conformational changes primarily in the ATP A domain
to stimulate CPS1 enzymatic activity (de Cima et al., 2015). This
is apparent when measuring the ATP activity at each ATP
domain separately in the half reactions described above. We
observe that a saturating concentration of NAG is able to stimu-
late activity of the ATP A domain greater than 10-fold (Figure 3B),
while NAG activation of ATP B is less than 3-fold (Figure 3C).
Collectively, the observed competition between H3B-120 and
both ATP and NAG is consistent with two possible models. In
the first scenario, H3B-120 directly competes with NAG binding
to prevent productive conformational changes at ATP A, selec-
tively blocking activity at this domain. In the second scenario,
H3B-120 competes with ATP binding at ATP A, where NAG mod-
ulates the affinity for ATP. Here, high concentrations of NAG
allow for tighter binding of ATP at the ATP A domain and there-
fore higher concentrations of H3B-120 are required for compet-
itive inhibition.

CPS1 Inhibitors Bind an Allosteric Pocket between the
Integrating and ATP A Domains

To distinguish between these two possible mechanisms we
solved a co-crystal structure of CPS1 bound to H3B-193 (Fig-
ure 4A), a more potent analog of H3B-120 (Figure S3A), at
1.90 A resolution. H3B-193 bound CPS1 crystals grew in the pre-
viously reported conditions for the apo CPS1 crystal structure.
H3B-193 is well resolved in the electron density (Figure S3B)
and found sitting in a previously unknown allosteric pocket situ-
ated between the integrating and ATP A domains (Figures 4B
and S4C). In an overlay of our H3B-193 structure with the ADP
bound CPS1 structure (PDB: 5DOU), the phenyl group of H3B-
193 is separated from the adenosine ring of ADP within the
ATP A domain by ~17 A. A flexible loop comprised of amino
acids V653-H659 (previously referred to as the K-loop [de
Cima et al., 2015]) separates these two pockets. In the ADP
bound structure, the K-loop is clearly stabilizing ADP binding,
with the side chain of M656 interacting with the adenosine ring
of ADP (Figure 4C). In the H3B-193 structure, the K-loop is flip-
ped out of the ATP binding pocket of ATP A and toward the



H3B-193

Figure 4. Crystal Structure of CPS1 in Complex with H3B-193
(A) Chemical structure of H3B-193.

(B) Co-crystal structure of the H3B-193-CPS1 complex. H3B-193 is bound to an allosteric pocket between the integrating (yellow) and ATP A (light orange)

domains.

(C) H3B-193 binding causes a conformational change in the flexible K-loop that separates the allosteric inhibitor pocket from the ATP binding pocket of the ATP A
domain. M656 is observed stabilizing ADP binding the ADP bound CPS1 crystal structure (PDB: 5DOU), but flipped toward H3B-193 to form the allosteric pocket
in the inhibitor bound structure. The integrating and ATP A domains of the H3B-193 structure are shown in yellow and light orange, respectively. The ADP bound

structure is shown in gray.

allosteric pocket to stabilize H3B-193 binding, with the side
chain of M656 reaching into the allosteric pocket (Figure 4C). In-
hibitor binding therefore stabilizes the flexible loop in a confor-
mation that is incompatible with ATP binding. This structure fully
explains the observed competition between both NAG and ATP
in steady-state kinetic experiments. NAG binding enhances
CPS1 affinity for ATP at the ATP A domain, where H3B-120
and ATP compete for a CPS1 conformation compatible only
with their respective binding modes.

The flexible loop containing amino acids V653-H659 was pre-
viously named the K-loop due to its binding of a potassium ion in
the ADP bound structure (de Cima et al., 2015). Potassium has
been shown to be important specifically for carbamate synthesis
at the ATP A domain, but not for enzymatic activity at the ATP B
domain (Lusty, 1978, 1983). Potassium was not observed in the
H3B-193 structure, suggesting that inhibitor binding stabilizes
the K-loop in a conformation that prevents potassium binding
and stabilization of the K-loop in a catalytically competent
conformation. This likely contributes to the inhibitory mechanism
of action of H3B-120 and its analog H3B-193.

The overall conformation of CPS1 in the inhibitor bound struc-
ture closely resembles that of the apo structure reported previ-
ously, with some movement around the allosteric pocket to
accommodate inhibitor binding. The ligand bound allosteric
pocket is narrow and long, being roughly 10 A wide at the open-
ing and 24 A deep (Figure S3C). A patch of hydrophobic amino
acids (M656, V664, F809, L813, and 1851) forms the back of
the pocket, where the phenyl group of H3B-193 is sandwiched
directly between V664 of the ATP A domain and 1851 of the inte-
grating domain (Figure 5A). The urea carbonyl oxygen of H3B-
193 makes a hydrogen bond with the backbone nitrogen of
1851. Two additional hydrogen bonding interactions are medi-
ated by two water molecules bridging side chain hydroxyls of
S819 and Y852 with the amide nitrogen and the thiazole nitrogen
of H3B-193. The thiazole itself appears to be making an impor-
tant stacking interaction with the imidazole ring of H817. The pyr-
idine core of H3B-193 sits in the center of the allosteric pocket,
between W776 and C816 of the ATP A domain.

