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Only four intracellular filaments are known: actin, tubulin, intermediate filaments,

and septin. However, these were identified based on the fact that they are highly abundant

in particular tissues and/or have unusual locations, i.e. in the spindle, bud neck, etc. We

hypothesized that there might be additional proteins capable of forming filaments that

might have been missed due to the fact that they are less abundant. Thus, we manually
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conducted a visual screen of the yeast GFP collection (about 40% of entire collection)
and we could identify 4 novel filaments formed by CTP synthase, glutamate synthase,
GDP-mannose pyrophosphorylase, and elF2/2B translation initiation proteins complex.
In addition to these filaments, we also reported 29 proteins which were able to form
visible foci inside the cells. We also found that the ability of at least one of these proteins
to form filaments, CTP synthase, is conserved in yeast, Drosophila, and mammals. The
fact that 3 of 4 novel filaments we found are metabolic enzymes raised the question of
whether polymerization is used to regulate enzyme activity. Next, we focused on CTP
synthase assembly in order to elucidate the mechanism of its assembly. Media shift
experiments and mutational studies of CTP synthase in vivo demonstrated that CTP
synthase assembled into filaments once the enzyme was inactivated. This indicated that
the assembly of CTP synthase was coupled to enzyme activity under different growth and
environmental changes. We next examined the entire pathway of purine biosynthesis and
found that enzymes at the nodes of the pathway were the only ones forming visible
intracellular structures. The appearance and disappearance of these structures depended
on the availability of their substrates and products, suggesting that structure formation by
the enzymes at the nodes of the pathway was connected to the regulation of metabolic
flux. These findings have led further to the future directions in exploring if the enzymes
at the nodes of other biochemical pathways possess a similar characteristic in switching

on/off the enzymatic activity, therefore controlling the flux through their pathways.
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Chapter 1

Introduction



Chemistry + Organization = Life

Cell Biology is the transition point where Chemistry becomes Biology. While
there are many features that distinguish a living cell from a bag of enzymes, the most
important of these is the high degree of biochemical organization that is present within
the cell. This organization prevents different biochemical reactions from interfering with
each other and also permits a high degree of regulatory control that allows the cell to
adapt to changes in the environment. This high degree of biochemical organization is
reflected in the large number of membrane-bound organelles that serve as miniature
reaction vessels for subsets of biochemical reactions. In contrast, the cytoplasm has long
been considered to be a homogenous mixture of proteins and other macromolecules that
support the “more interesting” specialized chemistry occurring within the membrane-
bound compartments. However, if organization is the central concept delineating the
boundary between lifeless chemistry and bountiful biology, one might expect that there
might be additional organizational principles at work in the cytoplasm that might have
been missed due to the limits of traditional microscopy.

The focus of my thesis was to test this hypothesis by conducting genetic screens
to identify novel structures within the cytoplasm and assess their role in regulating critical

biochemical pathways within the cell. Chapter 2 of my thesis describes a pilot screen to

identify such structures and the characterization of a set of novel intracellular filaments
comprised of metabolic enzymes. We have been able to identify four novel filament
systems formed by, glutamate synthase, GDP-mannose pyrophosphorylase, and CTP

synthase, and subunits of translation initiation factor (elF2/2B). Several treatment



conditions have been tested on the formation of each of these filaments, including carbon
starvation, energy depletion, translational repression, and phosphorylation inhibition.
This data reveals that the formation of these four filaments is regulated differently from
one another and the filament formation is not just a uniform global response to certain
environmental conditions. Rather, their assembly could serve additional functions which
might be more beneficial than having the enzyme diffuse or scattered throughout the
cells.

