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Abstract

Compartmentation is essential for the localization of biological processes
within a cell. In 2010, three groups independently reported that cytidine
triphosphate synthase (CTPS), a metabolic enzyme for de novo synthesis of
the nucleotide CTP, is compartmentalized in cytoophidia (Greek for “cellu-
lar snakes”) in bacteria, yeast, and fruit flies. Subsequent studies demonstrate
that CTPS can also form filaments in human cells. Thus, the cytoophidium
represents a new type of intracellular compartment that is strikingly con-
served across prokaryotes and eukaryotes. Multiple lines of evidence have
recently suggested that polymerization of metabolic enzymes such as CTPS
and inosine monophosphate dehydrogenase into filamentous cytoophidia
modulates enzymatic activity. With many more metabolic enzymes found
to form the cytoophidium and its kind, compartmentation via filamentation
may serve as a general mechanism for the regulation of metabolism.
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INTRODUCTION

“Compartmentation—the localization of catalysts, their substrates and products—is key to the transition from
lifelike to living systems. This is evidenced by the cellular nature of all known life . ...”

Tolga Bilgen (2004)

Compartmentation is fundamental for a cell to function (Ovadi & Saks 2004, Sitte 1980). One
method of compartmentation is to use membrane-bound organelles, such as the endoplasmic retic-
ulum (ER), mitochondria, and the Golgi apparatus, which have been extensively studied for more
than a century. Less well known is that macromolecules can be compartmentalized via the forma-
tion of membraneless structures (Brangwynne etal. 2009, Gall 2000, Hyman etal. 2014, O’Connell
etal. 2012). For example, many non-membrane-bound organelles, such as cytoplasmic processing
bodies (P bodies) (Sheth & Parker 2006), histone locus bodies (Liu et al. 2006a,b), uridine-rich
small nuclear ribonucleoprotein bodies (U bodies) (Liu & Gall 2007), and purinosomes (An et al.
2008), have been identified inside the cell.

In the summer of 2010, three groups independently discovered that cytidine triphosphate
synthase (CTPS), an essential metabolic enzyme responsible for the de novo synthesis of the nu-
cleotide cytidine triphosphate (CTP), can form filamentous structures termed cytoophidia (Greek
for “cellular snakes”) in Drosophila (Liu 2010), bacteria (Ingerson-Mahar et al. 2010), and budding
yeast (Noree et al. 2010). The filament-forming property of CTPS is evidenced in human cells
as well (Carcamo et al. 2011, Chen et al. 2011). The presence of CTPS-containing filamentous
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structures across diverse species suggests that the formation of cytoophidia has an important
biological function (Liu 2011).

The rate-limiting reaction for the de novo synthesis of another nucleotide, guanosine triphos-
phate (GTP), is catalyzed by inosine monophosphate dehydrogenase (IMPDH) (Hedstrom 2009).
Interestingly, IMPDH forms filamentous structures (Carcamo et al. 2011) that appear very sim-
ilar to the CTPS-containing cytoophidium. Moreover, a screening of GFP-tagged yeast strains
showed that additional proteins can form filamentous structures (Noree et al. 2010). Extended
screening in budding yeast recently identified many more metabolic enzymes with filament-
forming capacity (Shen etal. 2016). Compartmentation via filamentation seems to be more general
than we have appreciated in the past.

In this review, I begin by summarizing what we have learned about the cytoophidium that
contains CTPS. Then, I discuss the IMPDH cytoophidium and its relationship with CTPS.
Finally, I speculate on the benefit of the filamentation of metabolic enzymes.

NOMENCLATURE

The filamentous structures that contain CTPS have been termed cytoophidia, CTPS filaments,
and cytoplasmic rods and rings (RR). For simplicity, the terms cytoophidium (singular) and cy-
toophidia (plural) are used in this review.

Cytoophidia are mesoscale, intracellular, filamentous structures that contain metabolic en-
zymes. If not specified otherwise, the term cytoophidium refers to the CTPS-containing filamen-
tous structure, the first reported example of its kind. However, we can add a signature component
to distinguish a specific subtype of cytoophidia. For example, the IMPDH cytoophidium is a
filamentous structure that contains IMPDH, which may or may not contain CTPS.

A structure must meet several criteria to be referred to as a cytoophidium. First, itis a filamen-
tous structure (in contrast to spherical bodies such as the P body, the U body, the Cajal body, and
the histone locus body). Second, the structure generally contains metabolic enzymes (in contrast
to classical cytoskeleton microtubules, microfilaments, and intermediate filaments). Third, the
structure lacks a membrane (in contrast to membrane-bound organelles such as mitochondria, the
ER, the Golgi apparatus, and cilia).

Depending on their relative size, cytoophidia can be subdivided into macrocytoophidia and
microcytoophidia (Liu 2010). In Drosophila female germlines, macrocytoophidia are long and thick,
whereas microcytoophidia are short and small. Microcytoophidia can undergo multiple rounds of
fusion to form macrocytoophidia (Gou et al. 2014).

A eukaryotic cell might contain both cytoplasmic cytoophidia and nuclear cytoophidia
(Carcamo et al. 2014, Gou et al. 2014, Shen et al. 2016, Zhang et al. 2014). If not specified,
the term cytoophidia refers to cytoplasmic cytoophidia.

THE CYTOOPHIDIUM
CTPS

In many cells, CTP synthesis occurs through either the salvage pathway or the de novo pathway
(Chakraborty & Hurlbert 1961, Kammen & Hurlbert 1959, Lieberman 1956, Long & Pardee
1967). CTPS catalyzes the rate-limiting step of de novo CTP biosynthesis (Chakraborty &
Hurlbert 1961, Kammen & Hurlbert 1959, Lieberman 1956, Long & Pardee 1967). More specifi-
cally, CTPS catalyzes a set of three reactions: a kinase reaction [Mg?*-ATP-dependent phosphor-
ylation of the uridine triphosphate (UTP) uracil O4 atom], a glutaminase reaction (rate-limiting
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glutamine hydrolysis to generate ammonia), and a ligase reaction (displacement of the uracil
O, phosphate by ammonia) (Endrizzi et al. 2004, 2005; Levitzki & Koshland 1971; Lewis &
Villafranca 1989; von der Saal et al. 1985).

Early studies. In 1955, Liebermann first identified CTPS activity in Escherichia coli extracts
that converted UTP to CTP and required ammonia, ATP, and Mg?* (Lieberman 1955, 1956)
(Table 1). Chakraborty & Hurlbert (1961) subsequently reported that glutamine is the primary
amino donor of CTPS in E. co/i (as itis in animal tissues) and that ammonia at higher concentration
could be directly used by the enzyme in vitro. They also established that the requirement for a
guanosine nucleotide is associated with the utilization of glutamine, but not with the utilization of
ammonia. Long & Pardee (1967) purified CTPS approximately 300-fold and analyzed its kinetics
with glutamine or ammonia as the nitrogen donor. In the same study, they also quantified the
behavior of substrates and the allosteric activation by GTP (Long & Pardee 1967).

