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Cytidine triphosphate synthase 1 (CTPS1) is necessary for an
effective immune response, as revealed by severe immunodefi-
ciency in CTPS1-deficient individuals [E. Martin et al.], [Nature]
[510], [288-292] ([2014]). CTPS1 expression is up-regulated in acti-
vated lymphocytes to expand CTP pools [E. Martin et al.], [Nature]
[510], [288-292] ([2014]), satisfying increased demand for nucleic
acid and lipid synthesis [L. D. Fairbanks, M. Bofill, K. Ruckemann,
H. A. Simmonds], [J. Biol. Chem. ] [270], [29682-29689] ([1995]).
Demand for CTP in other tissues is met by the CTPS2 isoform and
nucleoside salvage pathways [E. Martin et al.], [Nature] [510],
[288-292] ([2014]). Selective inhibition of the proliferative CTPS1
isoform is therefore desirable in the treatment of immune disor-
ders and lymphocyte cancers, but little is known about differences
in regulation of the isoforms or mechanisms of known inhibitors.
We show that CTP regulates both isoforms by binding in two sites
that clash with substrates. CTPS1 is less sensitive to CTP feedback
inhibition, consistent with its role in increasing CTP levels in pro-
liferation. We also characterize recently reported small-molecule
inhibitors, both CTPS1 selective and nonselective. Cryo-electron
microscopy (cryo-EM) structures reveal these inhibitors mimic
CTP binding in one inhibitory site, where a single amino acid sub-
stitution explains selectivity for CTPS1. The inhibitors bind to CTPS
assembled into large-scale filaments, which for CTPS1 normally
represents a hyperactive form of the enzyme [E. M. Lynch et al.],
[Nat. Struct. Mol. Biol.] [24], [507-514] ([2017]). This highlights the
utility of cryo-EM in drug discovery, particularly for cases in which
targets form large multimeric assemblies not amenable to struc-
ture determination by other techniques. Both inhibitors also in-
hibit the proliferation of human primary T cells. The mechanisms
of selective inhibition of CTPS1 lay the foundation for the design
of immunosuppressive therapies.
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TP synthase (CTPS) is a critical regulatory enzyme in nu-

cleotide metabolism, catalyzing the rate-limiting step in de
novo CTP synthesis. The two human CTPS isoforms, CTPS1 and
CTPS2, share 75% sequence identity but have distinct physio-
logical roles. While CTPS2 is uniformly expressed across various
tissue types, CTPS1 expression is generally low but is up-regulated
in activated T cells (1). Individuals deficient in CTPS1—owing to a
deleterious homozygous mutation—are severely immunocom-
promised (1, 2). These individuals have T cells that fail to prolif-
erate upon activation but lack other major clinical consequences,
with demand for CTP in resting T cells and other tissues likely
maintained by CTPS2 and the nucleoside salvage pathway (1).
The proliferation of T cells from CTPS1-deficient individuals can
be rescued by the addition of exogenous CTP (1). CTPS1 thus
plays an essential role in expanding CTP pools in proliferating
lymphocytes, where additional CTP is likely required to meet an
increased demand for DNA, RNA, and membrane lipid biosyn-
thesis (3). Selective inhibition of CTPSI is therefore an attractive
target for immunosuppressive therapies as well as the treatment
of lymphocyte cancers, with potentially limited off-target effects.
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Existing CTPS inhibitors exhibit substantial toxicity (4, 5), and
whether they have selectivity for CTPS isoforms is unknown.
CTPS is a homotetramer, with each monomer comprising a
glutaminase domain and an amidoligase domain connected by an
a-helical linker (6) (SI Appendix, Fig. S24). The glutaminase
domain hydrolyzes glutamine to produce ammonia, which is
transferred to the amidoligase domain, where it is ligated to UTP
to form CTP in an ATP-dependent process (SI Appendix, Fig.
S24). CTPS experiences feedback inhibition by CTP, which
binds a site overlapping the UTP binding site and is allosterically
regulated by GTP (7, 8) (SI Appendix, Fig. S2A4). CTPS thus has
the capacity to integrate information about the levels of all four
major ribonucleotides. Substrate and product binding control a
conserved conformational cycle in CTPS; the tetramer interface
adopts a compressed or extended conformation in order to ac-
commodate CTP or UTP binding, respectively (9, 10) (SI Appendix,
Fig. S2 B and C). Furthermore, upon substrate binding, the gluta-
minase domain rotates relative to the amidoligase domain (S/
Appendix, Fig. S2 D and E), opening a tunnel that likely facilitates
ammonia transfer between the two active sites (6, 9, 10, 11). Po-
lymerization into filaments adds another layer to CTPS regulation,
which varies among species and between the human isoforms (9, 10,
12, 13). Escherichia coli CTPS polymerizes into inactive filaments in
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the presence of CTP (12). Both human isoforms assemble filaments
of stacked tetramers through conserved intertetramer interactions
but with different functional consequences: CTPS1 polymerizes
into filaments with increased activity upon substrate binding (9),
whereas CTPS2 filaments dynamically switch between substrate-
and product-bound conformations to produce highly cooperative
regulation (10). CTPS filaments are observed under conditions of
cellular stress, at particular stages of development, and in cancer
cells, suggesting they are involved in adapting to changes in metabolic
requirements (14-18).

The biochemical basis for the different physiological roles of
CTPS1 and CTPS2 remains unclear. Here, we investigate the
differential regulation of CTPS1 and CTPS2 by CTP and find
that CTPS1 is active at higher CTP concentrations, consistent
with its critical role in expanding nucleotide pools in proliferat-
ing cells. We also identify a second inhibitory CTP binding site
that overlaps the CTPS ATP binding site. Furthermore, we show
that a family of recently described small-molecule CTPS inhibi-
tors binds in a site adjacent to the second CTP site and selec-
tively targets CTPS1 through a mechanism dependent on a single
amino acid substitution.