Among the novel filament-forming proteins identified from our screen, CTP
synthase is the most interesting as it is the key enzyme for making precursors for several
biomolecules including RNA, DNA, and phospholipids (Carman and Zeimetz, 1996).
Moreover, CTP synthase catalyzes the last and rate-limiting step of pyrimidine
ribonucleotide biosynthesis; therefore it controls the balance of nucleotide pools.
Abnormality in CTP levels can be seen in several types of cancers and tumors (Williams
et al., 1978). This is caused by misregulation of or mutations in CTP synthase (Aronow
and Ullman, 1986). This made CTP synthase a focus of past research with the result that
biochemistry and enzymology of this enzyme have been extensively characterized. It has
been intriguing in the present work to see how the polymerization of CTP synthase is

related to its molecular structure and biochemical function.

CTP synthase as a model to study self-assembly of metabolic enzymes
CTP synthase is the final enzyme in pyrimidine ribonucleotide biosynthesis,
catalyzing the conversion of UTP to CTP (Figure 1.1). To make CTP, the oxygen-4

position of the uracil base of UTP is first replaced with phosphate, donated from ATP.



The phosphorylated UTP is then aminated by ammonia, either derived from glutamine
hydrolysis (glutamine-dependent reaction) or obtained exogenously (glutamine-
independent reaction), generating CTP as a final product (Long and Pardee, 1967). CTP
synthase is composed of two structural domains; an amidoligase (or synthase) domain is
located at the N-terminus, and a glutamine amidotransferase (or glutaminase) domain is
located at the C-terminus of the enzyme. Glutamine hydrolysis takes place in the
glutamine amidotransferase domain, resulting in glutamate and ammonia. Ammonia is
then transferred to the amidoligase domain where UTP is phosphorylated by ATP. After
the nucleophilic attack of phosphorylated UTP by ammonia, CTP is eventually generated.

CTP synthase is an allosteric enzyme that requires oligomerization to activate its
enzyme activity (Pappas et al., 1998). In the absence of its substrates ATP and UTP, CTP
synthase exists predominantly as inactive dimeric form. Once ATP and UTP are present,
tetramerization of CTP synthase is promoted between two pairs of dimers. Based on
crystallographic studies, binding of ATP and UTP to the enzyme causes a conformational
change of CTP synthase subunits that leads to the formation of ATP and UTP binding
sites among three subunits of the two dimers (Endrizzi et al., 2004). CTP has its own
binding site, predicted to be very close to UTP binding site. However, the triphosphate
moieties of UTP and CTP seem to occupy the same pocket. This might explain why CTP
at low concentration mimics UTP so that it can promote tetramerization of CTP synthase
in vitro, while CTP at higher concentrations, on the other hand, brings about negative
feedback inhibition.

GTP, although it is neither the substrate nor product of CTP synthase, does help

stimulate the glutamine hydrolysis reaction occurring in the glutamine amidotransferase



domain by stabilizing the transition state intermediate of the reaction (Kizaki et al.,
1982). Upon GTP binding, GTP triggers the local conformational change that
accommodates the glutamine hydrolysis, prevents the leakage of ammonia, and also
promotes the tunnel formation for transporting ammonia from the glutamine
amidotransferase domain to the amidoligase domain. Therefore, all four ribonucleotides
are essential for the regulation of CTP synthase activity: ATP and UTP as substrates,
GTP as the positive allosteric activator, and CTP as the product and also negative
feedback inhibitor. In addition, CTP synthase activity has been shown to be stimulated by
phosphorylation. In yeast, phosphorylation of CTP synthase by the protein kinases A and
C, as well as the presence of ribonucleotides, is required for tetramerization and
activation of CTP synthase (Choi et al., 2003; Park et al., 2003; Park et al., 1999; Yang et
al., 1996; Yang and Carman, 1996). In sum, CTP synthase activity is under the regulation
of the following processes; (1) binding of ribonucleotides, (2) phosphorylation, and (3)
substrate-induced tetramerization.