Between 1969 and 1972, Koshland and coworkers revealed a series of findings about CTPS
(Genchev & Mandel 1976; Levitzki & Koshland 1969, 1970, 1971, 1972a,b; Levitzki et al. 1971;
Long et al. 1970). They demonstrated negative cooperativity by effector GTP and substrate glu-
tamine and analyzed tetramerization induced by glutamine and glutamine analogs. Although there
are four binding sites for glutamine per tetramer, the affinity label 6-diazo-5-oxo-L-norleucine
(DON, a glutamine analog) reacts with only half of the glutamine sites of CTPS, a finding that
was subsequently explained by induced subunit interactions.

Subsequently, Scheit & Linke (1982) demonstrated that three main structural elements of the
UTP molecule contribute to the substrate specificity of CTPS. Improved purification of CTPS
by Anderson (1983) helped further elucidate its reversible cold lability and hysteresis properties.

Regulation. Four ribonucleotides directly interact with CTPS and regulate its activity
(Robertson 1995). ATP is used to phosphorylate UTP, and both substrates bind CTPS with pos-
itive cooperativity (Anderson 1983, Endrizzi et al. 2004, Goto et al. 2004, Levitzki & Koshland
1972a, Long & Pardee 1967, Pappas et al. 1998, Robertson 1995). GTP binding allosterically
activates glutamine hydrolysis and generates ammonia at a separate active site (Bearne et al. 2001,
Endrizzi et al. 2004, Goto et al. 2004, Levitzki & Koshland 1972b, Scheit & Linke 1982). The
uracil O4 phosphate is displaced by ammonia to yield the CTP product, which provides negative
feedback by competitively inhibiting the UTP substrate (Aronow & Ullman 1987; Endrizzi et al.
2004, 2005; Kizaki et al. 1985; Long & Pardee 1967; Yang et al. 1994).

Structure. In 2004, Baldwin and coworkers solved the crystal structure of E. coli CTPS at 2.3-A
resolution (Endrizzi et al. 2004). They found that each amidoligase active site and essential ATP-
and UTP-binding surfaces are composed of three monomers, providing the structural evidence
that CTPS activity requires oligomerization. A CTPS tetramer from another bacterium, Thermus
thermophilus, adopts a similar cross-shaped structure, as revealed by Hirotsu and coworkers (Goto
et al. 2004). Hirotsu and coworkers also proposed a model to explain the conformational change
of the CTPS tetramer upon binding of ATP and UTP (Goto et al. 2004). Despite this extensive
early work, the filament-forming property of CTPS was reported only within the past few years.

Evolutionary Conservation

In May 2010, CTPS was reported to be compartmentalized in filamentary structures termed
cytoophidia in Drosophila (Liu 2010). Two months later, CTPS was described as forming filaments
in Caulobacter crescentus, a bacterium exhibiting a curved shape (Ingerson-Mahar etal. 2010). A third
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Table 1 A brief history of research on CTPS and cytoophidia

Year Event References
1955 CTPS activity found in Escherichia coli extracts; requirement of | Lieberman (1955, 1956)
ammonia, ATP, and Mg+
1958-1959 Requirement of glutamine for CTPS activity in mammalian Kammen & Hurlbert (1958, 1959)
cells; requirement of GTP
1961 Requirement of glutamine or ammonia in E. coli Chakraborty & Hurlbert (1961)
1967 CTPS purified 300-fold from E. coli extracts Long & Pardee (1967)
1969-1972 Negative cooperativity; half-of-the-sites reactivity; kinetic Levitzki & Koshland (1969, 1970, 1971, 1972a,b);
effects of GTP Levitzki et al. (1971); Long et al. (1970)
1978 CTPS upregulated in cancer cells Williams et al. (1978)
1982 Substrate specificity Scheit & Linke (1982)
1983 Improved purification procedure Anderson (1983)
1995 Determination of subunit dissociation constants Robertson (1995)
1995-1996 Phosphorylation of CTPS by protein kinases A and C in yeast | Yang & Carman (1995, 1996), Yang et al. (1996)
2001 Targeting Trypanosoma brucei CTPS for the treatment of Hofer et al. (2001)
African sleeping sickness
2004-2005 Crystal structures of CTPSs from E. coli and Thermus Endrizzi et al. (2004, 2005), Goto et al. (2004)
thermophilus were solved
2008 Interacting proteins of human CTPS1 were identified Higgins et al. (2008)
2010 Three groups (those of Ji-Long Liu, Zemer Gitai, and James Ingerson-Mahar et al. (2010), Liu (2010), Noree
Wilhelm) independently identified a novel intracellular etal. (2010)
CTPS structure termed the cytoophidium or CTPS filament
in fruit fly, bacteria, budding yeast, and rat cells
2011 CTPS-containing cytoophidia were identified in human cells; | Carcamo et al. (2011), Chen et al. (2011)
IMPDH-containing rods and rings (equivalent to
cytoophidia) were identified in human cells
2013 The N terminus of CTPS is necessary for filamentation Azzam & Liu (2013)
2014 Discovery of cytoophidia in the nucleus Carcamo et al. 2014), Gou et al. (2014), Zhang
etal. 2014)
2014 Three reports show that filamentation downregulates CTPS Aughey et al. (2014), Barry et al. (2014), Noree
enzymatic activity, although a fourth report suggests that etal. (2014), Strochlic et al. (2014)
filament formation upregulates CTPS enzymatic activity
2014 Human CTPS1, not CTPS2, plays a critical role in B Martin et al. (2014)
lymphocyte proliferation
2014 Identification of nuclear cytoophidia and cytoplasmic Zhang et al. (2014)
cytoophidia in Schizosaccharomyces pombe; asymmetric
inheritance of cytoophidia in S. pombe
2015 CTPS and IMPDH form independent filamentous structures | Keppeke et al. (2015)
2015 CTPS plays a critical role in brain development Tastan & Liu (2015)
2015 Filamentation of IMPDH upregulates its activity Chang et al. (2015)
2015 The proto-oncogene Cbl regulates cytoophidium formation Wang et al. (2015)
in Drosophila
2016 The oncogene Myc regulates cytoophidium formation in Aughey etal. (2016)
Drosophila
2016 Identification of 23 filament-forming proteins in a screening Shen et al. (2016)

of 4,159 proteins in Saccharomyces cerevisiae
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10 pm

Figure 1

The cytoophidium: a snake in the cell. (#) A snake-like structure observed in a Drosophila oocyte. This was
one of the first images of cytoophidia obtained by antibody cross-reaction. Adapted with permission from
Liu (2010). (b) A drawing of a snake mimicking the image in panel 4.

paper published in August 2010 suggested that CTPS proteins in the budding yeast Saccharomyces
cerevisine also form filaments (Noree et al. 2010). Given that the biochemistry and structure of
CTPSs have been intensively studied over the past six decades, it came as a surprise that CTPS
molecules form such an unusual feature.