To better understand the interactions between CPS1 and in-
hibitor in the allosteric pocket, we synthesized several structural
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Figure 5. Key Binding Interactions between H3B-193 and CPS1 with
Insight into CPS1 Selective Inhibition

(A) Interactions between H3B-193 and CSP1 within the allosteric pocket. H3B-
193 engages with amino acids from both the ATP A and integrating domains of
CPSH, utilizing hydrogen bonding and hydrophobic interactions to stabilize
inhibitor binding.

(B) Representative graph comparing H3B-120 inhibition of CPS1 or CPS2 in
the ADP Glo biochemical assay. Error bars represent the standard deviation,
n=2.

(C) Sequence alignment comparing key regions of the allosteric pocket for
inhibitor binding between CPS1 and CPS2. Arrows denote key contacts be-
tween CPS1 and H3B-193 that are not conserved with CPS2.

analogs of H3B-120 for testing in our biochemical activity assay
(Figure S4). Probing the back hydrophobic pocket, we find that
small hydrophobic substitutions at the para position of the benzyl
ring of H3B-120 are favorable, with the addition of both a chloro
(cpd 1) and fluoro (H3B-193) having improved affinity over the
initial hit, with sub-uM potency. Slightly larger substitutions of
a methoxy group at the para (cpd 2) and ortho (cpd 3) positions
were unfavorable, suggesting that the back of the allosteric
pocket has limited flexibility to accept larger functional groups.
The addition of a methyl group to the amide nitrogen (cpd 4) re-
sulted in a 20-fold reduction in activity, demonstrating the stabi-
lizing effect of the water-mediated interaction with Y852. The
importance of the thiazole ring in stabilizing inhibitor binding in

264 Cell Chemical Biology 27, 259-268, March 19, 2020

the solvent-exposed side of the allosteric pocket is highlighted
by the observation that removal of the nitrogen (cpd 5), sulfur
(cpd 6), and/or methyl substitution (cpd 7) all resulted in a sub-
stantial loss in potency. Together these observations demon-
strate the functional importance of the observed interactions
between CPS1 and inhibitor in the crystal structure.

H3B-120 Is Highly Selective for CPS1 and Does Not
Inhibit the CPS2 Activity of CAD

The only other enzyme in the human genome with known carba-
moyl phosphate synthetase activity is CAD (Lane and Fan,
2015). CAD is a large, multifunctional gene responsible for cata-
lyzing the first three steps in the de novo pyrimidine synthetic
pathway, containing CPS2, aspartyl transcarbamylase, and di-
hydroorotase activity. CPS1 and CPS2 both utilize bicarbonate
and ATP as substrates; however, they differ in their use of a ni-
trogen source. While CPS1 utilizes ammonia directly, CPS2
instead uses glutamine as a source of nitrogen, hydrolyzing
glutamine to ammonia and glutamate at its N-terminal gluta-
mine amido transferase domain. To determine if H3B-120
was selective for CPS1 inhibition, we developed a biochemical
assay to measure the CPS2 activity of CAD (Figure S5).
Although H3B-120 robustly inhibited CPS1 as described above,
there was no appreciable inhibition of CPS2 observed, even at
the highest inhibitor concentration tested of 70 uM (Figure 5B).
There is no known crystal structure of CPS2 to directly compare
the architecture of the H3B-120 allosteric binding pocket of
CPS1 with the analogous region of CPS2. However, a sequence
alignment between CPS1 and CPS2 reveals a number of key
amino acids responsible for forming the allosteric pocket in
CPS1 are not conserved in CPS2 (Figure 5C). Notably, the flex-
ible K-loop separating the allosteric pocket and the ATP binding
pocket of the ATP A domain contains several differences, with
AB55 and M656 of CPS1 being found as proline and leucine,
respectively, in CPS2. In addition, H817 of CPS1, which forms
the key stacking interaction with the thiazole of H3B-193, is re-
placed with aspartate in CPS2 (Figure 5C). C816, which lines
the inhibitor binding pocket of CPS1, is converted to valine in
CPS2. These key differences likely explain why H3B-120 is
exquisitely selective for CPS1.