Results

CTPS1 Resists Feedback Inhibition by CTP. We investigated the
regulation of human CTPS1 and CTPS2 by CTP and found that
the half maximal inhibitory concentration (ICsy) for CTPS1 was
roughly 5x greater than for CTPS2 (Fig. 14 and SI Appendix,
Table S1). This resistance to CTP inhibition likely reflects the
isoform-specific role of CTPS1 in expanding CTP pools during
proliferation. Notably, the activity of CTPS2 was roughly twofold
higher than CTPS1 (SI Appendix, Fig. S14), likely because CTPS1
activity is increased roughly sixfold by polymerization into fila-
ments (9), while assays here were performed at concentrations
where very few CTPS filaments are observed (10) (SI Appendix,
Fig. S1B). Toward understanding the structural basis for this dif-
ferential regulation, we improved our previously determined
product-bound CTPS2 filament structure (10); applying recent
advances in cryo-electron microscopy (cryo-EM) image process-
ing, including Bayesian polishing, optics refinement, and density
modification, improved the resolution from 3.1 to 2.8 A. (Fig. 1B,
SI Appendix, Figs. S3 and S44). This revealed CTP bound to two
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sites on CTPS2: one CTP in the canonical inhibitory site (site 1),
which overlaps partially with the UTP binding site, and another in
a site (site 2), which overlaps partially with the ATP binding site
(Fig. 1 C-F). Both ADP and CTP were present in the CTPS2 cryo-
EM sample, and we previously modeled the nucleotide in site 2 as
ADP (10). However, the improved resolution of the current
structure clearly revealed that this nucleotide is instead CTP, with
density observed for three phosphates and a pyrimidine base (S1
Appendix, Fig. S4B). A 3.6-A structure of CTPS2 solved in the
presence of CTP alone confirmed that CTP binds to both sites (S
Appendix, Fig. S4 C-E). Similarly, a recent study identified CTP in
both sites 1 and 2 in a cryo-EM structure of CTP-bound Dro-
sophila melanogaster CTPS (19). CTP can therefore inhibit CTPS
by competing for binding of both UTP and ATP at sites 1 and 2,
respectively, perhaps allowing CTPS to respond to changes in the
relative balance of nucleotide levels. CTP has not been observed
in site 2 in existing crystal structures of CTP-bound E. coli CTPS
(8, 9), likely due to various amino acid substitutions in the E. coli
enzyme, including K306, which is likely to clash with CTP
(SI Appendix, Fig. S4F).

There is no existing structure of inhibited, CTP-bound CTPS1,
which is predominantly in a tetrameric form (9, 10). To deter-
mine if structural differences account for the increased CTP 1Csy
of CTPS1 over CTPS2, we determined the cryo-EM structure of
free CTPS1 tetramers bound to CTP at 6.2-A resolution (S/
Appendix, Figs. S5 and S6). For structure determination, we used
CTPS1 with the previously characterized C-terminal truncation
and H355A nonpolymerizing mutations (9, 10), which reduced
nonspecific aggregation in cryo-EM samples without affecting
tetramer formation (SI Appendix, Fig. S5). The overall confor-
mation of CTP-bound CTPS1 resembles existing CTP-bound
CTPS structures (8, 9, 10): the tetramer interface adopts a char-
acteristic compressed conformation (SI Appendix, Fig. S6B), and
the glutaminase domains are rotated away from the amidoligase
domains, separating the two active sites within each monomer (S7
Appendix, Fig. S6 C and D). The glutaminase domains of CTP-
bound CTPS1 exhibited an additional, much smaller rotation in a
roughly perpendicular direction (SI Appendix, Fig. S6E). CTP was
bound to both sites 1 and 2 in CTPS1 (SI Appendix, Fig. SOF).
While site 1 is completely conserved between the two isoforms,
site 2 has a single difference: residue T250 in CTPS2, which is

Fig. 1. CTPS1 has a higher CTP ICso than CTPS2. (A) CTP inhibition curves for wild-type and mutant CTPS1 and CTPS2 measured by ADP-Glo. CTPS1 resists
inhibition by CTP compared with CTPS2. (B) 2.8-A cryo-EM structure of CTPS2 bound to CTP. (C and D) Zoomed-in views of the circles in (B) showing CTP bound
to site 2 (C) and site 1 (D). The position of residue T250 is indicated in panel C. Magnesium ions are colored green. (E) Site 2 CTP overlaps with the ATP binding
site. (F) Site 1 CTP overlaps with the UTP binding site. Data shown in graphs are mean and SD of n = 3 technical replicates.
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adjacent to the CTP base, is substituted for 1250 in CTPS1 (Fig.
1C). We tested whether the identity of residue 250 might account
for the differences in CTP ICs, between isoforms by swapping this
residue in CTPS1-1250T and CTPS2-T2501 mutants. This had no
substantial effect on CTP ICs, values compared to the wild-type
proteins (Fig. 14). The increased CTP ICsy of CTPSI1 relative to
CTPS2 is therefore not explained by gross conformational differ-
ences or changes in primary sequence at the CTP binding sites but
may instead arise from more subtle differences in the stability of
the CTP-bound conformation between the two isoforms.

To determine whether active state CTPS1 and CTPS2 are also
in the same conformation, we solved the structure of the CTPS1
filament bound to UTP, glutamine, and the nonhydrolyzable
ATP analog AMPPNP at 2.8-A resolution, providing a high-
resolution structure of CTPS bound to all three substrates (Fig.
2, SI Appendix, Figs. S3 and S7A4). Tetramers from the active-state
CTPS1 filament structure were in the same conformation as tet-
ramers from our previous active-state CTPS2 filament structure
(10) (C-a RMSD: 0.9 A) (Fig. 2C).