As mentioned above, we have chosen CTP synthase as a model enzyme to study
the assembly of metabolic enzymes into cytoplasmic structures as CTP synthase has been
well studied for its biochemical and molecular aspects. In Chapter 3, we have introduced
molecular structure and function-guided mutations from previous studies (Choi et al.,
2003; Endrizzi et al., 2004; Park et al., 2003; Willemoes et al., 2005) to investigate the
effect of these mutations on polymerization of CTP synthase into cytoplasmic structures
in vivo. We hypothesized that biopolymer formation of CTP synthase could be directed
either by the activity of the enzyme or alternatively by the regulators which have the

effect on the molecular structure and function of the enzyme. By substituting amino acid



residues at the catalytic/active sites, this would allow us to test whether the activity of the
enzyme normally directs the assembly of CTP synthase into cytoplasmic structures. On
the other hand, if the supramolecular assembly of the enzyme relies instead on the
regulators of enzyme structure (folding/tetramerization) and function (catalysis),
disruption of the regulatory sites (either the binding sites of ribonucleotides,
phosphorylation sites, or tetramerization interface) would show an effect on CTP
synthase assembly. Thus, this study should help elucidate the relationship between

molecular structure, biochemical function, and biopolymer formation of CTP synthase.

Organizational principles for the cytoplasm: the cytoskeleton and

processing bodies

Imagine that before the victory of the first living cell to emerge and live on earth,
enormous attempts to organize cell composition by nature were randomized until one was
able to find the right recipe. The earliest components would be simple, solid, and non-
mobile. Thus, we could imagine that all the proteins at the beginning might be made
having only a function in structural support, needed to maintain cell shape and to resist
mechanical stress from any external forces. Through evolution, some of these proteins
could then have evolved from primitive to advanced states where they could have
multiple tasks, involving more than being just structural support proteins. They might
start adopting dynamic or catalytic properties. During these advancements, some might
still retain their ability to assemble into large structures, whereas some might lose their
self-assembling property. This could explain why--at present--a relatively small number

of proteins have been identified as filament-forming proteins.



The best understood cytoplasmic feature within the cell is the classic cytoskeleton.
There are four general classes of cytoskeletal filaments: (1) actin/actin-like, (2) tubulin-
based microtubules/tubulin-like (3) intermediate filaments, and (4) septins. Three of these
cytoskeletal elements are found both in prokaryotes, which largely lack membrane-bound
organelles, as well as in eukaryotes. The major filament forming proteins in prokaryotes
and eukaryotes are summarized in Tables 1.1 and 1.2, respectively.

Actin was first identified by the extraction of muscular tissues (Halliburton,
1887). The extracts containing actin and myosin (the motor protein), became less viscous
when ATP was added. Later, G-actin (globular) and F-actin (filament) were studied and
characterized using X-ray crystallography (Holmes et al., 1990; Kabsch et al., 1990) and
electron microscopy (Narita et al., 2006). The key structural motif of actin was revealed,
which is the ATPase fold. This motif is responsible for ATP hydrolysis, providing energy
for polarized polymerization of ATP-bound actin monomers at the plus end, whereas
depolymerization of ADP-bound actin occurs at the minus end (Korn et al., 1987). ATP
hydrolysis by the ATPase fold is the driving factor for the dynamics feature of actin,
therefore it can be utilized in certain biological processes such as cytokinesis.

Tubulin was discovered by taking advantage of colchicine, a chemical used for
studying mitosis (Wells, 2005). Colchicine-binding activity allowed scientists to isolate
microtubule-containing structures, i.e., spindle fibers, cilia, and sperm tails, and later
tubulin was found to be the building block of these intracellular structures. Unlike actin,
tubulin has different types of subunits. Formation of protofilaments occurs through
addition of heterodimers consisting of alpha- and beta-tubulins. Polymerization of tubulin

into protofilaments requires that the tubulin be in a GTP-bound state (Carlier et al.,



1987). The lateral attachment of multiple protofilaments then creates hollow tubulin-
based microtubules. The assembly of GTP-bound tubulin dimers takes place at the plus
ends, whereas hydrolyzed tubulin dimers disassemble from the minus ends.