Fruit flies. My observations of the cytoophidium in Drosophila started from a serendipitous anti-
body cross-reaction several years ago (Liu 2010). Initial efforts focused on a translation initiation
complex protein, Cup, which I used as a marker for the P body (Lee et al. 2009, Liu & Gall 2007).
Fruitfly tissues were stained using multiple anti-Cup antibodies from different sources, and one was
found that showed enigmatic filamentary structures in nurse cells, oocytes, and follicle cells. I re-
ferred to these novel structures as cytoophidia owing to their serpentine forms (Figure 1). The cy-
toophidium appears to be the same structure revealed by two protein trap lines in which CTPS was
tagged by GFP, and by three antibodies specifically against different regions of the CTPS protein
(Buszczak etal. 2007, Liu 2010). Moreover, I found that CTPS-containing cytoophidia are present
in many tissues, including the brain, gut, trachea, testis, accessory gland, salivary gland, and lymph
gland (Liu 2010). Additionally, cytoophidia were observed in other fruit fly species (Liu 2010).

Bacteria. Gitai and coworkers were interested in the cytoskeleton of C. crescentus, a bacterium
exhibiting a unique curved morphology and asymmetric division cycle (Ingerson-Mahar et al.
2010). A bundle of filaments along the inner curvature had previously been identified by electron
cryotomography (Li & Jensen 2009). To identify the filament-forming proteins, these investigators
searched a collection of tagged proteins for nondiffuse localization and found that CTPS exhibited
filamentary structures along the inner curvature of the cell (Ingerson-Mahar et al. 2010). By
manipulating the activity of CTPS, they showed that CTPS regulates cell shape. Moreover, they
demonstrated that CTPS protein from E. co/i also forms filaments in vivo and in vitro (Ingerson-
Mabhar et al. 2010).

Budding yeast. A previous partial screen of a yeast GFP collection identified 33 proteins showing
large punctuate structures (Narayanaswamy et al. 2009). Using a similar strategy, Wilhelm and
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colleagues partially screened the GFP collection and found four types of filaments, including the
S. cerevisine CTPS filament (Noree et al. 2010). They identified some environmental conditions
that regulate filament formation in budding yeast. They also demonstrated that CTPS localizes
to filamentary structures in Drosophila melanogaster and in rat hippocampal neurons (Noree et al.
2010).

Subsequent studies have shown that CTPS can also form filaments in human cells (Carcamo
et al. 2011, Chen et al. 2011) and fission yeast (Zhang et al. 2014). Thus, the cytoophidium
represents a new type of intracellular compartment that is strikingly conserved across prokaryotes
and eukaryotes (Liu 2011).

Morphology

In an attempt to identify novel filaments, Gitai and coworkers discovered that CTPS can form
filaments (Ingerson-Mahar et al. 2010). C. crescentus has two types of cells: the stalked cell and
the swarmer cell. The cytoophidium is nucleated at the central region of newly formed stalked
cells. During stalked cell growth, the filament elongates to 500 nm long (whereas the cell length
is approximately 1,000 nm). The filaments later move toward the periphery of the cell, i.e., the
inner cell curvature.

In budding yeast, both CTPS proteins, Ura7p and Ura8p, can form foci and filaments (Noree
et al. 2010). As the diameter of budding yeast cells is 4-7 pm, the average length of CTPS
cytoophidia is 2-3 um. These cytoophidia appear to be straight and stubby.

Cytoophidia can be observed in all three major cell types in Drosophila ovaries (Azzam & Liu
2013, Liu 2010, Noree et al. 2010, Strochlic et al. 2014, Wang et al. 2015). In early- and middle-
stage egg chambers, each follicle cell contains one predominant cytoophidium. In germline cells,
there are two types of cytoophidia detectable under light microscopy (Liu 2010). The large and
thick macrocytoophidia can reach 30-40 pm long, whereas hundreds of thousands of micro-
cytoophidia in a germline cell are small and short at 1-3 pm in length. Macrocytoophidia are
made of a number of thin filaments. Multiple bundles with gaps in between can be observed in
some macrocytoophidia. Along the long axis of macrocytoophidia, CTPS can be discontinuous
with some gaps, suggesting that additional components exist in cytoophidia. Microcytoophidia
morphologically connect with the Golgi apparatus, although whether cytoophidia and the Golgi
apparatus are functionally coupled remains unclear (Liu 2010).

Most cytoophidia in Drosophila germline cells are linear. In contrast, cytoophidia in larval
lymph glands are frequently shown as ring shaped or C shaped. It is still unknown how circular
cytoophidia differ functionally from linear ones (Liu 2010).

CTPS can form cytoophidia in human cells in both the cytoplasm and the nucleus (Gou et al.
2014). Both cytoplasmic and nuclear cytoophidia can be observed in the fission yeast Schizosaccha-
romyces pombe (Zhang et al. 2014).

Composition
The first known component of the cytoophidium is CTPS (Ingerson-Mahar et al. 2010, Liu
2010, Noree et al. 2010). To reveal the composition of cytoophidia, one classical approach is
subcellular fractionation. Large cytoophidia can form in culture cells when CTPS is overexpressed
(Aughey et al. 2014, Gou et al. 2014). These large cytoophidia can be biochemically purified.
Another possible approach is genome-wide screening of fluorescence-tagged proteins to search
for filament-forming proteins (Narayanaswamy et al. 2009, Noree et al. 2010, Shen et al. 2016).
Ting’s lab introduced engineered ascorbate peroxidase (APEX) as a genetic tag that harnesses
the power of microscopy and mass spectrometry (Lam et al. 2015, Martell et al. 2012, Rhee et al.
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2013). This new technology enabled this group to perform proteomic mapping of intracellular
compartments that might not be feasible through classical approaches. For example, the group
was able to identify proteins residing in the mitochondrial interspace, an area that is impossible to
purify by subcellular fractionation (Hung et al. 2014). The APEX technology can be used to map
the proteome of cytoophidia.

Occurrence and Dynamics

In the curved bacterium C. crescentus, CTPS prefers to form filamentous structures in the stalked
cells rather than in the swarmer cells (Ingerson-Mahar et al. 2010). Thus, the frequency of cy-
toophidia can be variable in different cell types. During cell division in S. pombe, only one of the
two daughter cells inherits the cytoophidium from the mother cell, whereas the other daughter
cell synthesizes a new cytoophidium (Zhang et al. 2014). In multicellular organisms, the occur-
rence of cytoophidia seems complicated. In Drosophila ovaries, cytoophidia exist in all three major
cell types, i.e., nurse cells, oocytes, and follicle cells (Liu 2010). However, the occurrence of
cytoophidia is presented differentially along the developmental stages. In germline cells, both
macro- and microcytoophidia appear at the early stages and continue to be present until middle
oogenesis. Macrocytoophidia decrease at stage 10B and then disappear in the later stages (Liu
2010). However, microcytoophidia can be detected in stage 14 egg chambers (Chen et al. 2011).
In follicle cells, cytoophidia emerge from the early stages to stage 10A but disassemble at stage
10B. No cytoophidia are detectable in stage 11-14 follicle cells, correlating with the expression of
the transcription factor Myc (Aughey etal. 2016). In the larval central nervous system, cytoophidia
occur in early-stage neuroblasts (Aughey et al. 2014). Cytoophidia disassemble upon neuroblast
reactivation. In the third-instar larval stage, cytoophidia are present in the neuroepithelium (Chen
etal. 2011, Tastan & Liu 2015).