Selective Small-Molecule Inhibition of CTPS1. A family of potent
CTPS inhibitors was recently disclosed (20-23), a subset of which
exhibit strong selectivity for CTPS1 over CTPS2. However, how
these compounds bind, how they inhibit, and how they distin-
guish between isoforms has been unclear. We selected a variety
of CTPS1-selective and CTPS1/CTPS2-nonselective inhibitors
and determined ICs, values against both human CTPS isoforms.
Nonselective inhibitors had similar nanomolar affinities for both
isoforms, while the selective inhibitors exhibited CTPS1 selec-
tivity of 2 to 3 orders of magnitude (Fig. 34, SI Appendix, Fig.
S7 B and C and Table S1).

To investigate the mechanism of inhibition, we determined
cryo-EM structures of both CTPS isoforms bound to either the
selective R80 or nonselective T35 inhibitor (SI Appendix, Fig.
S7B) in addition to substrates UTP and glutamine (Fig. 3, SI
Appendix, Fig. S7 D-F). Under these conditions, both CTPS1
and CTPS2 formed filaments, though final high-resolution (2.7
to 3.1 A) structures were determined by masked refinements
focused on single tetramers (SI Appendix, Figs. S3 and S7E).
Binding modes of R80 and T35 were modeled by docking with
GlideEM and subsequent refinement using Phenix/OPLS3e (24,
25). R80 and T35 bridge across the CTP site 2 and ATP binding
sites without affecting binding of either UTP or glutamine (Fig.
3 C and D, SI Appendix, Fig. S7G). Both compounds form hy-
drogen bonds with sidechains R76, K319, and H323 as well as
the backbone amide nitrogen of V247 (Fig. 3 E-H). Pi—pi and

CTPS1

Fig. 2.
structure of CTPS1 bound to UTP, glutamine, and AMPPNP. (B) Zoomed-in
view of the yellow box in (4), showing UTP and AMPPNP in the active site.
Magnesium ions are colored green. (C) Overlay of tetramers from substrate-
bound CTPS1 and CTPS2 (PDB code: 6PK4) filaments, which are in the same
conformation.

Structure of the substrate-bound CTPS1 filament. (A) Cryo-EM
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pi—cation interactions with Y251 and R217 were also observed
(Fig. 3 E-H). The amide of T35 allows it to form an additional
hydrogen bond with residue 250 and possibly S249, in contrast to
the reverse amide in R80 (Fig. 3 F and H). The orientation of the
pyridine ring was ambiguous at these resolutions and was mod-
eled with the pyridine nitrogen oriented toward the nitrogen of
the amide or reverse amide bond (Fig. 3 E-H). The precise
orientation of the terminal cyclopropyl group was similarly am-
biguous at these resolutions and varied across the structures
(Fig. 3 E-H). The inhibitor-bound CTPS1 and CTPS2 structures
were in the substrate-bound conformation, with extended tetra-
mer interfaces and glutaminase domains rotated toward the
amidoligase domains (Fig. 4). R80 and T35 therefore do not
appear to function as allosteric inhibitors that alter the confor-
mation of CTPS but instead as competitive inhibitors that pre-
vent ATP binding.

We next investigated the mechanism of R80 selectivity. The
amide or reverse amide bond near the center of the compounds
sits adjacent to residue 250 (CTPS1 1250; CTPS2 T250) (Fig.
5A), and swapping this residue in CTPS1-I1250T and CTPS2-
T2501 mutants was sufficient to invert the selectivity of R80
between the isoforms (Fig. 5B and SI Appendix, Fig. S84). While
the I250T substitution is highly conserved among vertebrates
(outside of fish), residue 250 is an isoleucine in both CTPS1 and
CTPS2 in rodents (SI Appendix, Fig. S8B), an important con-
sideration for potential animal studies aimed at exploring this
family of inhibitors. We therefore measured the inhibition of the
mouse mCTPS1 and mCTPS2 isoforms by R80. As expected,
mCTPS1 and mCTPS2 both exhibited nanomolar ICsg values for
R80, comparable to human CTPS1 (Fig. 5C). Cryo-EM struc-
tures of mCTPS1, mCTPS2, and mutant mCTPS2-1250T fila-
ments (2.4- to 2.8- A resolution) showed R80 bound in the same
site as the human enzymes (Fig. 5D and SI Appendix, Fig. S8
C-G). In addition, mCTPS2-I1250T had a significantly increased
ICs¢ for R80 compared with mCTPS1 and mCTPS2 (Fig. 5C).
To test whether the role of residue 250 in determining selectivity
is general to this family of inhibitors rather than specific to R80
and T35, we measured inhibition of mCTPS1, mCTPS2, and
mCTPS2-1250T by several other selective and nonselective in-
hibitors (SI Appendix, Table S1). For all CTPS1-selective inhib-
itors, selectivity was not observed between the mCTPS1 and
mCTPS2 isoforms but was restored by the mCTPS2-1250T mu-
tant (SI Appendix, Table S1). This confirms that 1250 is a key
determinant of selectivity and suggests that precautions should
be taken in interpreting the results of any mouse studies in-
volving inhibitors targeting this binding pocket; candidate com-
pounds for the selective inhibition of human CTPS1 would likely
target both mouse CTPS isoforms, possibly leading to off-target
effects, which could cause them to be unnecessarily dismissed
based on an unrepresentative animal model.

