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CAD (Carbamoyl-phosphate synthetase 2, Aspartate transcarbamoylase, and Dihydroorotase) is a multifunctional protein
that participates in the initial three speed-limiting steps of pyrimidine nucleotide synthesis. Over the past two decades,
extensive investigations have been conducted to unmask CAD as a central player for the synthesis of nucleic acids, active
intermediates, and cell membranes. Meanwhile, the important role of CAD in various physiopathological processes has
also been emphasized.
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| 1. Introduction

The route of formation of carbamoyl phosphate (CAP) was first discovered in microorganisms in 1955 . Later, genetic
studies revealed the role of enzymatic synthesis of CAP in the pyrimidine pathway in Neurospora [l |t was also found
that carbamyl phosphate synthetases (CPSases) CPS-1 and CPS-2 provide CAP pools for arginine and pyrimidine
synthesis, respectively BIRIE. |n animals, aspartate transcarbamoylase (ATC) and dihydroorotase (DHO) were
subsequently co-purified with CPS-2. These three enzymes form a single multi-enzymatic protein named CAD to
participate in the de novo pyrimidine pathway in mammals 8],

Over the past two decades, studies from dozens of labs have revealed that CAD takes part in the de novo pyrimidine
nucleotide synthesis, and plays a leading role in cellular and organismal physiology in various forms of life [ILQIL12][13]
Moreover, CAD is also involved in protein glycosylation and biosynthesis of phospholipids 4. In recent years, extensive
studies have been carried out on the molecular functions and pathways of CAD to address the unanswered questions in
this area.

| 2. CAD Structure and Function

CAD is a multifunctional protein that takes part in the initial three speed-limiting steps of pyrimidine nucleotide synthesis.
Moreno-Morcillo et al. have shown that CAD is a hexamer of a 243 kDa polypeptide chain 5. Human CAD involves the
concerted action of four domains: glutamine amidotransferase (GATase), carbamylphosphatesynthetase Il (CPSllase),
aspartate transcarbamylase (ATCase), and dihydroorotase (DHOase) ( Figure 1 A). CPSllase consists of two highly
homologous fragments, which are designated as CPSase A and CPSase B. Specifically, GATase and CPSase (CPSase A
and CPSase B) jointly form the glutamine-dependent CPSase. GATase transfer HCO 3- , glutamine, and ATP to form
carbamoylphosphate (CP) at the site of CPSllase domain. CP formation is the first rate-limiting step for the nucleotide
synthesis 2817 we will discuss the details of CPSllase and its regulations in the latter text. ATCase, consisted of a
catalytic homotrimer, catalyzes carbamoylphosphate (CP) and aspartate (Asp) into carbamoyl aspartate (CA-asp) 28, The
DHOase domain catalyzes the reversible cyclization of CA-asp to dihydroorotate (DHO), the first cyclic compound of de
novo pyrimidine nucleotide synthesis pathway 2211191201 pihydroorotate dehydrogenase (DHODH) subsequently reduces
DHO to orotate in mitochondria 24, Finally, uridine monophosphate synthase (UMPS) converts orotic acid to produce the
end product uridine monophosphate (UMP) [221(23124] ( Figure 1 B).
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Figure 1. The schematic illustration of CAD and CAD-mediated de novo synthesis of pyrimidine nucleotides. (A) CAD and
its domains are shown with the amino acid numbers. (B) The process of de novo synthesis of pyrimidine nucleotides. The
first three steps are catalyzed by a trifunctional, cytoplasmic enzyme known as CAD, an acronym derived from the names
of the three activities in this protein: carbamoyl phosphate synthetase, aspartate transcarbamylase, and dihydroorotase.
The fourth enzyme is a mitochondrial enzyme, dihydroorotate dehydrogenase (DHODH). Phosphoribosyl 5'-
pyrophosphate (PRPP) and orotate are catalyzed by UMP synthetase (UMPS) to produce UMP.