Mouse embryonic stem cells contain abundant ring-shaped cytoophidia (Carcamo et al. 2011).
These cytoophidia disassemble upon differentiation. This finding indicates that cytoophidia pref-
erentially arise in fast-growing cells. The Wilhelm lab has observed that cytoophidia preferentially
occur in the axons, but not in the dendrites, of rat neurons (Noree et al. 2010).

Cytoophidia are motile. In C. crescentus, CTPS filaments translocate from the cell center to
the periphery and are eventually anchored in the inner curvature (Ingerson-Mahar et al. 2010). In
S. pombe, cytoplasmic cytoophidia move constrainedly in certain regions, whereas nuclear cy-
toophidia act at the periphery of the nucleus (Zhang et al. 2014). The dynamics of cytoophidia
have also been studied in budding yeast and mammalian cells (Gou et al. 2014, Shen et al. 2016).

Assembly

To determine the function of the cytoophidium, it is necessary to understand the assembly process
and its regulation in detail. Although the assembly process can be studied via pharmacological
approaches combined with live imaging, Drosophila oogenesis provides an excellent model for the
regulation of cytoophidium assembly. Drosophila ovaries have been extensively studied in genetics
and in cellular and developmental biology.

Assembly phases. The assembly of cytoophidia can be divided into five phases: nucleation, elon-
gation, fusion, bundling, and circularization (Figure 2). The assembly of cytoophidia can be mon-
itored by fluorescence microscopy. Live imaging of mouse NIH/3T3 cells expressing GFP-fused
CTPS has revealed multiple phases of cytoophidium assembly (Gou et al. 2014). Previous studies
have shown that DON promotes cytoophidium assembly (Carcamo et al. 2011, Chen et al. 2011).
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Figure 2

The five phases of cytoophidium assembly: (1) nucleation, (2) elongation, (3) fusion, (4) bundling, and
(5) circularization. Modified from Gou et al. (2014).

After treatment with DON, the first nucleation phase is characterized by multiple foci forming
simultaneously in the cytoplasm (Gou et al. 2014). The foci initially have spherical structures but
elongate in the second phase. When their long axes reach several micrometers, small cytoophidia
are dynamic and process to the third fusion phase (Gou et al. 2014). There are two major types of
fusion. One type is head-to-head fusion, which increases the overall length while maintaining a
similar thickness. The other type is side-by-side fusion, which increases cytoophidium thickness.
The orientations of cytoophidia are frequently changed. For side-by-side fusion, cytoophidia seem
to slide toward each other. This sliding movement suggests that cytoophidia can be driven along
cytoskeletal tracks. Fusion can happen for multiple rounds. Middle-sized cytoophidia undergo
the fourth phase (bundling). The cytoophidia become very long and thick. Long and thick linear
cytoophidia can sometimes go through the fifth phase (circularization), in which both ends of
linear cytoophidia fuse together.

CTPS level. CTPS level is critical for cytoophidium assembly. When RNAI is used to knock
down CTPS, cytoophidiain follicle cells disassemble (Chen etal. 2011). In contrast, overexpressing
CTPS promotes cytoophidium assembly (Azzam & Liu 2013). In follicle cells, overexpressed
CTPS increases the length and thickness of cytoophidia. The cytoophidia become C shaped or
O shaped because they are constrained inside the cell. In germline cells, overexpressed CTPS
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induces extraordinarily long cytoophidia, many of which are bundled and tangled together. The
abundance of CTPS also affects filament assembly in C. crescentus (Ingerson-Mahar et al. 2010).
In the wild-type situation, CTPS filaments localize at the inner curvature of this curved bacteria.
Mild overexpression increases the length of CTPS filaments, whereas strong overexpression can
not only increase the length but also thicken the diameter (Ingerson-Mahar et al. 2010). These
data suggest that increasing CTPS levels affects first the elongation phase, and then the fusion
and bundling phases.

Myc. In Drosophila follicle cells, cytoophidia occur from the early stage until stage 10A, which is
consistent with the expression level of the proto-oncogene Myc (Aughey et al. 2016). Cytoophidia
disassemble in follicle cells at stage 10B, when Myc expression dramatically drops. Cytoophidia
remain undetectable in follicle cells during late oogenesis (i.e., from stage 11 to stage 14), when little
Myc is expressed. Myc appears necessary for cytoophidium assembly. In early- and middle-stage
follicle cells, knocking down Myc results in cytoophidium disassembly. Conversely, overexpressing
Myec leads to increased cytoophidium length during early and middle oogenesis. In late-stage
follicle cells, overexpressing Myc can induce de novo assembly of cytoophidia. The occurrence of
cytoophidia also correlates well with Myc expression in other tissues such as brains and imaginal
discs in Drosophila larvae. In human cells, Myc-binding sites have been identified at the CTPS
gene locus, suggesting a potentially direct role of Myc in CTPS transcription (Liu et al. 2008,
Wau et al. 2008). Consistent with this idea, overexpression of Myc increases CTPS mRNA levels
in Drosophila, as revealed by quantitative PCR (qPCR) (Aughey et al. 2016), and CTPS mRNA
levels decrease when Myc is knocked down.

Cbl. In the search for additional regulators of cytoophidium assembly, Pai and coworkers treated
Drosophila ovaries with MG132, a proteasome inhibitor (Wang et al. 2015). The rationale was
that the inhibition of proteasome-mediated degradation of CTPS would promote cytoophidium
assembly. Surprisingly, they observed that inhibition of the proteasome caused cytoophidium dis-
assembly in follicle cells and germline cells, suggesting that ubiquitination plays a positive role
in cytoophidium assembly. Consistent with this observation, treatment with the deubiquitinase
inhibitor Pr619 helps to preserve cytoophidium assembly against the MG132 treatment. Further-
more, they showed that Cbl, an E3 ubiquitin ligase in follicle cells, plays a critical role in regulating
cytoophidium assembly.

Ack. Peterson and colleagues showed that Drosophila Ack kinase (DAck), the ortholog of non-
receptor tyrosine kinase Ack, colocalizes with CTPS in female germline cells, although DAck
seems absent in follicle cells (Strochlic et al. 2014). They showed that the nurse cell membrane
is disrupted in DAck mutants and that the membrane defects are linked to reduced CTPS activ-
ity. DAck mutation does not totally inhibit cytoophidium assembly. In nurse cells, cytoophidia
become fragmented with short length, whereas the number of cytoophidia increases. These data
indicate that DAck acts as a glue for the integrity of macrocytoophidia in Drosophila germline cells.

Biogenesis

How is the cytoophidium formed? Perhaps S. pombe can give us a clue. In each S. pombe cell,
there is one cytoplasmic cytoophidium and one nuclear cytoophidium (Zhang et al. 2014). During
cell division, the single cytoplasmic cytoophidium from the mother cell is inherited by one of
the two daughter cells. Similarly, the single nuclear cytoophidium from the mother cell goes to
one of the two nuclei in the daughter cells. The asymmetric inheritance of both cytoplasmic and

Liu



Annu. Rev. Cell Dev. Biol. 2016.32:349-372. Downloaded from www .annualreviews.org

Access provided by Shanghai Tech University on 02/11/17. For personal use only.

nuclear cytoophidia appears to be a stochastic process. In addition, the inheritance of the nuclear
cytoophidium is independent of that of the cytoplasmic cytoophidium. Cytoophidia form de novo
in the daughter cell that does not inherit the cytoophidium from the mother cell.