Interestingly, the relative positions of the inhibitors and the
loop containing residue 250 differed among the various struc-
tures (Fig. 5SE). However, whether these differences contribute to
the isoform selectivity of R80 is unclear; there was no apparent
correlation between the position of this loop and the reduced
affinity of R80 for CTPS2 and mCTPS2-1250T (Fig. S5E). Dif-
ferences in solvation or other factors not observed at the reso-
lution of these cryo-EM structures may further contribute to the
selectivity of R80, in addition to the primary sequence variation
at residue 250.

R80 and T35 Inhibit T Cell Proliferation. We next tested the ability of
R80 and T35 to inhibit proliferation of Jurkat cells as well as
cultured human and mouse primary T cells using the CellTiter-
Glo assay. Both compounds effectively inhibited proliferation of
all three lymphocyte cell lines, with nanomolar ICs, values com-
parable to those measured by in vitro enzyme assays (Fig. 6 A-C
and SI Appendix, Table S2). Importantly, addition of exogenous

PNAS | 30f9
https://doi.org/10.1073/pnas.2107968118

www.manaraa.com

BIOCHEMISTRY


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2107968118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2107968118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2107968118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2107968118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2107968118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2107968118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2107968118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2107968118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2107968118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2107968118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2107968118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2107968118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2107968118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2107968118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2107968118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2107968118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2107968118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2107968118/-/DCSupplemental
https://doi.org/10.1073/pnas.2107968118

Downloaded at Palestinian Territory, occupied on November 28, 2021

>

@ CTPS2 + R80

100| OCTPS2+7T35 R
< y
=
o
= 50
o)
=
£

0
104 102 1 100
inhibitor (uM)
E CTPS1 F CTPSH1

(high affinity) (high affinity)

G CTPS2 H

CTPS1

AMPPNP

CTPS2

(low affinity) (high affinity)

Fig. 3. Compound R80 is a potent selective inhibitor of CTPS1. (A) Inhibition curves for R80 and T35 against CTPS1 and CTPS2 measured by ADP-Glo. (B) Cryo-
EM structure of CTPS1 bound to UTP, glutamine, and R80. (C) Zoomed-in view of the yellow box in (B) showing the R80 binding site. (D) Overlay of R80 with
the CTP site 2 and ATP binding sites. The sites overlap. (E-H) Interaction diagrams for R80-bound CTPS1 (E), T35-bound CTPS1 (F), R80-bound CTPS2 (G), and
T35-bound CTPS2 (H). Hydrogen bonds are shown as dashed black lines. Pi-pi and pi—cation interactions are shown as dashed blue and pink lines, respectively.
The positions of the pyridine ring (gray arrow), amide, or reverse amide bond (blue arrow), and cyclopropy! group (pink arrow) are indicated in panel E. The
orientation of the cyclopropyl group and pyridine ring varies among the structures. Data shown in graphs are mean and SD of n = 2 technical replicates from

one representative experiment.

cytidine was sufficient to rescue proliferation through the nucle-
oside salvage pathway, indicating that the antiproliferative effect is
specific to cytosine deprivation (Fig. 6 A-C). Similarly, exogenous
CTP is sufficient to rescue the proliferation of T cells isolated
from CTPSl1-deficient individuals (1). R80 and T35 therefore
appear to inhibit lymphocyte proliferation by preventing expan-
sion of CTP pools via de novo synthesis by CTPS1, consistent with
the potent inhibition of purified CTPS1 by both inhibitors (Fig.
6D). In vivo studies will be required to determine if the selectivity
of R80 for CTPSI prevents off-target toxicity. A variety of other
selective and nonselective inhibitors similarly inhibited prolifera-
tion of cultured lymphocytes, typically with nanomolar ICs, values
(SI Appendix, Table S2).

Discussion

Proliferating cells like activated lymphocytes have a high demand
for ribonucleotides, in particular CTP and GTP (3, 26). Here, we
have shown that CTPS1 has a reduced sensitivity to CTP feed-
back inhibition relative to CTPS2, which likely contributes to its
role in expanding CTP pools in proliferating lymphocytes (1, 2).
The observation that CTPS1 is critical to an effective immune

40f9 | PNAS
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response but otherwise nonessential makes it an ideal target for
immunosuppression (1, 2). The CTPS1 R80 inhibitor charac-
terized here is potent, highly selective for CTPS1 over CTPS2
in vitro, and effectively prevents the proliferation of cultured
lymphocytes by depleting cytidine levels, making it a promising
candidate for the development of immunosuppressive therapies.
Nonetheless, further in vivo studies are required to determine
the therapeutic potential of R80 and related compounds. Inter-
estingly, R80 binds a site adjacent to binding site 2 of the native
feedback inhibitor CTP, where it similarly precludes binding of
the substrate ATP. Unlike CTP, however, R80 does not produce
large conformational changes in CTPS relative to the substrate-
bound conformation.

The rate-limiting step in GTP synthesis is catalyzed by inosine
monophosphate dehydrogenase (IMPDH), and the proliferative
IMPDH?2 isoform appears to function in a manner analogous to
CTPS1: IMPDH?2 is up-regulated in proliferating cells (27-30)
and resists feedback inhibition by GTP in order to expand GTP
pools (31). The ability of IMPDH2 to resist GTP inhibition de-
pends on its assembly into filaments (31), and filamentous struc-
tures of IMDPH have been observed in proliferative cancer cells,
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Fig. 4. R80- and T35-bound CTPS structures are in the substrate-bound
conformation. (A) Cryo-EM structure of CTPS1 bound to UTP, glutamine,
and R80. Subunits A to D of the tetramer are indicated. (B) Zoomed-in view
of the orange box in (A), comparing the tetramer interface in substrate- and
product-bound CTPS1 and CTPS2 to the R80- and T35-bound structures. (C)
Top view of the structure shown in (A). (D) Zoomed-in view of the monomer
circled in (C), comparing the glutaminase domain rotation of substrate- and
product-bound CTPS1 and CTPS2 to the R80- and T35-bound structures. The
inhibitor-bound structures are in the substrate-bound conformation.

pluripotent stem cells, and T cells (32-35). Whether CTPS simi-
larly forms filaments in proliferating lymphocytes remains an open
question of interest.