H3B-120 and Its Structural Analogs Demonstrate
Inhibition of CPS1 Cellular Activity

To determine if H3B-120 was capable of inhibiting cellular CPS1
activity, we measured the ability of H3B-120 to block urea pro-
duction from primary human hepatocytes by measuring urea
secretion into conditioned media from treated cells. H3B-120
was able to inhibit urea production in a dose-dependent manner,
although the cellular potency decreased significantly compared
with enzymatic assays (Figure 6A). This can be attributed to the
poor metabolic stability of H3B-120 in human hepatocytes. The
half-life of H3B-120 was measured to be only 40 min, while
hepatocytes needed to be incubated for 16 h after H3B-120
treatment to allow sufficient time to secrete enough urea for
quantification. Next, we tested a series of biochemically active
and inactive H3B-120 analogs in the hepatocyte urea production
assay (Figure S4). All biochemically active H3B-120 analogs
also showed dose-dependent inhibition of urea secretion, while
all biochemically inactive analogs had no cellular activity as
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expected (Figure 6A). This provides confidence that H3B-120
and its active analogs are blocking urea production through tar-
geted cellular inhibition of CPS1.

Hepatocytes represent an attractive cellular model for testing
CPS1 inhibitors because, in addition to being required for urea
production, CPS1 activity has also been reported to feed into
pyrimidine synthesis when hepatocytes are stressed with high
concentrations of ammonia (Bachmann and Colombo, 1980;
Monks et al., 1985; Natale and Tremblay, 1969; Pausch et al.,
1985; Tremblay et al., 1977). To verify that a metabolic link be-
tween CPS1 and pyrimidine synthesis does exist in primary hu-
man hepatocytes, we treated hepatocytes with '°N-labeled
ammonia in the presence and absence of ornithine. Ornithine
is an essential and limiting metabolite in the urea cycle that
has been shown to stimulate urea production when added to
the conditioned media of cultured hepatocytes (Cohen et al.,
1980). When measuring urea production, we find that the addi-
tion of 10 mM "N ammonia to the media stimulates urea secre-
tion about 30% over standard media during a 16-h period, while
the addition of 10 mM "*N ammonia with 10 mM ornithine further
increases urea production more than 2-fold over standard me-
dia, confirming that ornithine stimulates the urea cycle (Fig-
ure 6B). Harvesting hepatocytes from the same experiment
and performing targeted MetID on pyrimidines uridine and ura-
cil reveals that ammonia treatment alone significantly enhanced
labeling of these two metabolites (Figure 6C). In contrast, con-
current treatment with ornithine significantly decreased pyrimi-
dine labeling relative to ammonia treatment alone. In the same
experiment, ornithine had no effect on labeling of the purine
adenosine. This experiment demonstrates that the urea cycle
and pyrimidine biosynthetic pathway compete for carbamoyl
phosphate generated by CPS1, confirming that CPS1 activity
can support pyrimidine synthesis in hepatocytes under high
ammonia conditions.

15N-NH,CI in the presence or absence of 20 pM
H3B-120 for 2 h. Error bars represent the standard
deviation, n = 4.

Having established that CPS1 activity can support pyrimidine
synthesis in primary human hepatocytes, we next tested the abil-
ity of H3B-120 to block pyrimidine labeling in hepatocytes
treated with "®N-ammonia. Cultured hepatocytes were treated
with 10 mM '®N-labeled ammonia in the presence and absence
of H3B-120 for 2 h before harvesting the cells. Targeted MetID
reveals H3B-120 was able to fully block labeling of the pyrimi-
dines uracil, uridine, and uridine monophosphate, while having
no effect on purines adenosine and guanosine (Figure 6D). This
experiment further demonstrates the targeted cellular inhibition
of CPS1 by H3B-120 and establishes that H3B-120 can fully
inhibit CPS1 cellular activity at shorter time points.

DISCUSSION

In this study, we describe the discovery of a small-molecule
inhibitor of a carbamoyl phosphate synthetase, CPS1. Biochem-
ical assays demonstrate that H3B-120 effectively blocks carba-
mate synthesis at the ATP A domain in the first step of carbamoyl
phosphate synthesis. An inhibitor bound CPS1 co-crystal
structure reveals that H3B-120 achieves inhibition by binding
to a previously unknown allosteric pocket situated between the
integrating and ATP A domains, likely stabilizing CPS1 in an inac-
tive conformation. The allosteric pocket is immediately adjacent
to the ATP binding pocket of the ATP A domain, separated by a
single flexible loop comprised of amino acids V653-H659 (the
K-loop). In an ADP bound structure, the K-loop stabilizes the
adenosine ring of ADP, while in the inhibitor bound structure
the K-loop is flipped out of the ATP binding pocket and into
the allosteric pocket to stabilize inhibitor binding. The side chain
of M656 of the K-loop is observed interacting with the adenosine
ring of ADP in the ADP bound structure, but extends into the allo-
steric pocket in the inhibitor bound structure. This co-crystal
structure fully satisfies the surprising observation that H3B-120
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appears to compete with both ATP and NAG binding in steady-
state kinetic experiments. H3B-120 and ATP do not compete for
the same binding site, but rather compete for a CPS1 conforma-
tion compatible only with their respective binding mode.
Because NAG modulates the affinity of CPS1 for ATP at the
ATP A domain, higher concentrations of inhibitor are required
to achieve CPS1 inhibition under high NAG conditions.