In Drosophila female germline cells, microcytoophidia are linked to the Golgi apparatus (Liu
2010). It is not known whether the Golgi apparatus and cytoophidia are functionally connected.
The origin of cytoophidia may be tracked to the Golgi apparatus and the ER. One possible scenario
for the biogenesis of cytoophidia can be depicted as follows. After being synthesized at the ER,
new CTPS proteins are potentially modified at the Golgi apparatus and nucleate into small foci.
Then these small foci elongate and fuse into a large one.

Physiological Functions

Compartmentation within organelles has been recognized for many years as a major way by
which a cell can efficiently carry out various processes. The discovery of the cytoophidium across
prokaryotes and eukaryotes is potentially fundamental and important. An integrated understanding
of the biology of the cytoophidium and its kind will deepen our understanding of the cell biology
of metabolism. I would like to speculate on the physiological functions of cytoophidia as follows
(Figure 3).

1. Cytoskeleton-like function. In C. crescentus, CTPS filaments cooperate with the interme-
diate filament CreS to maintain cell shape (Ingerson-Mahar et al. 2010). This role, however,
must be secondary, as filamentous CTPS occurs in rod-shaped E. co/i (Ingerson-Mahar et al.
2010) and in spherically shaped cells such as budding yeast (Noree et al. 2010).

2. Metabolic control. Several studies indicate that forming cytoophidia is a way to regulate
metabolism (Aughey et al. 2014, Barry et al. 2014, Noree et al. 2014, Strochlic et al. 2014).
Filamentation of metabolic enzymes can curtail active binding sites and hence sequester
enzymatic activity. Mathematical models demonstrate that the benefit of forming filamen-
tous structures is to change enzyme activity rapidly (Aughey et al. 2014, Barry et al. 2014).
Forming cytoophidia may simply be a strategy for storage so that the cell can harbor many
molecules without releasing their activity. Storing inactive enzymes in the form of filaments
can make their release adjustable to fine-tune metabolic regulation.

3. Metabolism buffering. The cytoophidium may serve as a metabolic stabilizer and a buffer
system so that it effectively reacts to environmental changes. In the case of CTPS, when the
cell needs more CTPS activity, CTPS molecules from the filament form are released into
the cytoplasm to increase the concentration of free CTPS molecules. This process in turn
promotes the formation of active CTPS tetramers. When the cell needs less CTPS activity,
the number of active tetramers can be decreased via the reassembly of cytoophidia.

4. Protein stabilization. The cytoophidium could be used as a way to prolong protein life.
There is evidence that the formation of filaments by drug treatment can increase the stability
of the protein, preventing it from degradation by the proteasome or lysosomes.

5. Cell proliferation. The cytoophidium can be used as a strategy to increase the capacity
of certain cells, especially fast-growing cells such as stem cells and cancer cells (Aughey
etal. 2016, Tastan & Liu 2015). Like Drosophila neural stem cells, studies show that mouse
embryonic stem cells contain abundant cytoophidia, which disassemble upon differentiation
(Carcamo et al. 2011). In cancer, the formation of cytoophidia may be a sign that the cell
has acquired an abnormal capacity for fast proliferation.

6. Developmental switch. During development, assembly and disassembly of cytoophidia
can act as metabolic switches to decrease and increase enzymatic activity as required. For
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example, cytoophidia disassemble during the reactivation of developmentally arrested neu-
roblasts in Drosophila larvae (Aughey et al. 2014).

. Stress coping. Cytoophidia can be adapted by the cell to cope with stress. Cytoophidia

increase in size and frequency in cells under nutritional stress (Aughey et al. 2014). In fission
yeast, heat shock makes cytoophidia fragment, whereas cold shock demolishes cytoophidium
formation (J. Zhang & J.L. Liu, unpublished data).

. Metabolic channeling. Cytoophidia may serve as a cooperative platform to increase the

efficiency of multiple metabolic enzymes. Several enzymes may colocalize in the same fil-
amentous structure to facilitate metabolic channeling. Increasing local concentrations of
related proteins is beneficial for metabolism and other biological processes.

. Intracellular transport. Packaging enzymes in the form of cytoophidia can be useful

for transport. Such packaging is advantageous for long-distance transport in neurons.
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Cytoophidia can be transported to synapses to change the local concentrations of certain
proteins.

10. Nuclear compartmentation. What is the function of nuclear cytoophidia? Nuclear cy-
toophidia contain a pool of metabolic enzymes that are segregated from the nucleoplasm.
Nuclear cytoophidia can be considered to be an extension of spatial compartmentation to
increase the heterogeneity of the cell, which is fundamental for the cell to function.

Links to Disease

In 1978, Weber and coworkers found that CTPS activity in hepatomas was elevated (Williams etal.
1978). Subsequent studies demonstrated that unregulated CTP levels and increased CTPS activity
are features of many forms of cancer such as leukemia, hepatomas, and colon cancer (Ellims et al.
1983; Kizaki et al. 1980; van den Berg et al. 1993, 1995; Verschuur et al. 1998, 2000a,b,c,d, 2001,
Weber et al. 1980; Whelan et al. 1994; Williams et al. 1978). Importantly, knockdown of CTPS
in Drosophila cancer models reduces tumor formation, suggesting a functional role for CTPS in
cancer metabolism (Willoughby et al. 2013). A recent study showed that CTPS1 is important in
lymphocyte proliferation (Martin etal. 2014). Our recent data show that the proto-oncogene Myc
controls CTPS filamentation, suggesting regulation of nucleotide metabolism by Myc (Aughey
et al. 2016). Cytoophidia can potentially be used as a signature of cancerous cells.

CTPS isimportant for brain development in Drosophila (Tastan & Liu 2015). The development
of the neuroepithelium in Drosophila optic lobes coincides with that of the vertebrate cerebral
cortex. Drosophila neuroepithelium has been used as a model system to study primary recessive
microcephaly, a neurodevelopmental disorder characterized by brain size reduction at birth and
by mild mental retardation. Surviving flies had smaller heads, and larvae had smaller brains with
underdeveloped optic lobes. Brain size reduction in #sp mutants is caused by defects in spindle
positioning and chromosome segregation and by consequent apoptosis. Multiple CTPS mutants
exhibit defects in neuroepithelium morphogenesis, resembling the phenotypes of microcephaly
mutants (Tastan & Liu 2015). It would be interesting to see whether defects in CTPS and the
cytoophidia contribute to microcephaly.

CTPS has also been an attractive target for drug development against viral disease (De Clercq
2001) and parasitic disease [e.g., African sleeping sickness (Fijolek et al. 2007, Hofer et al. 2001),
malaria (Hendriks et al. 1998), and infectious blindness (Wylie et al. 1996)]. The cytoophidium-
forming property of CTPS should be considered when one is designing antivirus or antiparasite
drugs targeting CTPS.

