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Recent studies have shown that CTP may act as a ligand to regulate the activity of its target proteins
in many biological processes. However, proteome-wide identification of CTP-binding proteins remains
challenging. Here, we employed a biotinylated CTP affinity probe coupled with stable isotope labeling
by amino acids in cell culture (SILAC)-based quantitative proteomics approach to capture, identify and
quantify CTP-binding proteins in human cells. By performing two types of competitive SILAC experiments
with high vs. low concentrations of CTP probe (100 vs. 10 pmol/L) or with CTP probe in the presence
of free CTP, we identified 90 potential CTP-binding proteins which are involved in a variety of biological
processes, including protein folding, nucleotide binding and cell-cell adhesion. Together, we developed
a chemical proteomic method for uncovering the CTP-binding proteins in human cells, which could be
widely applicable for profiling CTP-binding proteins in other biological samples.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

CTP is an essential nucleotide that is required for the biosyn-
thesis of nucleic acids [1] and protein glycosylation [2]. In addition,
it also serves as a critical precursor during the synthesis of mem-
brane phospholipids [3] and participates in cellular signal commu-
nication [4]. While ATP serves as the phosphate donor for most
kinases, numerous studies have found CTP-dependent kinases that
utilize CTP as phosphate donor, such as yeast diacylglycerol ki-
nase [5]. Moreover, CTP synthase (CTPS1) has emerged as a po-
tential therapeutic target for many diseases such as cancer [6]. CTP
can bind and inhibit CTPS1 through competition with UTP for a
shared 5’-triphosphate-binding pocket [7]. Furthermore, ParB-like
proteins in bacteria are another important class of CTP-dependent
molecular switches which are involved in DNA segregation during
cell division [8]. Despite the importance of CTP-binding in critical
metabolic processes, the proteome-wide study of CTP-binding pro-
teins remains under investigation.

Recent advances in mass spectrometry (MS) instruments and
analytical methods render MS-based proteomics a powerful tool
for rapidly profiling the whole proteome from diverse biological
samples [9]. Coupled with stable isotope labeling with amino acids
in cell culture (SILAC) technique, MS can be used to identify and
accurately quantify thousands of proteins from complex biologi-
cal samples. So far, various affinity enrichment methods, such as
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biotin-based pulldown assay and activity-based protein profiling
(ABPP), have been developed to capture specific group of proteins
which have similar structure and function from complex biological
system [10]. For instance, acyl phosphate-containing ABPP probes
have been widely used for characterizing ATP- and GTP-binding
proteins [11,12]. Additionally, competition assays which use free
ATP or different concentrations of ATP probes have also been em-
ployed to effectively eliminate the non-specific ATP-binding pro-
teins from whole cell lysates [11,13]. In this study, we report a
proteome-wide analysis of CTP-binding proteins in human cells
using a specific biotin-CTP probe coupled with SILAC-based mass
spectrometry strategy, which provides new ideas about the biolog-
ical roles of CTP.

Many ATP- and GTP-binding proteins have a phosphate-binding
loop (P-loop) which contains a glycine-rich sequence and a con-
served lysine [14]. Acyl phosphate-containing ATP and GTP probes
have been widely used for targeting the lysine residues in P-loop
of target proteins [15,16]. In this study, we designed a biotinylated
CTP affinity probe which harbors three components: CTP, a bind-
ing moiety, which specifically recognizes the active sites of CTP-
binding proteins; biotin, an enrichment moiety, which facilitates
the enrichment of target proteins; y-aminobutyric acid, a linker,
which connects the enrichment moiety to CTP and acts as a spacer
to minimize steric hindrance (Fig. 1). The biotinylated CTP affin-
ity probe was synthesized and purified for the enrichment of CTP-
binding proteins in human cells (Figs. S1 and S2 in Supporting
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Fig. 1. Chemical structure of the biotinylated CTP affinity probe.

information). We speculate that the CTP probe could play a role
like ATP and GTP acyl-phosphate probe [17]: upon interacting with
CTP-binding proteins, CTP moiety binds to the active sites and then
the acyl-phosphate component of probe reacts with the conserved
g-amino group of lysine residue located at or near the binding
pocket to form a stable amide bond (Fig. S3 in Supporting infor-
mation).