The allosteric mechanism of action of H3B-120 likely accounts
for its observed exquisitely selective inhibition of CPS1 over
CPS2 activity of CAD. Although no structure of CPS2 has been
solved, this selectivity can probably be attributed to key amino
acid differences found in the allosteric pocket, including within
the flexible K-loop that separates the allosteric pocket from the
ATP binding pocket of the ATP A domain. When considering
the possibility of developing a CPS1-targeted inhibitor for the
treatment of tumors depending on CPS1 for growth, selective in-
hibition of CPS1 activity will be highly desirable. All tissues ex-
press and depend on CAD for de novo pyrimidine synthesis,
therefore, a non-selective CPS1/CPS2 inhibitor would likely
encounter issues with toxicity.

In summary, the discovery of H3B-120 represents an impor-
tant first step toward the development of potent, drug-like
small-molecule inhibitors of CPS1. Although the potency and
metabolic stability of H3B-120 will need to be improved before
an in vivo ready compound is available, H3B-120 and its analogs
now provide researchers with chemical tools to interrogate
CPS1 biology in vitro. These chemical probes offer potential ad-
vantages over genetic methods, including better selectivity than
small interfering RNA or short hairpin RNA and reversibility that
is not possible with stable knockdown or knockout of CPS1.
Hopefully, after additional target validation, CPS1-targeted
inhibitors can eventually be developed to treat cancers that
depend on CPS1 for growth.

SIGNIFICANCE

Carbamoyl phosphate synthetase 1 (CPS1) catalyzes the first
and rate-limiting step in the urea cycle, converting ammonia,
bicarbonate, and ATP to carbamoyl phosphate. CPS1 is
highly overexpressed in a number of cancers, including
LKB1-deficient lung cancer, where CPS1 activity has been
demonstrated to promote tumor growth through the support
of pyrimidine synthesis. In p53-deficient cancers, CPS1 over-
expression has been shown to be required for the removal of
ammonia that may otherwise be toxic to growing tumors.
These observations highlight the need for the identification
of small-molecule inhibitors to probe CPS1 cancer biology.
In this study, we describe the discovery of a small-molecule
inhibitor of CPS1. From a high-throughput screen we identify
H3B-120, which achieves inhibition of CPS1 by blocking
bicarbonate phosphorylation in the first step of carbamoyl
phosphate synthesis. Steady-state kinetic experiments
reveal inhibition of bicarbonate phosphorylation occurs
through competition between H3B-120 and ATP. A high-res-
olution co-crystal structure demonstrates that an analog of
H3B-120 binds to a previously unidentified allosteric pocket
located between integrating domain and the carbamate syn-
thetase domain of CPS1. A flexible loop that is normally
involved in stabilizing ATP binding is observed forming the
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allosteric, inhibitor bound pocket. The allosteric mechanism
of action of H3B-120 allows for highly selective CPS1 inhibi-
tion, with no inhibition of CPS2 observed. Analogs of H3B-
120 with increased potency are described, which are able
to inhibit CPS1 cellular activity, blocking both urea synthesis
and CPS1 support of the pyrimidine biosynthetic pathway.
H3B-120 and its analogs are valuable tools for probing
CPS1 biology.
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LEAD CONTACT AND MATERIALS AVAILABILITY

Requests for resources and reagents should be directed to the Lead Contact: David Bolduc (david_bolduc@h3biomedicine.com).
The reagents generated in this study will be made available with a completed Materials Transfer Agreement.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell Lines

Source of Cell Lines

Primary human hepatocytes (gender: male) were purchased from BiolVT. Primary hepatocytes were cultured in InVitroGro CP me-
dium (BiolVT, cat # Z299029) supplemented with Torpedo antibiotic mix (BiolVT cat # Z99000). Cells were maintained on collagen
coated plates (Fisher, cat# 08-774-5) in a 37°C, 5% CO, incubator.