THE IMPDH CYTOOPHIDIUM

IMPDH

Like CTPS, IMPDH is a metabolic enzyme catalyzing the rate-limiting step of de novo nu-
cleotide biosynthesis (Hedstrom 2009, Thomas et al. 2012). IMPDH, a purine metabolic enzyme,
catalyzes the oxidation of inosine-5-monophosphate (IMP) to xanthosine-5'-monophosphate
(XMP), which is then converted to guanosine-5'-monophosphate (GMP) via GMP synthase (Hed-
strom 2009). As a key regulator of the intracellular guanine nucleotide pool, IMPDH is required
in almost all organisms for DNA and RINA synthesis, signal transduction, and cellular growth and
proliferation.

Biochemical and structural studies suggest that IMPDH can form oligomers, such as tetramers
and octamers, that are composed of monomeric subunits (Labesse et al. 2013). Each monomer
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contains two domains: a subdomain consisting of two repeated cystathionine beta synthetase (CBS)
domains and a catalytic (3/x)s barrel domain with a C-terminal active site (Bateman 1997). The
CBS subdomain is dispensable for the in vitro catalytic activity of IMPDH. In E. co/i, the CBS
subdomain serves as a negative transregulator of adenine nucleotide synthesis. Two isoforms,
IMPDH1 and IMPDH2, exist in humans. Mutations in the CBS domain of human IMPDHI1 are
associated with retinitis pigmentosa (adRP10), a degenerative eye disease (Bowne et al. 2002).

The zebrafish genome has three impdh genes that encode three isoforms: IMPDHIa,
IMPDH1b, and IMPDH?2. According to a study from the Yan group, all three IMPDH genes
show robust circadian expression in larval and adult zebrafish (Li et al. 2015). impdhla seems to
contribute to eye development and pigment synthesis. Whereas imzpdh2 plays an important role
in the circadian control of the cell cycle, impdh1b delays embryonic development, which appears
to counteract the function of impdh2. The three impdh genes are likely regulated by different
circadian transcription factors in zebrafish.

A Drosophila study demonstrates that IMPDH can bind to DNA and repress transcrip-
tion (Kozhevnikova et al. 2012). In Drosophila S2 cells, immunostaining with antibodies
against IMPDH revealed a cell cycle-dependent distribution. In G; phase, IMPDH localizes
in the cytoplasm. However, in S and G; phases, IMPDH is distributed throughout both the cy-
toplasm and nucleus. Cytological analysis of polytene chromosomes suggests that IMPDH binds
to the histone gene cluster. Chromatin immunoprecipitation in S2 cells followed by qPCR sup-
ports the idea that IMPDH binds and represses the histone genes and E2F, which encodes a
transcription factor that is critical for the G;/S transition and DNA replication (Kozhevnikova
etal. 2012). Genome-wide profiling and in vitro assays show that IMPDH binds CT-rich single-
stranded DNA elements. IMPDH appears to have a dual role: as a nucleotide biosynthetic enzyme
to promote cell proliferation and as a transcription repressor to slow down the cell cycle.

Cytoophidia: IMPDH Versus CTPS

When treated with the inhibitor mycophenolic acid (MPA), a widely used immunosuppressant
medication, IMPDH can form filaments in culture cells (Ji et al. 2006). MPA treatment can
also promote filamentation of purified IMPDH (Labesse et al. 2013), suggesting that filament
formation is an intrinsic property of IMPDH. Using human autoantibodies as probes, the Chan
group observed distinct cytoplasmic rods (~3-10 pm in length) and rings (~2-5 um in diameter) in
HEp-2 cells (Carcamo et al. 2011). Accordingly, they dubbed these structures RR. In their search
for the identity of RR, they ruled out actin, tubulin, and vimentin and did not see the association
with centrosomes. Eventually, they revealed that antibodies against IMPDH?2 and CTPS1, two
key enzymes for nucleotide metabolism, could recognize the RR structures. A comprehensive
review is available on the RR structures (Carcamo et al. 2014). Because RR appears to be the same
filamentous structure as the cytoophidium, I refer to the RR as the cytoophidium in this review.

Inaddition to MPA, other drugs such as ribavirin, an adjuvant used to treat hepatitis C infection,
strongly induce IMPDH cytoophidium in culture cells (Carcamo et al. 2011). Curiously, several
groups have observed autoantibodies against IMPDH cytoophidium in patients infected with
hepatitis C and under treatment with interferon-o« and ribavirin, an IMPDH inhibitor (Calise
et al. 2015, Carcamo et al. 2014, Climent et al. 2016, Keppeke et al. 2012, Novembrino et al.
2014). The autoantibodies usually appear after 6 months of treatment begins and disappear in at
least half the patients after treatment is completed, suggesting that ribavirin may play a role in
autoantibody production against the IMPDH cytoophidium (Keppeke et al. 2014).

At first, researchers believed that CTPS and IMPDH always colocalize with each other
(Carcamo et al. 2011). However, a careful study by Keppeke et al. (2015) showed that CTPS
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and IMPDH form two independent but closely related structures. Treatment with DON induces
both CTPS and IMPDH cytoophidia. CTPS and IMPDH sometimes colocalize in the same
structure, but at other times the CTPS cytoophidium is completely separated from the IMPDH
cytoophidium. The number and length of these two types of cytoophidia are different in the same
cell. In HeLa cells, the proportions of IMPDH-based, CTPS-based, and mixed IMPDH/CTPS
structures are dependent on the concentration of DON used (Keppeke et al. 2015). Furthermore,
the anticytoophidium autoantibodies observed in the hepatitis C-infected patients recognize only
the IMPDH-based filament, which reinforces that its production is triggered by ribavirin treat-
ment (Keppeke et al. 2015).

The finding that IMPDH and CTPS can form independent filamentous structures came as a
surprise (Keppeke et al. 2015). Together with colleagues, Chang, a graduate student in the Sung
group, performed a series of experiments in mammalian cells to study the relationship between
IMPDH and CTPS (Chang et al. 2015). Chang et al. (2015) verified that CTPS and IMPDH
form two types of cytoophidia in human HEK293T cells (Figure 4). Under normal culture
conditions, IMPDH cytoophidia are more abundant than CTPS cytoophidia. Consistent with
previous studies, DON treatment dramatically promotes the assembly of both types of cytoophidia.
In most cases, CTPS and IMPDH cytoophidia appear as separate structures. However, full or
partial overlap of CTPS and IMPDH cytoophidia can be observed both in the cytoplasm and in
the nucleus. MPA treatment promotes the formation of IMPDH cytoophidia in 90% of cells but
induces only approximately 20% of cells to form CTPS cytoophidia (Chang et al. 2015). These
results indicate that assembly of the IMPDH cytoophidium is under a regulatory mechanism that
is different from but interrelated with that of the CTPS cytoophidium.