To verify this hypothesis, we incubated the CTP affinity probe
with different concentrations of lysine, ranging from 100 umol/L to
20 mmol/L. However, the formation of amide bonds were not ob-
served until the concentration of lysine reached 20 mmol/L (Fig.
S4 in Supporting information). This result may be caused by the
distinctive structure of CTP. To overcome this limitation, we first
enriched the CTP-binding proteins using streptavidin beads, elim-
inated non-specific proteins by extensively washing, and then di-

Chinese Chemical Letters 32 (2021) 3479-3482

(a)
10 pmol/LCTP .
probe Streptavidin
~———— enrichmentand
washing | )
Lightproteins Mixing. \_ lQU LENENE
Typsin l)\—)
| 100pmOULCTP  gyreptavidin digestion [\ A YU
b —
—P%__, onrichmentand
washing

Heavy proteins

(b) |
10umoleTP Streptavidin
probe
— . enrichmentand
washing N [
SN
-

Lightproteins

Rereprove 1011 Rote prove 101>>1
Specificproteins Non-specific proteins

- n
Trypsin T\
ldigestion k ,,l)u

Treatwith CTP,then SePtavidin
enrichmentand

10UmolLCTPprobe aqping

= =
L5 P S —
Specificproteins  Non-specific proteins
Heavy proteins

Fig. 2. SILAC-based quantitative proteomics approach for profiling CTP-binding pro-
teins at the entire proteome scale. (a) The workflow for the competition experiment
using different concentrations of CTP probe. (b) Workflow for the free CTP compe-
tition experiment. Shown is the workflow for the forward SILAC labeling experi-
ments.

gested the proteins with trypsin before LC-MS/MS analysis (Fig. 2).
In this respect, the target proteins would be identified and quan-
tified using the unmodified peptides. In addition, this method also
allows the identification of those CTP targets which do not have
lysine residues in their CTP-binding pockets.

To exclude the non-specific targets, we employed low
(10pmol/L) and high (100 pmol/L) concentrations of CTP probe,
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Fig. 3. SILAC-based competition assay for assessing CTP-binding proteins in human proteome. (a) A Venn diagram showing the overlap of the quantified proteins
(Rerp probe 101 < 2) from forward and reverse SILAC labeling experiments. (b) The Rerp probe 1051 Tatios of proteins in probe concentration-dependent SILAC experiments. (c)
The Rerpjcrp probe Tatios of proteins in competitive SILAC experiments with and without free CTP treatment. (d, e) ESI-MS of the light- and heavy-labeled tryptic peptide
AGFAGDDAPR from ACTB in the presence or absence of free CTP in forward (d) and reverse (e) SILAC experiments.
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along with SILAC-based quantitative proteomics approach, to iden-
tify CTP-binding proteins in human cells. Prior to incubation with
the probe, cell lysates were passed through NAP-25 columns to
remove the endogenous nucleotides. In forward SILAC experiment,
equal amount of light and heavy cell lysates were incubated with
low (10 pmol/L) and high (100 pmol/L) concentrations of CTP
probe, respectively (Fig. 2a). In reverse SILAC experiment, labeling
reaction was operated in an opposite way. Biotin-labeled proteins
were enriched by streptavidin beads, digested with trypsin, and
analyzed using LC-MS/MS as described above. The peak intensity
ratios of heavy and light peptides were used to obtain the relative
affinity ratios (Rcrp probe 101, 100 pmol/L/10 pmol/L) of proteins
towards different concentrations of CTP probe.

Similar as the previous quantitative affinity profiling of
ATP-binding proteins, specific binding proteins would show
Retp probe 101 €lose to 1, whereas non-specific proteins would dis-
Play Retp probe 10/1 > 1 due to concentration-dependent increase in
peptides arising from non-specific proteins [18]. To include all the
putative CTP-binding proteins, a criterion of Rerp probe 101 < 2 Was
used to select the specific CTP targets. With the criterion, a to-
tal of 575 proteins were identified and quantified in at least two
SILAC experiments (Fig. 3a and Table S1 in Supporting informa-
tion). Some known CTP-binding proteins, such as CTP synthase 1
(CTPS1) [19] and heat shock proteins HSP90s [20], were included
in the list (Rerp probe 101 Values of ~1, Fig. 3b and Table S1), demon-
strating the feasibility of our strategy in profiling CTP-binding pro-
teins.
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To further ascertain whether these proteins bind selectively to
CTP, we performed competitive SILAC experiments in which free
CTP acted as a competitor to compete with CTP probe (Fig. 2b). Cell
lysates were pretreated with free CTP before incubation with CTP
affinity probes. In this respect, CTP would occupy the binding pock-
ets of specific targets, so that the labeling efficiency of CTP-binding
proteins by CTP affinity probes would decrease. In forward SILAC
experiment, the heavy and light cell lysates were incubated with
and without free CTP, respectively, whereas reverse SILAC experi-
ment was manipulated oppositely. CTP competitive ratio of protein
(Rerpyerp probe) Was used to reflect its relative binding affinity to-
wards CTP probe with vs. without free CTP. To include all the puta-
tive CTP targets, a criterion of Rerpjerp prope < 1 Was used to choose
the candidate CTP-binding proteins. LC-MS/MS analysis identified
and quantified 311 proteins in at least one SILAC experiment, 129
of which display Rerpicrp probe <1 (Fig. 3¢ and Table S2 in Support-
ing information). For example, when treating the heavy cell lysate
using free CTP in forward SILAC experiment, the peak intensities
of the heavy-labeled peptides from ACTB are lower than those of
the light-labeled peptides without CTP treatment (Fig. 3d). A sim-
ilar trend was also observed in reverse SILAC experiment (Fig. 3e,
Fig. S5 in Supporting information showing the MS/MS).