METHODS DETAILS

Protein Expression and Purification

CPS1 was expressed in SF21 insect cells as described previously (de Cima et al., 2015). Briefly, the full length CPS1 gene was
cloned into pFastBac HTA and baculovirus was generated using the Bac-to-bac expression system from Invitrogen. P3 virus
was used to infect SF21 insect cells at a density of 1.5E6 cells/mL at an MOI of 2. The infection was allowed to proceed for
60 hrs before the cells were harvested by centrifugation. The cell pellet was resuspended in lysis buffer (50 mM glycyl glycine
pH 7.4, 20 mM KCI, 1 mM TCEP, 10% glycerol and 20 mM imidazole with Roche protease inhibitor tablet) before being lysed using
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a Dounce homogenizer. The lysate was then centrifuged at 30,000 rpm for 30 min to remove insoluble cell debris. 40 mL of super-
natant was mixed with 2 mL of Ni NTA beads for 45 min at 4°C in a 50 mL conical tube. After binding, the beads were washed three
times with 40 mL of wash buffer (50 mM glycyl glycine pH 7.4, 500 mM NaCl, 1 mM TCEP, 10% glycerol and 50 mM imidazole) by
repeated centrifugation and resuspension of the beads. CPS1 protein was eluted three times in 6 mL of elution buffer (50 mM glycyl
glycine pH 7.4, 500 mM NaCl, 1 mM TCEP, 10% glycerol and 250 mM imidazole. Elution fractions were combined and concentrated.
Imidazole was removed by repeated concentration and resuspension in storage buffer (50 mM glycyl glycine pH 7.4, 500 mM NaCl,
1 mM TCEP and 20% glycerol). CPS1 was concentrated to ~3 mg/mL before being frozen in liquid nitrogen for storage at -80°C. This
procedure yielded approximately 10 mg/L CPS1 with a purity of >95%. Using the PK/LDH assay described below to measure ADP
formation, ket for purified CPS1 was determined to be 44.7 min™.

Recombinant CAD was expressed in E. coli as described previously (Guy and Evans, 1994). Briefly, CAD was cloned into the
pPET28b expression vector and transformed into BL21 (DE3) cells for expression. 2 L of LB broth was inoculated with a 4 mL overnight
culture. The 2 L culture was grown at 37°C until an OD of 0.8 was reached, at which point 1 mM IPTG was added to induce CAD
expression and the cultures cooled to 16°C for overnight expression. The following day cultures were pelleted by centrifugation.
Cell pellets were resuspended in lysis buffer (50 mM Tris pH 8.0, 500 mM NaCl, 1 mM TCEP, 10% glycerol and 20 mM imidazole)
and lysed by sonication (30 sec, 60% amplitude, 3 times). Cell debris was cleared by centrifugation and 40 mL of the supernatant
mixed with 1 mL Ni NTA beads in a 50 mL conical tube for 40 min. The Ni beads were washed with wash buffer (50 mM Tris pH
8.0, 500 mM NaCl, 1 mM TCEP, 10% glycerol and 50 mM imidazole) three times by centrifugation and resuspension of the beads.
CAD was eluted three times in elution buffer (50 mM Tris pH 8.0, 500 mM NaCl, 1 mM TCEP, 10% glycerol and 250 mM imidazole).
Pure fractions were then concentrated and imidazole removed by repeated concentration and dilution in storage buffer (50 mM Tris
pH 8.0, 500 mM NaCl, 1 mM TCEP and 20% glycerol). CAD was stored at -80°C at a concentration of ~1 mg/mL. This procedure
yielded approximately 0.3 mg/L CAD with a purity of >90%. Using the PK/LDH assay described below to measure ADP formation
from CAD, kcu for CPS2 was determined to be 16.5 min™".

PK/LDH Coupled Assay

CPS1 activity was measured continuously as ADP was produced in a pyruvate kinase/lactate dehydrogenase enzyme coupled
assay. 50 nM CPS1 was incubated in assay buffer (50 mM HEPES pH 7.0, 25 mM KHCO3;, 1.5 mM (NH4)>SO3, 5 mM MgCl,,
50 MM KCI, 1 mM TCEP, 1 mM NADH, 2.5 mM PEP, 40 U/mL PK/LDH and 0.2 mM NAG unless otherwise stated) alone or with varying
concentrations of inhibitor for 20 min. The reaction was initiated by the addition of ATP to the assay mixture in a 384-well plate (Corn-
ing Cat# 3764) with a final volume of 15 uL. The reaction was monitored continuously at 340 nm for 60 min with a Tecan M1000 plate
reader at room temperature. The linear portion of the progress curve was used for all kinetic fitting.

ADP-Glo® Assay

CPS1 activity was measured in an endpoint assay using the ADP-Glo® kit from Promega (Cat# V9102) to measure ADP formation.
50 nM CPS1 was incubated alone or with varying amounts of inhibitor in assay buffer (50 mM HEPES pH 7.0, 12.5 mM KHCOj,
1.5 mM (NH4)2SO3, 5 mM MgCl,, 50 mM KCI, 1 mM TCEP, 0.01% TritonX 100, 0.0025% BSA and 0.2 mM NAG unless otherwise
stated) for 20 min. The reaction was initiated with varying amounts of ATP in a 384-well plate (Corning Cat# 3820) with a final volume
of 6 uL. After 60 min at room temperature, the reaction was terminated with 3 pL ADP-Glo reagent and allowed to sit at room tem-
perature for 30 min. 3 pL of kinase detection reagent was then added and after 30 min luminescence was measured using an Envision
plate reader.