In addition to its role in the proliferation of healthy lympho-
cytes, CTPS is up-regulated in a variety of cancers (36-38) and
has been a target for anticancer drugs for several decades.
Existing inhibitors of CTPS are primarily metabolite analogs,
which can produce a variety of undesirable off-target effects.
Acivin, a naturally occurring glutamine analog that nonspecifically
inhibits most glutaminases, inhibits CTPS through irreversible co-
valent modification of the glutaminase domain active site (39-41).
However, acivicin failed as a cancer treatment in phase-II clinical
trials, owing to significant neurological toxicity (4, 5). The pyrimi-
dine analogs cyclopentenyl cytosine (CPEC) and 3-deazauridine
inhibit CTPS and prevent cancer cell proliferation (42-46) and are
particularly effective when used in combination with other cytidine
analog drugs such as cytarabine and gemcitabine; CPEC and
3-deazauridine reduce CTP pools through inhibition of CTPS,
thereby promoting the incorporation of cytidine analogs into DNA
and inhibiting DNA synthesis (47-49). However, resistance to
CPEC has been observed in cancer cells with adaptations that in-
crease the activity of CTPS (50, 51). The CTPS1-specific inhibitor
characterized here could prove useful as the basis for the treatment
of cancer, perhaps avoiding the toxicity and drug-resistance ad-
aptations associated with metabolite, analogs targeting CTPS.
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However, further studies are warranted in order to determine
whether R80 and related compounds can overcome the pitfalls
associated with existing cancer therapeutics directed at CTPS.

Selective inhibition of CTPS1 may also be an effective strategy
for fighting some infectious diseases. As with cancer cells, de-
pleting CTP pools via CTPS inhibition enhances the efficacy of
cytidine analogs in slowing the proliferation of HIV-infected
cells (52). Furthermore, a recent study revealed that two SARS-
CoV-2 proteins interact with and activate CTPS1 (53). Remark-
ably, in addition to providing CTP necessary for SARS-CoV-2
replication, activated CTPS1 also deamidates interferon regula-
tory factor 3, thus suppressing interferon production and inhibiting
the innate immune response (53). Small-molecule CTPS inhibitors
restore the innate immune response and suppress SARS-CoV-2
replication (53). However, whether these inhibitors are selective
for CTPS1 is unclear. The potent, highly selective R80 CTPS1
inhibitor may therefore provide an effective means of suppressing
the replication of SARS-CoV-2 and other pathogens that may
hijack the de novo CTP synthesis pathway.

Cryo-EM is increasingly being recognized as a valuable tech-
nique in drug discovery, enabling the determination of protein
structures not amenable to X-ray crystallography, including mem-
brane proteins, dynamic and flexible assemblies, as well as large-
scale filament complexes such as the CTPS filaments described
here. As for CTPS, cryo-EM is likely to play an important role in
drug discovery for other important therapeutic targets that also
assemble metabolic filaments (31, 54-57). Importantly, cryo-EM
also allows for the determination of structures in a variety of native
conformational states free of the constraints of the crystal lattice;
the R80- and T35-bound CTPS structures are in a substrate-bound
conformation identified by cryo-EM (9, 10) but not observed in any
existing CTPS structures solved by X-ray crystallography. Ongoing
improvements to electron microscopes, detectors, automated data
collection, and image processing continue to increase the quality
and throughput of structures determined by cryo-EM, further
establishing cryo-EM as a valuable asset for drug discovery pipe-
lines (58, 59).

The R80- and T35-bound CTPS structures presented here
provide a potential basis for structure-based design of CTPS in-
hibitors, providing the opportunity to further enhance specificity
and potency. Future in vivo studies will be required to determine
the efficacy of this family of inhibitors in treating human auto-
immune disorders, cancer, and infectious diseases.

Materials and Methods

Preparation of Recombinant Human CTPS1 and CTPS2 from Yeast. Human
CTPS1 and CTPS2 were purified from Saccharomyces cerevisiae strains GHY55
and GHY56 (60), as described previously (9, 10). The CTPS1-1250T and CTPS2-
T2501 mutants were generated by Q5 site-directed mutagenesis (NEB) and
purified in the same manner as the wild-type proteins (S/ Appendix, Fig. S9A).

Preparation of Recombinant Human CTPS1 and CTPS2. Human CTPS1 (Uniprot
ID: P17812) and human CTPS2 (Uniprot ID: QINRF8) were codon optimized
and cloned into a pFastBac expression vector with a C-terminal FLAG-His-Avi
tag. Baculovirus was generated and amplified in Sf9 cells. Both human full-
length proteins were expressed in Hi5 cells harvesting 48 h postinfection.
The hCTPS1-FLAG-His-Avi protein was purified using a HiTrapFF column
(GE Healthcare), eluted with 100 mM imidazole, and further purified with
a 2-mL Pierce Anti-DYKDDDDK Affinity Resin column (Thermo Scientific).
The hCTPS2-FLAG-His-Avi protein was purified using a HiTrapFF column
(GE Healthcare), eluted with 100 mM imidazole, and further purified with a
Superdex 200 26/600 column (GE Healthcare) (S/ Appendix, Fig. S9B).