The number of IMDPH cytoophidia increases when CTPS is overexpressed (Chang et al.
2015). This change could reflect changes in nucleotide synthesis. Indeed, inhibition of de novo

b

20 um 10 um

Figure 4

Cytoophidia of IMPDH and CTPS in human HEK293T cells. () CTPS (green) and IMPDH (red ) can form
independent cytoophidia. CTPS and IMPDH cytoophidia sometimes overlap (yellow). (b)) Thin IMPDH
cytoophidia ( green) attach to the surfaces of thick CTPS cytoophidia (red). CTPS was overexpressed in both
panels. Panel # courtesy of Chia Chun Chang and Li-Ying Sung. Panel # modified from Chang et al. (2015).
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CTP synthesis promotes the assembly of the IMPDH cytoophidium. Whereas CTPS is sensitive
to four nucleotides and catalyzes the synthesis of CTP, IMPDH is critical for GTP synthesis.
The inhibition of CTP synthesis by 3’-deazauridine, an analog of uridine, activates purine nu-
cleotide synthesis, which in turn induces the formation of IMDPH cytoophidia (Chang etal. 2015).
IMPDH forms cytoophidia in most mouse BNL-CL2 cells. In these cells, inhibition of cell growth,
either by serum starvation or by blocking the PI; K-AKT-mTOR pathway, triggers disassembly of
IMPDH cytoophidia (Chang et al. 2015). Moreover, IMPDH cytoophidia have been detected in
mouse pancreatic islet cells, with numbers correlating with nutrient uptake by the animal (Chang
etal. 2015).

Several studies suggest that the CTPS cytoophidium downregulates CTPS enzymatic activity
(Aughey etal. 2014, Barry etal. 2014, Noree et al. 2014). In contrast, the assembly of the IMPDH
cytoophidium appears to reflect upregulation of IMPDH activity (Chang et al. 2015). How and
why do CTPS and IMPDH behave differently? How do the IMPDH and CTPS cytoophidia
coordinate with each other? What are the underlying mechanisms governing the assembly of the
IMPDH and CTPS cytoophidia? Many interesting questions remain to be answered.

FILAMENTATION AND METABOLIC CONTROLS

Foci Versus Filaments

The cytoophidium is distinctive in its filamentous feature. Morphologically, cytoophidia are some-
what similar to the cytoskeleton and cilia but exhibit very different forms in comparison to other
organelles like lysosomes and RNA granules. Geometrically, the surface area—to—volume ratios are
hugely different between filaments and foci or spherical bodies. Spherical bodies have the smallest
surface area—to—volume ratio, whereas filaments have a much larger surface area—to—volume ra-
tio. The high volume makes spherical bodies more suitable for storage, whereas the high surface
area—to—volume ratio provides filaments with the advantage of being reactive to external stimuli
and fine tuned. This intrinsic difference between foci and filaments may help us to understand the
purpose of the filamentation of metabolic enzymes.

After screening 1,632 GFP-tagged budding yeast strains, which compose approximately 40%
of the budding yeast open reading frame-GFP collection (Huh et al. 2003), the Wilhelm lab iden-
tified 9 proteins that can form filamentous structures (Noree et al. 2010). There are two CTPS
proteins, Ura7p and Ura8p; both form the same structures. The Wilhelm group has shown that
five representative subunits of the eIF2 and eIF2B complexes—Ged2p (eIF2B-5), Ged6p (elF2B-
¢), Ged7p (eIF2B-B), Gen3p (eIF2B-«x), and Sui2p (elF2-«)—are present in the same filament
(Noree et al. 2010). However, the filament containing proteins involved in the translational initi-
ation complex is not the same as the CTPS filament. In addition to identifying filament-forming
proteins, the same study identified 29 proteins that localize to foci but seem to lack the ability to
form filaments (Noree et al. 2010).

Under certain conditions, filament-forming proteins can form filaments and foci in different
ratios. Glutamine synthase was initially identified as a foci-forming protein that was incapable
of forming filaments under standard culture conditions. However, a study by the Alberti group
showed that low pH can induce glutamine synthase to form filaments, which in turn inactivate
enzymatic activity (Petrovska et al. 2014). This group also demonstrated that filamentation of
CTPS is sensitive to pH change, suggesting that filamentation is a general mechanism to regulate
enzymatic activity.

After screening the entire collection of 4,159 GFP-tagged open reading frames in budding
yeast, my group confirmed all 9 filament-forming proteins identified by Noree et al. (2010).
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Including these 9 proteins, 23 proteins in total show the capability to form filaments (Shen et al.
2016). These filament-forming proteins seem to be clustered into several groups, such as transla-
tional initiation machinery and glucose and nitrogen metabolic pathways. Quantitative analyses of
five glutamine-utilizing enzymes show that their sizes and abundances increase significantly when
cells grow from exponential to diauxic and stationary phases (Shen et al. 2016).

Compartmentation for Metabolic Regulation

Metabolism involves cooperation of many enzymes to accomplish critical functions. There-
fore, metabolic enzymes are coordinated and regulated at multiple levels. Abnormal metabolism
contributes to disorders such as cancer, diabetes, and obesity. Several groups have recently
demonstrated that compartmentation via filamentation of the metabolic enzymes provides a novel
mechanism for regulation of metabolic processes (Aughey etal. 2014, Barry etal. 2014, Noree etal.
2014, Petrovska et al. 2014, Strochlic et al. 2014). Cytoophidium formation facilitates metabolic
stabilization. Filamentation seems to be a complementary regulatory strategy for metabolic en-
zymes. Cytoophidium assembly not only is regulated at the transcriptional, translational, and
posttranslational levels, but also responds to metabolic fluctuations caused by glutamine availabil-
ity, nutritional stress, and developmental cues.

Environmental factors. Several environmental factors have been identified in the regulation
of cytoophidium assembly. Treatment with DON promotes cytoophidium assembly in both
Drosophila and human cells (Carcamo et al. 2011, Chang et al. 2015, Chen et al. 2011, Gou et al.
2014, Keppeke et al. 2015). Surprisingly, DON treatment leads to cytoophidium disassembly in
C. crescentus (Barry et al. 2014, Ingerson-Mahar et al. 2010). This discrepancy may be due to the
substrate difference between prokaryotes and eukaryotes. In prokaryotes, CTPS uses ammonia,
not glutamine, as the nitrogen donor. Alternatively, the difference may lie in the timing of DON
treatment used in different studies. The dependence of cytoophidium assembly on CTP levels
provides another explanation (Barry et al. 2014).

Nutrient stress, such as glutamine deprivation or glucose starvation, promotes cytoophidium
assembly (Aughey etal. 2014, Noree etal. 2010, Petrovska et al. 2014). In budding yeast, removing
glucose from the media results in more cells having cytoophidia (Noree et al. 2010). Similarly,
cytoophidium assembly increases in Drosopbila cells cultured in phosphate-buffered saline relative
to those cultured in standard culture media. Nutrient starvation leads to increased cytoophidia in
tissue from Drosophila larvae (Aughey et al. 2014).