Intermediate filaments are much different from actin and tubulin in term of
dynamic nature of polymerization and depolymerization of intermediate filament does
not involve the hydrolysis of nucleotides. The organization of intermediate filament is
therefore non-polarized. Recently, a bacterial intermediate filament has been discovered,
named Crescentin (Ausmees et al., 2003). This protein has been tested to function in
maintenance of the curved shape of the bacteria Caulobacter crecentus due to the helical
structure formed by crescentin along one side of the bacterial plasma membrane.

Prokaryotic counterparts of actin and tubulin had long been thought to be non-
existent. Interestingly, recent findings have revealed that bacteria indeed have actin- and
tubulin-like structures, which cannot be recognized by simple alignment of the primary
sequences between the two kingdoms. Their amino acid sequences show very low
similarity. A better way to identify these bacterial actin- and tubulin-like proteins is to
compare their folded structures with those of eukaryotic actin and tubulin (Erickson,
2007; Moller-Jensen and Lowe, 2005; Wickstead and Gull, 2011). Consequently,
sequence comparison might not be an ideal methodology to identify novel members of a
protein family.

Advancement in biological instrumentation and technology led to identification of
other novel intracellular structures. The processing body or P-body, which is a structure
for mRNA storage and processing, is one of those novel structures identified through

protein labeling and advanced microscopic techniques (Bashkirov et al., 1997; Eystathioy



et al., 2002; Ingelfinger et al., 2002; van Dijk et al.,, 2002). Compared to previous
biochemical and molecular techniques, visual microscopic screens would be more direct
for identifying novel intracellular structures formed inside cells. Thus, we decided to
analyze the yeast GFP collection, where the location and distribution pattern of individual
proteins can be visualized as they have been tagged with green fluorescent protein
(Chapter 2 and 4), and rescreen it for the existence of hitherto unexpected structures.
Indeed, using fluorescent labeling techniques a previous study showed that all six
enzymes involved in de novo purine biosynthesis co-assemble into visible granular
structures in HeLa cells when purine levels are dropped (An et al., 2008). Their assembly
was reversible when purine was added back to the culture media. The authors have
suggested that the transient assembly of these purine enzymes into a structure, dubbed the
purinosome, is required to maintain intracellular purine levels. Their hypothesis is that,
upon clustering, enzymes are much more productive due to the formation of substrate
channeling. In Chapter 4, we surveyed the entire pathway of de novo purine biosynthesis
(Figure 1.2), including the neighboring steps; PRPP, GMP and AMP biosynthesis in
budding yeast to determine which enzymes might form cytoplasmic structures. Several
do and their location in the pathway is revealing. We have also characterized the
conditions triggering assembly and disassembly of these enzymes. In addition, we have
provided data to initially predict the status of activity of enzymes within the structures,
using gene epistasis and genetic mutation approaches. Based on our current data, we have
demonstrated that a global purinosome, containing all the purine biosynthetic enzymes,
does not exist in yeast. Rather, only those enzymes at the nodes of the de novo purine

biosynthetic pathway are able to form cytoplasmic structures. These structures are
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independent from one another. According to the results of epistasis and mutation
analysis, the cytoplasmic assembly of these enzymes might well be used to regulate their
enzymatic activities, controlling metabolic flux and the balance between intermediate

pools.
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Figure 1.1 CTP biosynthetic reactions and oligomerization of CTP synthase

CTP can be synthesized via either a glutamine-dependent reaction (A) or a glutamine-

independent reaction (B). Tetramerization is required for activation of CTP synthase activity, and
is promoted by phosphorylation and the binding of substrates to the enzyme (B)
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Phosphoribosyl-carboxy-aminoimidazole