We analyzed the data from these two sets of SILAC experi-
ments and identified 90 proteins with Rerp probe 10/1 < 2 in probe
concentration-dependent SILAC experiments and Rerpjctp probe < 1
in free CTP competition experiments (Fig. 4a, Table S3 in Support-
ing information). These proteins contain a small fraction of known

(a) Highvs. low CTPvs.CTP  (b)
concentration robe
— . P Nucleotide binding.
Mitochondrion ]
Protein folding
Cell-cell adhesionq
485 90 39
RNA binding
. Translation initiation
A
<
0 & 10 15 20 25 30 35
o Protein number
(C) RCTP probe 104 RCTPICTP probe RCTP probe 10/ RCTPICTP probe RCTP probe 10/ RCTPICTP probe
ACTB HNRNPK PSMD12
ANXA2 HNRNPU | E— PSMD13 -
ANXAS HSP0AA1 RFC3
ARL6IP5 HSP90AB1 RPL23
ASNS ] HSP0B1 RPL24
CAD L HSPAS RPL5
CANX HSPA8 RPS15A
cCT2 [—— HSPD1 | RPS17
cCcT3 B IDH3A [ ] RPS23
cCT5 | E— IGF2BP1 RUVBL2 L .
CCT6A 1PO5 L] SEC22B —/
ccT7 KPNB1 SF3B1
ccTs LETM1 SLC3A2
CKAP4 LRPPRC SLC7AS
cLTC LuCc7L2 ’ J TARDBP | I—
Cox4i1 I | MTHFD1 | TBR1
CSE1L l MYL12A F TCP1
CTBP1 NDUFS3 TMEM109
CTPST — NDUFV1 TMX1
DDX5 PCBP1 I TNPO1
DHX9 | | PCBP2 TRAP1
EEF2 PDHA1 TUFM
EIF4A1 PDIAG UBA1
EIF4G1 I— PFKM UQCRC1
EMD PGRMC2 vavps I
ENO1 | I— PHGDH XPO1
EPRS1 PRDX1 XPO5
FASN - PSMC3 | ] XRCC5
GARS1 PSMC4 XRCC6
HADHA PSMC5 YWHAQ
0 2 0 1

Remmanon [ b |

Rermcreoce |

Fig. 4. Summary of CTP-binding proteins identified with the biotinylated CTP affinity probe. (a) Venn diagram depicting the overlap of the putative CTP-binding proteins
quantified in two competitive SILAC experiments. (b) GO analysis showing the biological functions of candidate CTP-binding proteins. (c) A heat map displaying the quantifi-
cation data of candidate CTP-binding protein in two competitive SILAC experiments. White and blue indicate a significant CTP-binding preference with a Rerp prope 10/1 Iatio

~1 and a low Rerpicrp probe Value, respectively.

3481



M. Pan, Y. Liu, X. Zheng et al.

CTP targets and a large proportion of newly discovered proteins.
We further investigated the biological functions of these proteins
by Gene Ontology (GO) analysis using DAVID database. The re-
sults showed that these proteins are involved in a variety of cel-
lular processes, such as nucleotide binding, protein folding and cell
adhension (Fig. 4b). We ranked these proteins according to their
Rerpjerp probe Value (Fig. 4c and Table S3) and found that CTPS1
is among the top on the list, suggesting that this quantitative
proteomics strategy could be employed for identifying new CTP-
binding proteins.

In summary, we reported here a quantitative proteomics strat-
egy using a biotinylated CTP affinity probe to profile CTP-binding
proteins at the entire proteome scale. Previous studies showed
that the identification of nucleotide-binding proteins by conven-
tional bottom-up method is very challenging due to the relatively
low abundance of nucleotide-binding proteins and the interference
from other cellular proteins [11,12], whereas the method used in
this study can effectively capture nucleotide-binding proteins. We
successfully synthesized the biotin-tagged CTP affinity probe and
used it to enrich CTP-binding proteins by two sets of competi-
tive SILAC experiments. We identified a total of 90 potential CTP-
binding proteins which showed high affinity to CTP. In addition,
we found that these candidate CTP-binding proteins are involved in
multiple cellular pathways. These results deepen our understand-
ing of CTP-binding proteins and lay a foundation for further re-
vealing the biological functions of CTP. Moreover, the analytical ap-
proach used in this study could be employed for uncovering CTP-
binding proteins in other organisms.
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