Developmental cues. The assembly of cytoophidia is also developmentally regulated. The
postembryonic neuroblasts of the Drosophila central nervous system exhibit high levels of cy-
toplasmic (i.e., nonfilamentous) CTPS (Chen et al. 2011). Most of these neuroblasts remain in
a quiescent state in early-first-instar larvae. In late-first- and early-second-instar larvae, neuro-
blasts exit quiescence and reenter the cell cycle. In quiescent neuroblasts, CTPS assembles into
cytoophidia (Aughey et al. 2014). Upon neuroblast reactivation, cytoophidia disassemble into the
diffused form. That this process seems to be regulated by the insulin signaling pathway is supported
by two lines of evidence. First, whereas CTPS distributes diffusedly in reactivated neuroblasts in
well-fed larvae, cytoophidia are formed when the animal is in starvation. Refeeding starved larvae
results in cytoophidium disassembly in neuroblasts. Second, the starvation process can be mim-
icked by knocking down the serine-threonine kinase AKT1 (Aughey et al. 2014). In Drosophila
neuroblasts, inactivation of the AK'T'1 pathway promotes cytoophidium assembly.
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Oligomerization interfaces. Cytoophidium assembly can be decoupled from active enzymatic
sites. Point mutations in Drosophila CTPS show that amino acid residues at CTPS oligomer inter-
faces are critical for cytoophidium assembly (Aughey et al. 2014). Mutations in the tetramerization
interface (CTPSSPIE and CTPSR!$H) increase cytoophidium length, whereas mutations in dimer-
ization (CTPSV!'*F and CTPSMPT) decrease or abolish cytoophidium formation, suggesting that
dimers, not tetramers, are the basic unit of the cytoophidium. Similarly, Noree etal. (2014) showed
that blocking UTP-mediated tetramerization increases the frequency of cytoophidium formation
in budding yeast. The length of large-sized cytoophidia is not altered when tetramerization is
perturbed, suggesting that the tetramerization of CTPS affects the nucleation phase and perhaps
the elongation phase, but not so much the late fusion phase or bundling phase of cytoophidium
assembly.

Product inhibition. Inhibition of the end product, CTP, plays a role in the regulation of CTPS
enzymatic activity (Aronow & Ullman 1987; Endrizzi et al. 2004, 2005; Kizaki et al. 1985; Long
& Pardee 1967; Yang et al. 1994). A point mutation in the CTP-binding site interferes with end-
product inhibition. In this mutant, CTPS forms small foci instead of large cytoophidia. These
effects have been consistently observed in the fruit fly (Aughey et al. 2014), budding yeast (Noree
etal. 2014), and bacteria (Barry et al. 2014). The formation of small foci suggests that end-product
inhibition does not affect nucleation, the first phase of cytoophidium assembly, but is required for
the later elongation and fusion phases.

CTPS senses all four major types of nucleotides. Experiments in budding yeast show that in-
creasing CTP and ATP levels can induce nucleation, whereas GTP has no effect (Noree et al.
2010, 2014). Treatment with AMP-PNP [adenosine 5'-(f3,y-imido)triphosphate], a nonhydrolyz-
able analog of ATP, inhibits CTPS tetramerization, dramatically decreasing foci formation and
suggesting that tetramerization is a positive factor in the nucleation phase.

A comparison of Drosophila CTPS isoforms identifies the N terminus of CTPS as critical for
cytoophidium assembly (Azzam & Liu 2013). In addition, mutations in the ATP-binding site of
CTPS increase the frequency of cytoophidium formation in budding yeast cells (Noree et al.
2014). Moreover, the allosteric GTP-binding site plays a role in both the frequency of filament
formation and the length of the cytoophidium.

Structure. In vitro assays using purified E. coli CTPS support the idea that CTP promotes
cytoophidium assembly (Barry etal. 2014). Significantly, the study by Barry etal. (2014) focused on
single-stranded filaments. Thus, their results are restricted to the nucleation and early elongation
phases of cytoophidium assembly.

The Barry et al. (2014) study gives impressive details of the arrangement of polymerizing
CTPS. Barry et al. solve the structure of the purified E. co/i CTPS filament by cryoelectron
microscopy at 8.4-A resolution. The X-shaped CTPS tetramers apparently rearrange the interface
and are stacked on top of one another. Structure-guided mutagenesis and mathematic modeling
support the hypothesis that coupling activity to polymerization enables fast and robust enzymatic
regulation.

The Benefit of Filamentation

Above I summarize and speculate on the possible physiological functions of cytoophidia. Here I
briefly discuss more generally the benefit of filamentation. We have learned a great deal about
the mechanical roles of filamentation from studies of classical cytoskeletal filaments such as
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microtubules, microfilaments, and intermediate filaments. Now we appreciate that many more
proteins and enzymes can form filaments.

Several features need to be considered. First, filament formation is a very ancient phenomenon.
The bacterial and human lineages have been separated for more than 3 billion years, yet their
CTPS molecules form similar filamentous cytoophidia (Liu 2011). Why so? Is the cytoophidium
an automatic or an accidental invention of nature? Could the cytoophidium and its kind have
arisen as ancient polymers used for metabolism? The filamentation of enzymes may be a relic
of the congregations from which random populations of molecules evolved metabolic activities
when early life began (Dyson 1999). Both CTPS and IMPDH are critical for the synthesis of basic
nucleotides and are sensitive to the concentrations of those nucleotides. Cytoophidium formation
could therefore have been immensely important in the ancient RNA world, when nucleotides
were tightly regulated (Gilbert 1986, Joyce 2002).

Second, filamentation has been widely adapted in various organisms. Therefore, it must be
a fundamental mechanism. Does the cytoophidium serve as a basic unit in the cell? In addition,
filamentation may have a secondary moonlighting function for a specific purpose in different
species or different cell types.

Third, CTPS filamentation has not been abandoned over the course of natural selection,
suggesting that it is beneficial for an organism’s reproduction and survival. Does filamentation of
enzymes make reactions more effective? Polymerization is a basic strategy for the cell. With simple
combination, this process increases the variety, heterogeneity, and robustness of macromolecules
within the cell. Filamentation can extend the capacity of a cell both spatially and temporally.

CONCLUDING REMARKS

Why study cytoophidia? The presence of CTPS-containing filamentous structures across diverse
species suggests that cytoophidium formation is likely to have an important biological function
and may represent a common regulatory strategy for the production of CTP and other nucleotides
in the cell (Ingerson-Mahar et al. 2010; Liu 2010, 2011; Noree et al. 2010). Indeed, recent studies
have shown that cytoophidia are dynamic structures that respond to metabolic state and external
cues such as stress (Aughey et al. 2014, Barry et al. 2014, Noree et al. 2014, Petrovska et al. 2014).
The compartmentation of metabolic enzymes such as CTPS and IMPDH into these filamentous
structures, therefore, presents a convenient model to study the cellular mechanisms responsible
for enzyme sequestration into cytoplasmic filaments and to elucidate their significance.

The study of the cytoophidium is in its infant stage. So many unanswered questions make the
study of the cytoophidium very exciting. Itis a new frontier of cell biology. Therefore, itis necessary
to bring in expertise from other disciplines such as mathematics, biochemistry, genetics, genomics,
structural biology, developmental biology, chemistry, and physics. Cutting-edge technologies will
accelerate our understanding of the biology of the cytoophidium and its kind.
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