De novo purine biosynthesis is composed of 10 reactions, catalyzed by 6 enzymes (in
mammals) or 8 enzymes (in yeasts). In mammals, the trifunctional enzyme, TrifGART, is
responsible for catalyzing the reactions in steps 2, 3, and 5. Steps 6 and 7 are catalyzed by the
bifunctional enzyme, PAICS. Steps 9 and 10 are catalyzed by the bifunctional enzyme, ATIC. In
yeast, step 2 and 5 are catalyzed by Ade5/7p, whereas steps 9 and 10 are catalyzed by Adel6/17p.
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Table 1.1 Filament-forming proteins in prokaryotes and archaeans

Protein  Type Function References
(Bi and Lutkenhaus, 1991; de Boer
. . . et al., 1992a; Desai and Mitchison,
FtsZ Bacterial tubulin Cell division 1998: RayChaudhuri and Park,
1992)
. . s (Bork et al., 1992; Lara et al., 2005;
FtsA Bacterial actin Cell division van den Ent and Lowe, 2000)
MinCDE Septum-site determination (2%%173)06 et al., 1992b; Lutkenhaus,
(Doi et al., 1988; Figge et al., 2004;
Gitai et al., 2005; Jones et al.,
MreB Bacterial actin Cell shape determination/chromosome 2001; Kruse and Gerdes, 2005;
segregation/cell polarity Kruse et al., 2003; Soufo and
Graumann, 2003; van den Ent et
al., 2001)
. . . . (Moller-Jensen et al., 2003; van
ParM Bacterial actin Plasmid segregation den Ent et al., 2002)
Crenactin Archaeal actin Cell shape determination (Ettema et al., 2011)
Crescentin  Bacterial intermediate filaments Cell shape determination/cell motility (Ausmees et al., 2003)
. . . . (Brown, 1945; Gatenby, 1961;
Flagellin Bacterial flagella Bacterial mobility Owen, 1949)
Pilin Bacterial pili Bacterial conjugation/cell adhesion (Keizer et al., 2001; Telford et al.,

2006)




Table 1.2 Filament-forming proteins in eukaryotes
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Cell/tissue

Protein Type Function PPN References
P distribution
Cytoskeleton/cell (Barany et al., 2001;
motility/cell Halliburton, 1887,
Actin Actin-based division/cytokinesis/cell Muscles Holmes et al., 1990;
microfilaments signaling/organelle Kabsch et al., 1990;
movement/cell junction Straub and Feuer,
maintenance/cell shape 1989)
(Cowan, 1984;
Tubulin-based Lockwood, 1978;
Tubulin microtubules Cytoskeleton/mitosis Mohri, 1976; Sackett,
1995, Stearns and
Kirschner, 1994)
Keratin Typ cl ar}d I _(Zytoskeleton/cell (Franke et al., 1979;
(cytokeratin) intermediate integrity/cell-cell Schweizer et al., 2006)
cytokeratin filaments adhesion/epithelial tissue "
(Costa et al., 2004;
. Type 1 . Izant and Lazarides,
Desmin intermediate Cytoskeleton Muscles . .
filaments 1977; Lazarides and
Hubbard, 1976)
. (Fuchs and Weber,
GF‘/.&P (glial Type 111 . 1994; Jacque et al.,
fibrillary . . Cell-cell Astrocytes/glia/central ’

idi intermediate communication/mitosis nervous system 1978; Tardy et al.,
acl t‘“. ) filaments 4 1990; Weinstein ct al.,
protein 1991)