To generate a nonpolymerizing CTPS1 variant (9, 10), hCTPS1(1-558)-
H355A was cloned into a pFastBac expression vector with a C-terminal His
tag. Baculovirus was generated and amplified in Sf9 cells. The truncated
mutant protein was expressed in Hi5 cells harvesting 48 h postinfection. The
hCTPS1(1-558) H355A was purified using a HiTrapFF column (GE Healthcare),
eluted with 250 mM imidazole, and further purified with Superdex 200
26/600 column (GE Healthcare) (S/ Appendix, Fig. S9B).
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replicates from one representative experiment for panel C.

Preparation of Recombinant Mouse CTPS1 and CTPS2. Mouse CTPS1 (Uniprot
ID: P70698), mouse CTPS2 (Uniprot ID: P70303), and mouse CTPS2-1250T were
codon optimized and cloned into a pCDNA3.1 transient transfection mam-
malian expression vector with a C-terminal FLAG-His-Avi tag. All mouse
proteins were expressed in Expi293f cells in Expi293 media (Thermo-
Scientific) for 72 h. The mCTPS1-FLAG-His-Avi protein was purified using
nickel nitrilotriacetic acid (NiNTA) resin (Qiagen), eluted with 100 mM im-
idazole, and further purified with a 2-mL Pierce Anti-DYKDDDDK Affinity
Resin column (Thermo scientific). The mCTPS2-FLAG-His-Avi wild-type and
1250T proteins were purified using NiNTA resin (Qiagen), eluted with
100 mM imidazole, and further purified with a HiLoad 16/60 Superdex 200
column (GE Healthcare) (S/ Appendix, Fig. S9C).

ADP-Glo Assays for CTPS Activity. Inhibition of CTPS by CTP, R80, and T35 was
measured using the ADP-Glo assay (Promega). Assays using yeast-purified
CTPS were performed in buffer containing 50 mM K-Hepes pH 8.0, 5 mM
KCl, 0.01% Tween20, 0.01% bovine serum albumin (BSA), 20 mM MgCl,, and
1 mM dithiothreitol (DTT) in black, low-volume 384-well plates (Corning) at
room temperature. CTP inhibition assays with yeast-purified CTPS1 and
CTPS2 (Fig. 1A) were performed with 300 nM CTPS, 200 uM UTP, 600 uM ATP,
30 pM GTP, 100 uM glutamine, and various concentrations of CTP. R80 in-
hibition assays with yeast-purified CTPS1 (Fig. 5B, SI Appendix, Fig. S8A)
were performed with 300 nM CTPS, 200 pM UTP, 600 pM ATP, 30 uM GTP,
100 pM glutamine, and various concentrations of R80. R80 inhibition assays
with yeast-purified CTPS2 (Fig. 5B, SI Appendix, Fig. S8A) were performed
with 300 nM CTPS, 100 pM UTP, 100 uM ATP, 5 uM GTP, 100 pM glutamine,
and various concentrations of R80. Assays had a total volume of 6 pL, and
reactions were run for 45 min. The CTPS reaction was terminated by addition
of 6 pL ADP-Glo reagent then incubated for 1 h prior to addition of 12 pL
kinase detection reagent. After 1 h, luminescence was recorded on a Vari-
oskan Lux (Thermo Scientific) microplate reader. Assays were performed in
triplicate. Assays with mouse CTPS and human CTPS purified from Hi5 cells
(Figs. 3A and 5C) were performed at 25 °C in buffer containing 50 mM
Hepes, pH 7.4, 10 mM MgCl, 5 mM KCl, 0.01%_F-127, and 2 mM DTT. Re-
actions were performed for 60 min (120 min for CTPS1) and terminated by
addition of ADP-Glo reagent for 60 min. Reactions were then incubated with
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kinase detection reagent for 60 min, after which luminescence was recorded
on a Perkin-Elmer Envision 2104 microplate reader. Assay conditions were as
follows: 25 or 50 nM CTPS1, 130 uM ATP, 180 uM UTP, 60 pM GTP, 80 uM
L-Glutamine; 50 nM CTPS2, 80 pM ATP, 150 pM UTP, 60 pM GTP, 40 uM
L-Glutamine; 50 nM mCTPS1, 80 pM ATP, 40 uM UTP, 60 pM GTP, 60 pM
L-Glutamine; 50 nM mCTPS2, 30 pM ATP, 30 uM UTP, 60 uM GTP, 80 pM
L-Glutamine; 25 nM mCTPS2-1250T, 30 uM ATP, 20 pM UTP, 60 pM GTP, and
120 pM L-Glutamine. Data were fit by four-parameter logistic regression,
solving for maximum rate, minimum rate, Hill number, and 1Cs.

RapidFire Mass-Spectrometry Assays for CTPS Activity. CTPS reactions were
carried out in 384-well plates in 50 mM Hepes pH 7.4, 10 mM MgCl,, 5 mM
KCl, 2 mM DTT, 0.01% F-127, and 1% dimethyl sulfoxide. Reaction condi-
tions for CTPS1 were as follows: 50 nM CTPS1, 120 uM ATP, 160 uM UTP,
60 pM GTP, 100 pM L-Glutamine, and varying concentrations of inhibitor, as
appropriate. Reaction conditions for CTPS2 were as follows: 50 nM CTPS2,
80 pM ATP, 150 uM UTP, 60 pM GTP, 40 uM L-Glutamine, and varying con-
centrations of inhibitor, as appropriate. Reactions were allowed to proceed
at 25 °C for 120 min, prior to the addition of 1% formic acid and 0.5 pM
13C4"*N3-CTP internal standard (Cambridge Isotope Laboratories Inc.). Cali-
bration standards for CTP concentration were prepared in CTPS1 or CTPS2
reaction buffers. CTP concentrations were measured using a RapidFire Mass-
Spectrometry system (Agilent Technologies) using an AB Sciex mass
spectrometer.