Structural studies of CAD have provided significant insights into its internal structural organization and function. The
crystal structures of CAD and its fragments have been determined, and CAD is evolutionarily conserved in a variety of
organisms 281281271 Hyman CAD has a hexamer structure of 1.5 MDa, which is made of a couple of 243 kDa polypeptide
chains. This particular structure endows human CAD a series of sophisticated catalytic and regulatory properties 28 As
briefly mentioned earlier, feedback inhibition and allosteric activation by UTP and PRPP play a predominant role in the
overall regulation of CAD's CPSllase domin 27129 The DHOase and ATCase domains are connected by a linker to form a
hexamer, which is proposed as the central structural element of CAD 15, Interestingly, CAD, as a fusion of the first three
enzymatic activities, only occurs in animals. De novo biosynthesis of pyrimidine nucleotide is mainly catalyzed by distinct
or independent enzymes but not a single multi-enzymatic protein in prokaryotes (11,

The de novo biosynthesis of pyrimidine nucleotides provides essential precursors for multiple growth-related events in
higher eukaryotes BUBLE2 |ntracellular pyrimidine nucleotides regulate the steps of many metabolic pathways ( Figure 2
A,B), mainly including nucleic acid precursors, activated intermediates, and membrane synthesis. Indeed, the de novo
biosynthetic pathway in mammals is capable of supplying all pyrimidine ribonucleotides and deoxyribonucleotides for RNA
and DNA biosynthesis B3l24 UMP, as an intermediate product of the synthesis of pyrimidine nucleotides, can be further
dephosphorylated to uridine (UR) and phosphorylated to corresponding di- (UDP) and triphosphorylated (UTP) forms,
respectively. As described in the latter, UTP is involved in protein glycosylation and glycogen synthesis with the form of
UDP-linked sugars 251, CTP synthetase (CTPS) converts UTP into CTP in an ATP-dependent reaction that uses glutamine
as an amine donor. Same as UTP, CTP can also be dephosphorylated into CDP and CMP. Alternatively, UDP and CDP
can be deoxygenated into deoxy-UDP (dUDP) and dCDP, respectively, by ribonucleotidereductase (RNR), and further
phosphorylated by NDPK. To avoid misincorporation into DNA, dUTP is rapidly broken down by dUTPase into dUMP.
Importantly, thymidylate synthase (TS) transfers UMP intodeoxy-TMP (dTMP) and is phosphorylated subsequently into
dTTP. Thus, the de novo biosynthetic pathway in mammals is capable of supplying all pyrimidine ribonucleotides (CTP,
UTP) and deoxyribonucleotides ( dCTP, dTTP) for RNA and DNA biosynthesis, respectively [231[34136]
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Figure 2. The metabolic pathways and related functions of pyrimidine nucleotides. (A): CAD participates in de novo
pyrimidine nucleotides synthesis and metabolic pathways in mammalian cells. (B): CAD plays a role in the synthesis of
nucleic acid precursors, activation intermediates and membrane. UMP, uridine monophosphate. UDP, uridine
diphosphate. UTP, uridine triphosphate. CTPS, cytidine triphosphate synthetase. CTP, cytidine triphosphate. UR, uridine.
dUDP, deoxy-uridine diphosphate. dUTP, deoxy-uridine triphosphate. dUMP, deoxy-uridine monophosphate. dTTP, deoxy-
thymidine triphosphate. CDP, cytidine diphosphate.
triphosphate. TS, thymidylate synthase. CDP-choline, cytidine diphosphate-choline. UDP-Glu, uridine diphosphate-
glucose. RRM2, ribonucleotide reductase M2.

dCDP, deoxy-cytidine diphosphate. dCTP, deoxy-cytidine

At the same time, CAD plays predominant roles in the production of activated intermediates, including pyrimidine sugars,
polysaccharide, and phospholipid synthesis B2, UDP, as one of the products of CAD, is also a precursor of UDP-sugar
intermediates, which are required in UDP-dependent glycosylation events and post translational modification of proteins.
Besides, these UDP-sugar intermediates are potential extracellular signaling molecules. For example, UDP-N-
acetylglucosamine (UDPGIcNAC) is involved in post-translational modifications of proteins and is required for UDP-
dependent glycosylation of proteins. &l Of interest, a recent report found that the UDP-nucleotide sugar, as well as UDP-
glucose pyrophosphorylase, correctly response to cancer process in pancreatic cancer and breast cancer by disrupting
cancer cell glycosylation B[40, However, CAD mutants decrease glycosylation precursors. It has been identified that
CAD mutants (CAD hu10125 ) regulates angiogenesis in the embryo in Zebrafish via CAD mediated glycosylation process
[l Additionally, biallelic mutations in CAD (c.1843- 1G > A, ¢.6071G > A) also confirm the previous study, and manifest
with a reduction in a subset of UDP nucleotide sugar levels (UDP-glucose, UDP-N-acetylglucosamine, UDP-galactose,
etc.) that serve as donors for glycosylation in human 1. Despite these insights, how is nucleotide sugar level regulated?
Why are glycosylation levels alleviated in cancer? These questions have been elusive until very recently.