Transcreener ADP2 FP® Assay

ADP formation from CPS1 was measured in an endpoint assay using the Transcreener ADP2 FP® kit from Bellbrook Labs (Cat #
3010-1K). 10 nM CPS1 was incubated with varying amount of inhibitor in assay buffer (50 mM HEPES pH 7.0, 12.5 mM KHCOj,
1.5 mM (NH4)2SO3, 5 mM MgCl,, 50 mM KCI, 1 mM TCEP, 0.01% TritonX 100, 0.0025% BSA and 0.2 mM NAG unless otherwise
stated) for 20 min. The reaction was initiated with varying amounts of ATP in a 384-well plate (Corning Cat# 3820) with a final volume
of 6 uL. After 60 min the reaction was quenched with 6 uL of 30 mM EDTA. ADP Alexa Fluor 633 and detection antibody were added at
a final concentration of 2 nM and 6 pg/mL, respectively. Fluorescence polarization was measured 30 min later on a Tecan M1000
plate reader.

Carbamoyl Phosphate Detection Assay

Carbamoyl phosphate produced by CPS1 was measured in an absorption assay as described previously (Levine and Kretchmer,
1971; Pierson, 1980). 250 nM CPS1 was incubated with varying amounts of compound in assay buffer (50 mM HEPES pH 7.0,
12.5 mM KHCO3 , 0.75 mM (NH,4)>SO3 , 5 mM MgCl,, 50 mM KCI, 1 mM TCEP, 0.01% TritonX 100, 0.0025% BSA, 0.2 mM NAG)
for 20 min. The reaction was initiated with 5 mM ATP and allowed to proceed for 1 hr in a final assay volume of 20 uL in a
1.5 mL tube. The reaction was stopped with 1 uL 2 M hydroxylamine, then heated at 95°C for 10 minutes. 80 puL of a one to one
mixture of solutions A and B (see below) was then added to each tube and mixture heated at 95°C for 15 min. Absorbance
(458 nm) was then read on a Tecan M1000 plate reader after the solution was cooled to room temperature. Solution A was made
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by dissolving 85 mg of antipyrine in 10 mL 40% H,SO,. Solution B was made by dissolving 62.5 mg diacetyl monoximine in 10 mL 5%
acetic acid.

Carboxy Phosphate Synthesis (ATP A) Activity Assay

Carboxy phosphate synthesis at the carbamate synthetase domain (ATP A) was measured as a function of ADP formation in the
absence of ammonia in the PK/LDH coupled assay. 100 nM CPS1 was incubated in the presence or absence of inhibitor in
assay buffer (50 mM HEPES pH 7.0, 12.5 mM KHCO3;, 5 mM MgCl,, 50 mM KCI, 1 mM TCEP, 0.01% TritonX 100, 0.0025% BSA,
1 mM NADH, 2.5mM PEP, 40 U/mL PK/LDH and 0.2 mM NAG) for 20 min. The reaction was initiated by the addition of ATP to
the assay mixture in a 384-well plate (Corning Cat# 3764) with a final volume of 15 pL. The reaction was monitored continuously
at 340 nm for 60 min with a Tecan M1000 plate reader at room temperature. The linear portion of the progress curve was used
for all kinetic fitting.

Carbamate/ATP Synthesis (ATP B) Activity Assay

Enzymatic activity at the carbamoyl phosphate synthetase domain was measured in the reverse direction utilizing carbamoyl
phosphate as the phosphate donor for ATP synthesis. 100 nM CPS1 was incubated in assay buffer (50 mM HEPES pH 7.0, 5 mM
MgCl,, 50 mM KCI, 1 mM TCEP, 0.01% TritonX 100, 0.0025% BSA and 0.2 mM NAG) with or without inhibitor for 20 min. The reaction
was initiated with the addition of carbamoyl phosphate and ADP at a final concentration of 2 mM and 100 uM, respectively. The final
volume was 6 pL in a 384-well plate (Corning Cat# 3820). After a 60 min incubation at room temperature, the reaction was terminated
with 6 pL of Kinase-Glo® reagent (Promega, Kinase-Glo Max Cat# V6072). Luminescence was then measured using an Envision
plate reader.