Negative Stain Electron Microscopy. To prepare samples for negative stain
electron microscopy, CTPS was applied to glow-discharged carbon-coated
grids and stained with 0.7% uranyl formate. Images were acquired using a
Morgagni microscope (FEI) operating at 100 kV and 22,000x magnification
on an Orius SC1000 CCD (charge-coupled device) camera (Gatan).

Cryo-EM Sample Preparation and Data Collection. To prepare samples for cryo-
EM, CTPS was applied to glow-discharged CFLAT 2/2 holey-carbon grids
(Protochips) and blotted away four times successively, before being plunged
into liquid ethane using a Vitrobot (ThermoFisher). Sample conditions
for CTP-bound CTPS2 were as described previously (10). Conditions for
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CTP-bound CTPS1 were 5 mM CTP and 10 mM MgCl, in 20 mM Tris - HCl pH
7.9, 100 mM NacCl, and 0.5 mM DTT. Conditions for human and mouse CTPS
bound to small molecule inhibitors were 5 pM CTPS, 2 mM UTP, 7.5 mM glu-
tamine, 10 mM MgCl,, and 50 pM R80 or T35 in 20 mM Tris - HCl pH 7.9,
100 mM Nacl, and 0.5 mM DTT. Data for CTP-bound CTPS1 was collected on a
Glacios (ThermoFisher). Data for all other structures was collected on a Titan
Krios (ThermoFisher) equipped with a Quantum Gatan Imaging Filter energy
eV slit width. Both
ect camera (Gatan

Inc.). On the Glacios, movies were collected in counted mode with a pixel size
of 1.16 A/pixel, with 50 frames and a total dose of 65 electrons/ A%. On the
Titan Krios, movies were collected in superresolution mode with a pixel size of
0.525 A/pixel, with 50 frames and a total dose of 90 electrons/ A2. Data col-
lection was automated using Leginon (61).

Cryo-EM Data Processing. Workflows for cryo-EM data processing are shown
in SI Appendix Fig. S3 and S5. Movies were aligned, dose-weighted, and
summed using the Relion (62) implementation of MotionCor2 (63). CTF
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parameters were estimated using CTFFIND4 (64). Automatic particle picking
(using a circular blob reference) and 2-dimensional (2D) classification were
performed in cryoSPARC (65). Particles selected from high-quality 2D classes
were exported to Relion for 3-dimensional (3D) autorefinement and 3D
classification. Relion was also used to perform beamtilt, anisotropic magni-
fication, and defocus refinement, as well as Bayesian particle polishing. For
filament samples, Relion signal subtraction was performed following
Bayesian polishing, leaving signal for only a central tetramer. Finally, density
modification was performed using ResolveCryoEM in Phenix (66, 67).

Model Building, Refinement, and Ligand Placement. Preliminary models of the
CTPS1 and CTPS2 dimers were built using Protein Data Bank (PDB) IDs 5U03
and 6PK4, respectively. Initial homology models of mCTPS1 and mCTPS2 were
generated with Modeler (68), using PDB 6PK4 as a reference. Models were
docked into the cryo-EM maps as rigid bodies using Chimera (69), and initial
refinement into the cryo-EM density was performed with Isolde (70). UTP
nucleotides, magnesium ions, free glutamine residues, and either the R80 or
T35 ligand were modeled in each CTPS polypeptide, and the structures were
manually inspected to adjust sidechain rotamers and rebuild poorly resolved
loops near the binding sites with Coot (71). Structures were prepared for
further refinement with Schrédinger’s Protein Preparation Wizard (72). For
each structure, bond orders were assigned, hydrogen atoms were added,
metal zero-order bonds created, and ligand protonation and tautomer
states were assigned (73, 74), followed by hydrogen bond network optimi-
zation (pH set to 7.4) and a restrained energy minimization of only the
hydrogens. To minimize overfitting during refinement with Phenix/OPLS3e,
a scan of the phenix.real_space_refine weight parameter was performed
using Schrodinger’s phenix_weight_scan.py utility (25, 75). Phenix/OPLS3e
uses the OPLS3e force field (76) and VSGB2.1 solvation model (77) to cal-
culate energies and gradients. To reduce local overfitting, ligand energy was
monitored against the local map-model correlation as a function of the
weight factor, and final weights were determined such that ligand energy
values were no more than 1 log unit (10 kcal/mol) greater than that ob-
served for the lowest energy conformer. The same weights were tested
for each structure (0.1, 0.2, 0.5, 1.0, 2.0, 3.0, 4.0, 5.0, 8.0, and 10.0),
and the optimal weights were selected independently for each structure
(CTPS1_R80 = 0.5, CTPS2_R80 = 2.0, CTPS1_T35 = 2.0, CTPS2_T35 = 1.0,
mCTPS1_R80 = 1.0, mCTPS2_R80 = 0.5, and mCTPS2_I250T_R80 = 2.0). The
structure models were then passed as inputs to GlideEM (24), which
redocked the R80/T35 ligands. Top-scoring candidate poses were then sub-
jected to a round of real-space refinement in Phenix/OPLS3e using the previ-
ously optimized weight factors and otherwise default parameters, and the
optimal pose for each ligand-bound structure was selected (25). A final round
of real space refinement in Phenix/OPLS3e was then performed through
Schrodinger’s phenix.py interface, using additional noncrystallographic
symmetry restraints on the two CTPS polypeptide chains, followed by a final
round of Protein Preparation Wizard to reoptimize hydrogen bond networks.
All Schrédinger tools used the 2020-3 suite for calculations, and version 1.18.2

1. E. Martin et al., CTP synthase 1 deficiency in humans reveals its central role in lym-
phocyte proliferation. Nature 510, 288-292 (2014).