| 3. The Regulation of CAD

Recently, the identification and characterization of CAD-interacting proteins has yielded deep insights into the regulation
of CAD catalytic activity. The first identified CAD-interacting protein is the Rad9 checkpoint protein, a subunit of
heterotrimeric Rad9-Radl-Husl (9-1-1) complex. The role of Rad9 in predicting disease is likely important. Its
overproduction is essential for tumor cells’ tumorigenicity and metastasis 424311441 Additionally, Rad9 binds to CAD at its
CPSllase domain, resulting in a 2-fold stimulation of the CPSase activity of CAD and thus promoting the ribonucleotide
biosynthesis 431, It is supposed that CAD is likely a target gene of Rad9 and is controlled by transcription regulation.
Additionally, Nakashima et al. have shown that mLST8, a component of the mTOR complexes, interacts with CAD and its
binding with CAD is stronger than that of mTORC1. The activity of CAD is upregulated through the association with
mLST8 8. Consistent with this, CAD activity is enhanced when it binds to Rheb, a member of the Ras superfamily small
GTPases, which regulates protein synthesis and cell proliferation in an mTOR-independent pathway “Z. These data
suggest that CAD interaction proteins are involved in CAD regulation.



Furthermore, posttranslational modifications (PTMs), such as phosphorylation 849 acetylation BB methylation B2,
and ubiquitination 3, modulate the activity, localization and other properties of a protein, thereby regulating a variety of
biological processes, including gene transcription, protein biosynthesis, cellular signaling, and metabolism &4,
Additionally, protein acetylation plays a pivotal role in mediating protein function, stability, and localization. Functionally, N-
terminal acetylationis were found to regulate protein degradation and inhibit protein translocation into the endoplasmic
reticulum. It is inferred from combination of experimental and computational evidence that CAD can be potentially
acetylated at alanine residue (amino acid 2), N6-acetyllysine (amino acid 747) and N6-acetyllysine (amino acid 1411),
while their functions in cellular process still needs to be further demonstrated B2I58I57 Nowadays, researches on PTMs
of CAD protein mostly focus on the phosphorylation; the phosphorylation of CAD protein and the involved pathway is
depicted in Figure 3 . Unfortunately, less research is conducted on other PTMs of CAD.
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Figure 3. Diagram of regulation and phosphorylation sites in CAD. CAD oligomerization is promoted under amino acids
stimulation and more easily anchored onto the surface of lysosome. Lysosome provides CAD a physical environment and
gives it better access to glutamine, which is needed for de novo pyrimidine biosynthesis. Growth factor activates MAPK,
PKA, and PKC phosphorylation sites in the CAD protein. S6K1 phosphorylates CAD via the mTORCL1 pathway activated
by animo acids or the PI3K/AKT pathway activated by insulin. CPSII, the carbamoyl phosphate synthetase domains.
DHO, the dehydrooratase domain. ATC, the ATCase domain. EGF, epidermal growth factor. MAPK, mitogen-activated
protein kinase. PKA, protein kinase A. PKC, protein kinase C. mTORC1, mammalian target of rapamycin complex 1.
S6K1, S6 kinase 1.