Activity at the carbamoyl phosphate synthetase domain was also measured using a continuous absorbance assay, utilizing a
hexokinase/glucose 6-phosphate dehydrogenase enzyme coupled assay. 100 nM CPS1 was incubated in assay buffer (50 mM
HEPES pH 7.0, 5 mM MgCl,, 50 mM KCI, 1 mM TCEP, 0.01% TritonX 100, 0.0025% BSA, 1 mM NADPH, 100 U/mL hexokinase/
glucose 6-phosphate dehydrogenase and varying NAG) before the addition of carbamoyl phosphate and ADP to initiate the reaction
at a final concentration of 2 mM and 100 uM, respectively. The reaction volume was 15 pL. The reaction was monitored continuously
at 340 nm at room temperature in a 384-well plate (Corning Cat# 3764) on a Tecan M1000 plate reader.

Equations
Steady-state kinetic data were fit globally to the following equations:
Mixed inhibition
V = Vinax[S)/([S](1 + [I[/aK) + Km(1 + [II/K7)
Competitive inhibition

V = Vinax[SH([S] + Km(1 + [I1/K3)

CAD (CPS2) Activity Assay

CPS2 activity of CAD was measured as a function of ATP hydrolysis with the ADP-Glo® assay kit from Promega (Cat# V9102). 60 nM
CAD was incubated with or without CPS1 inhibitor in assay buffer (50 mM HEPES pH 7.0, 50 mM KHCO3;, 2 mM Gin, 2 mM PRPP,
5 mM Asp, 10 mM MgCl,, 50 mM KCI, 1 mM TCEP, 0.01% TritonX 100 and 0.0025% BSA) for 20 min. The reaction was initiated with
100 uM ATP at a final volume of 6 pL in a 384-well plate (Corning Cat# 3820). After 60 min at room temperature, the reaction was
terminated with 3 pL ADP-Glo® reagent and allowed to sit at room temperature for 30 min. 3 pL of kinase detection reagent was
then added and after 30 min luminescence was measured using an Envision plate reader.

Differential Scanning Fluorimetery (DSF)

Compound binding to CPS1 was confirmed in a DSF assay (Vedadi et al., 2006). 3 uM CPS1 was incubated with varying concentra-
tions of compound in assay buffer (50 mM HEPES pH 7.0, 1 mM TCEP, and 0.005% Triton X 100) for 30 minina5 pL volume. 5 uL of a
2X concentration of protein thermal shift dye (Applied Biosystems, Cat# 4461) was added to CPS1. CPS1 melting temperature was
then measured over a temperature gradient on a quantitative real-time PCR instrument (ViiA 7, Applied Biosystems).

Ligand Detection NMR Experiments

Sample preparation: All NMR samples were prepared in a final buffer containing 50 mM HEPES-d4g pH 7.0, 25 mM KHCO3, 1.5 mM
(NH4)2 SOz, 50 mM KCI, 5 mM MgCl,, 1 mM TCEP-d+g, 5% glycerol-dg, 10% D,0, and 3.6% DMSO-dg, Samples containing H3B-120
were prepared from a DMSO-dg stock solution at 4.2 mM and diluted with buffer or protein solution to reach a concentration of
150 uM. Prior to preparing sample containing CPS1, the protein was buffer exchanged on a Zeba™ Spin Desalting Column, 7K
MWCO (Thermo scientific) and diluted in buffer to reach a final concentration of 5 uM. The final protein sample was then supple-
mented with 200 uM of N-acetyl glutamate.
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All NMR experiments were acquired at 298 K on a 600 MHz Bruker Avance Ill Spectrometer equipped with a helium HFCN cryo-
probe. The following NMR experiments were acquired: The 1D "H used for differential line broadening (DLB) employed the standard
Bruker 1D 'H sequence with excitation sculpting (zgesgp). Spectra were acquired with 64 scans. The T2-CPMG experiment em-
ployed is a modified version of the standard Bruker 1D 'H experiment with excitation sculpting (zgesgp) with the addition of a
CPMG pulse train after the initial 90-deg excitation pulse. The total duration of each spin echo was fixed to 1 msec (=500 psec)
whereas the number of echoes in the pulse train was varied according to the total time (T), ranging from 0 to 800 ms. The number
of scans for all spectra was 16. The sequence employed for saturation transfer difference (STD) is a modified version of standard
zgesgp; Wwith water suppression using excitation sculpting with gradients with saturation applied at 0 and 20 ppm for the ON and
OFF-resonance experiments, respectively.