2. E. Martin et al.; Genomics England Research Consortium, Impaired lymphocyte
function and differentiation in CTPS1-deficient patients result from a hypomorphic
homozygous mutation. JC/ Insight 5, 133880 (2020).

3. L. D. Fairbanks, M. Bofill, K. Ruckemann, H. A. Simmonds, Importance of ribonucle-
otide availability to proliferating T-lymphocytes from healthy humans. Dispropor-
tionate expansion of pyrimidine pools and contrasting effects of de novo synthesis
inhibitors. J. Biol. Chem. 270, 29682-29689 (1995).

4. G. Falkson et al., A randomized phase Il study of acivicin and 4’deoxydoxorubicin in
patients with hepatocellular carcinoma in an Eastern Cooperative Oncology Group
study. Am. J. Clin. Oncol. 13, 510-515 (1990).

5. 1. N. Olver, M. Green, M. J. Millward, J. F. Bishop, Phase Il study of acivicin in patients
with recurrent high grade astrocytoma. J. Clin. Neurosci. 5, 46-48 (1998).

6. J. A. Endrizzi, H. Kim, P. M. Anderson, E. P. Baldwin, Crystal structure of Escherichia
coli cytidine triphosphate synthetase, a nucleotide-regulated glutamine amido-
transferase/ATP-dependent amidoligase fusion protein and homologue of anticancer
and antiparasitic drug targets. Biochemistry 43, 6447-6463 (2004).

7. J. A. Endrizzi, H. Kim, P. M. Anderson, E. P. Baldwin, Mechanisms of product feedback
regulation and drug resistance in cytidine triphosphate synthetases from the struc-
ture of a CTP-inhibited complex. Biochemistry 44, 13491-13499 (2005).

8. C. Habrian et al., Inhibition of Escherichia coli CTP synthetase by NADH and other
nicotinamides and their mutual interactions with CTP and GTP. Biochemistry 55,
5554-5565 (2016).

9. E. M. Lynch et al., Human CTP synthase filament structure reveals the active enzyme
conformation. Nat. Struct. Mol. Biol. 24, 507-514 (2017).

10. E. M. Lynch, J. M. Kollman, Coupled structural transitions enable highly cooperative
regulation of human CTPS2 filaments. Nat. Struct. Mol. Biol. 27, 42-48 (2020).

8of9 | PNAS
https://doi.org/10.1073/pnas.2107968118

was used for Phenix. Cryo-EM data collection, refinement, and validation
statistics are summarized in S/ Appendix, Table S3.

Jurkat Cell Proliferation Assays. Jurkat cells (ATCC TIB152) were grown in
Roswell Park Memorial Institute (RPMI) 1640 media containing 10% fetal
bovine serum (FBS) and 1% penicillin/streptomycin at 37 °C and 5% CO, for
5 d in 96-well plates. Cells were grown in the presence of various concen-
trations of R80 or T35 with or without 100 pM cytidine, as appropriate. An
equal volume of CellTiter-Glo (CTG) reagent (Promega) was added to cells
and incubated at room temperature for 30 min. Cell viability was measured
by recording luminescence using a Perkin-Elmer Envision microplate reader.

Primary T Cell Proliferation Assays. Assays with human primary T cells were
conducted by Pharmaron. Human peripheral blood mononuclear cells for
these assays were sourced commercially from Sailybio (Cat. No. SLB-HP200A),
with ethical approvals and informed consent for the collection. Human
primary T cells were isolated from fresh peripheral blood mononuclear cells
(Sailybio) using the human Pan T Cell Isolation Kit (Miltenyi Biotec) and
resuspended in RPMI medium 1640 containing 10% FBS, 1% penicillin/
streptomycin, and 10 ng/mL human IL-2 (R&D Systems). Mouse primary
T cells were isolated from fresh spleen cells using the mouse Pan T Cell
Isolation Kit (Miltenyi Biotec) and resuspended in RPMI medium 1640 con-
taining 10% FBS, 1% penicillin/streptomycin, and 10 ng/mL mouse IL-2 (R&D
Systems). Compounds R80 and T35 were added as appropriate to various
concentrations. Cells were seeded into 96-well plates and incubated at 37 °C
and 5% CO, for 1 h. Human or mouse anti-CD3/anti-CD28 Dynabeads
(Thermo Fisher Scientific) (78) and 100 uM cytidine (where appropriate) were
then added, and cells were incubated at 37 °C and 5% CO, for 5 d. CTG
reagent (Promega) was added to cells and incubated at room temperature
for 30 min, after which luminescence was recorded using a Perkin-Elmer
Envision microplate reader.

Data Availability. Cryo-EM structures and atomic models have been deposited
in the Electron Microscopy Data Bank (EMDB) and PDB, respectively, with the
following accession codes: EMD-23831, PDB: 7MGZ (CTPS1 bound to
AMPPNP, UTP, and glutamine); EMD-23832, PDB: 7MHO (CTPS1 bound to CTP);
EMD-23848, PDB: 7MIF (CTPS1 bound to R80); EMD-23850, PDB: 7MIG (CTPS1
bound to T35); EMD-23833, PDB: 7MH1 (CTPS2 bound to CTP); EMD-23851,
PDB: 7MIH (CTPS2 bound to R80); EMD-23852, PDB: 7MII (CTPS2 bound to T35);
EMD-23859, PDB: 7MIP (mCTPS1 bound to R80); EMD-23865, PDB: 7MIU
(mCTPS2 bound to R80); EMD-23866, PDB: 7MIV (mCTPS2-1250T bound to R80).
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