Stimulation of dormant cells by growth factors, such as epidermal growth factor (EGF), insulin-like growth factor-I (IGF-1)
and platelet-derived growth factor (PDGF), activates the mitogen-activated protein kinase (MAPK) (Erk1/2) cascade and
triggers the transition to the proliferating stage 2859, One of the important substrates of MAPK is CAD. In resting cells,
CAD stays cytosolic and keeps an unphosphorylated condition. Once cells are activated by EGF, CAD translocates to the
nucleus and phosphorylation reaction occurs at CAD Thr456 by the MAPK [9  Moreover, after sequential
phosphorylations of CAD CPSII via MAPK at CAD Thr456, which occurs just before entry into the S phase of the cell
cycle, CAD loses its feedback inhibition by UTP, turning more sensitive to phosphoribosyl pyrophosphate (PRPP) 181,
Protein kinase C (PKC) not only promotes phosphorylation at CAD Ser1873, but also activates Raf and MAPK, thereby
promoting phosphorylation of CAD Thr456 (131, Phosphorylation of CAD Thr456 plays important roles in cell cycle-
dependent regulation of de novo pyrimidine biosynthesis [BLIE263] However, the phosphorylation of CAD at the site of
Ser1406 by cAMP-dependent protein kinase A (PKA) can decrease its sensitivity to PRPP and abolish UTP inhibition,
while phosphorylation of the site of Ser1859 has a minor effect on the catalytic activities or allosteric transitions of CAD
64l |n the process, PKA-mediated phosphorylation of a distinct site on Raf can downregulate MAPK, whereas PKC
activates MAPK through direct phosphorylation and activation of Raf 3. PKC and PKA display synergistic and
antagonistic interactions in MAPK-mediated cell cycle-dependent regulation of pyrimidine biosynthesis to ensure that up-
and down-regulated signals do not conflict €€,

The mechanistic target of rapamycin (mTOR) is a serine/threonine protein kinase, which is usually assembled into two
complexes, including mTOR complex 1 (MTORC1) and 2 (MTORC?2) 1. mTOR senses and integrates growth signals to
regulate cell growth, proliferation, and homeostasis 28686970 mostly by regulating several anabolic and catabolic
processes 2l physically, mTORC1 stays in the cytoplasm, while it turns to be located on the lysosomal surface via
amino acids stimulation and is activated by Rheb, a small GTPase, which is localized on the lysosomal membrane.
MTORC1 phosphorylates its downstream target ribosomal protein S6 kinase 1 (S6K1) and subsequently directly
phosphorylates CAD Ser1859 and Ser1900 WAZRITAIIS]  |nterestingly, CAD accumulates on lysosomes with Rheb in a
GTP- and effector domain-dependent manner 24, Additionally, insulin also stimulates the Ser1859 phosphorylation of
CAD in a manner sensitive to rapamycin as well as phosphatase and tensin homolog (PTEN) deletion in the PI3K-AKT
pathway H8I78II77] That is, CAD can be regulated both by amino acids and growth factors. Recent studies have suggested



that once amino acids are taken up into cells and accumulated on lysosomes, CAD might associate with mLST8 and
Rheb B8I67 Thus, CAD localization to lysosomes may provide a physical environment and give itself better access to
glutamine, which is needed for de novo pyrimidine biosynthesis [Z8l,

| 4. Implications for Therapy of CAD-Related Diseases

The production of pyrimidine nucleotide is constantly changing to meet the pyrimidine nucleotide needs of cells. Some
conditions, such as the microenvironment of tissues, hormonal context, and nucleic acid integrity, may disturb the
homeostasis of pyrimidine nucleotide metabolism Z2BA ypregulation of de novo pyrimidine synthesis plays pivotal roles
in human diseases, which highlights the importance of its diagnostic potential in associated clinical settings and
contributes to the elucidation of the development of novel therapeutic strategies.

Metabolic reprogramming mostly indicates the proliferation and survival of cancer cells 2. Numerous findings have
strong implications for cancer therapeutic strategies. Wang et al. found pyrimidine metabolism signaling pathway was
disrupted and CAD was enriched in a set of cancer types (liver cancer, breast cancer, colon cancer, etc.) with poor clinical
outcomes by using online cancer datasets [l |n 2021, it was reported that carbamoyl-phosphate synthetase 1 (CPS1), a
rate-limiting enzyme in urea cycle, was down-regulated in hepatocellular carcinoma. Reduction in CPS1 increased
shunting of glutamine to CAD, making it easier for the de novo pyrimidine pathway to participate in cancer cell proliferation
(821 Additionally, the reduction of another enzyme in cancers, argininosuccinate synthase (ASS1), as well as CPS1,
elevates cytosolic aspartate levels, thus providing substrates to CAD by facilitating pyrimidine synthesis 3. This is to say
that cancer cells hijack and redistribute existing metabolic pathways for cancer progression.
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