Crystallization and Structure Determination

The CPS1-H3B-193 complex was crystallized in apo conditions as previously described (de Cima et al., 2015). Purified CPS1 protein
was buffer exchanged into 50 mM glycyl-glycine pH 7.4, 50 mM KCl, 5% glycerol by several rounds of centrifugal filtration. CPS1 was
concentrated to a 10 mg/ml final concentration then H3B-193 was added to a 5x excess molar ratio along with 1 mM AMPPNP and
1 mM NAG. Ligand bound complex was incubated for 1 hr at room temperature prior to setting up crystal drops. Ligand bound com-
plex crystal grew by hanging drop vapor diffusion in 20% PEG 3350 and 0.2 M trisodium citrate after a week at 20°C. Crystallization
buffer supplemented with 20% glycerol was used for cryoprotection. X-ray diffraction data were obtained at beamline GM/CA 23ID-D
at Argonne National Laboratory. Data were processed with DIALS (Table S1). The structure was determined by molecular replace-
ment with Phaser using the previously published apo structure (PDB code 5DOT) as a search model. Two molecules of CPS1 were
found in the asymmetric unit. The initial difference map showed clear unambiguous additional density corresponding to the ligand.
Initial automated building and refinement was done with Arp/WARP. Refmac5 and Coot were used for the final rounds of model build-
ing and refinement manually adjusting sidechains as necessary to fit in the density and provide optimal H-bond interactions for Asn/
GIn/His where the orientation would otherwise be ambiguous. The final global statistics converged at R = 17.2% and Rfree = 20.9%
and the structure overall has excellent geometry (summarized in Table S1). The position of the modeled ligand was validated at the
end of the refinement with a final calculated omit map (Figure S3B). The coordinates were deposited in the PDB with accession
code 6UEL.

Hepatocyte Urea Production Assay

Pooled primary human hepatocytes were purchased from BiolVT and cultured according to BiolVT standard protocols in Invitrogro
CP media. Cells were thawed and plated on 96-well collagen coated plates with 50,000 cells/well. After hepatocytes attached to the
collagen coated plate, plating media was removed and replaced with fresh media containing DMSO or CPS1 inhibitor. After 16 hrs the
media was removed from cells and assayed for urea using a urea detection kit from Bioassay Systems (Cat # DIUR-100). Briefly, 50 pL
of media was mixed with 200 pL of detection reaction and allowed to develop for 30 min at room temperature prior to reading absor-
bance at 520 nm on a Tecan M1000 plate reader.

MetID

An aliquot of 500 L cell lysing solvent (45% methanol + 45% acetonitrile +10% water with 0.1% formic acid and 0.1 pg/mL Labetolol)
was added to a 1.5 mL tube which contained a cell pellet from 1 well of a 6-well dish of treated hepatocytes. The tube was vortexed for
one minute and placed in liquid nitrogen in a thermal cup. The tube was put through three cycles of freeze and thaw, then vortexed
and centrifuged at 13,000 rpm for 5 minutes. The supernatant was transferred to a new centrifuge tube, and then the pellet was rinsed
with another aliquot of 500 pL water with 0.1% formic acid, vortexed and centrifuged. The supernatant was combined, and 200 pL
supernatant was transferred to 96-well plate and brought to dryness under a stream of nitrogen. The sample was then reconstituted in
100 pL of water with 0.1% formic acid.

LCMS analyses on each sample was performed using a Waters Q-TOF G2-XS interfaced with an Acquity UPLC system (Waters,
Milford, MA, USA). An Phenomenex Luna Phenomenex PFP column, 3.0 x 100 mm was used for chromatographic separation. The
mobile phases consisted of A: H20/0.1% formic acid and B: acetonitrile/0.1% formic acid. The LC gradient was as follows: 0 - 6 min 2
-4%B,1-5min4-30%B,5-6.5min30-60%B,6.5-7mMin60-95%B,7-7.5min95-95%B,7.5-8min95-2% B, 8 - 10 min
2 - 2% B at a flow rate of 750 mL/min. For MS detection, uracil, adenosine and guanosine were analyzed using positive ionization
mode, while TMP, UMP and uridine were carried out in negative mode. Waters Quanlynx™ software was used to process the
high resolution full scan MS data using a 20 milliDalton extraction window.

QUANTIFICATION AND STATISTICAL ANALYSIS

All of the statistical analysis and statistical details of experiments can be found in the Figure Legends section. GraphPad Prism was
used to produce Figures 1D, 2A-2D, 3A, 5B, 6A-6D, S2A, S2C, S3A, S5C, and S5D.

For Figures 1D, 2A-2D, 3A, 5B, S2A, and S5D, data are represented as mean +/- SD of independent technical replicates (n=2,
n represents the number of wells tested in a 384-well plate).

For Figures 6B and 6C, data are represented as mean +/- SD of independent biological replicates (n=3, n represents the number of
wells tested in a 6-well plate).
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For Figures 6A, S2C, S3A, and S5C, data are represented as a single data point (n =1, n represents the number of wells tested in a
384-well plate).

For Figure 6D, data are represented as the mean +/- SD of independent biological replicates (n=4, n represents the number of wells
from a 6-well plate).

DATA AND CODE AVAILABILITY

The PDB code for CPS1 bound to H3B-193 reported in this study is 6UEL.
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