Type 111 . . .
. . . . Neurite and axonal outgrowth . (Baudoin et al., 1993;
Peripherin intermediate . Peripheral nervous system .
filaments and regeneration/ Portier et al., 1983)
Cytoskeleton/ Maintenance of . . .
. . Type 1 . cell integrity by anchoring Fibroblasts/leukocytes/blood (Bignami et al., 1982;
Vimentin intermediate . . X Katsumoto et al., 1990,
positions of organelles in vessels/endothelial cells
filaments Osborn et al., 1980)
cytoplasm
(Chien and Liem,
Type IV 1994; Kaplan et al.,
a-Internexin intermediate Axonal outgrowth Central nervous system 1990; Pachter and
filaments Liem, 1985; Shea and
Beermann, 1999)
. Type IV (Granger and
SZ:;TSI;:; intermediate Cell integrity Muscles Lazarides, 1980;
filaments Mizuno et al., 2001)
Type IV .
Syncoillin intermediate Cytoskeleton Muscles (Newey elt al., 2001;
filaments Poon et al., 2002)
Nuclear (Benavente and
- Krohne, 1986; Burke
Type V skeleton/transcriptional ctal.. 1983: Dagenais
Lamin intermediate regulation/nucleus assembly Nucleus ot al.’ 108 4f Mc%(eon
filaments & breakdown/positioning of g ’ ?
1987; Shelton et al
nuclear pores 1981)
Type VI . . (Dahlstrand et al.,
Nestin intermediate r(rjleillrg :g;fz;ﬁ;g; 23? rowth Neurons 1992; Michalczyk and
filaments g g Ziman, 2005)
(Chant, 1996; Cid et
al., 1998; Fares et al.,
. Scaffold/cytokinesis/cell . 1996; Frazier et al.,
Septin Fungi, plasma

polarity/trapping pathogens

1998; Longtine et al.,
1996; Wright et al.,
1992)
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Abstract

The discovery of large supramolecular complexes such as the purinosome
suggests that subcellular organization is central to enzyme regulation. A screen of the
yeast GFP strain collection to identify proteins that assemble into visible structures
identified four novel filament systems comprised of glutamate synthase, guanosine
diphosphate-mannose pyrophosphorylase, cytidine triphosphate (CTP) synthase, or
subunits of the elF2/2B translation factor complex. Recruitment of CTP synthase to
filaments and foci can be modulated by mutations and regulatory ligands that alter
enzyme activity, arguing that the assembly of these structures is related to control of CTP
synthase activity. CTP synthase filaments are evolutionarily conserved and are restricted
to axons in neurons. This spatial regulation suggests that these filaments have additional
functions separate from the regulation of enzyme activity. The identification of four
novel filaments greatly expands the number of known intracellular filament networks and
has broad implications for our understanding of how cells organize biochemical activities

in the cytoplasm.
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Introduction

The principle of self-assembly is believed to underlie the ability of cells to build
amazingly complex macromolecular structures such as the mitotic spindle. Most studies
of self-assembling structures have focused on either the polymerization properties of
cytoskeletal filaments such as actin or microtubules or on the formation of membrane-
bound compartments (Gardner et al., 2008; Howard and Hyman, 2009; King and Marsh,
1987; Kueh and Mitchison, 2009). However, the last several years have seen an explosion
in the identification of novel intracellular structures such as processing bodies, U bodies,
and purinosomes (An et al., 2008; Liu and Gall, 2007; Sheth and Parker, 2006), providing
a new arena for identifying the mechanisms that drive the self-assembly of these
supramolecular complexes. The identification of these structures has also raised the
question of whether this type of organization is an important general mechanism for
compartmentalizing the various biochemical reactions that take place in the cytoplasm.

Recently, a partial screen of the yeast GFP collection identified 33 proteins that
are capable of self-assembling into large punctate structures that can be isolated
biochemically, arguing that this form of regulation might be quite common
(Narayanaswamy et al., 2009). However, it remained unclear whether these structures are
evolutionarily conserved, and the role of these structures in regulating the biochemical
activity of the enzymes remained an open question. Because a large fraction of the yeast
GFP collection remained unexamined, we have conducted a more extensive screen of the
yeast GFP strain collection to identify proteins that are capable of assembling into
previously undescribed intracellular structures. This screen identified nine proteins that

assemble into four distinct cytoplasmic filaments, indicating that the self-assembly of



18

enzymes into large cytoplasmic structures is more common than has been previously
believed and that they can form structures other than puncta within the cytoplasm.

We have built on the results of this screen to address the second major question
concerning supramolecular complexes: how their assembly is regulated. Allosteric
regulation has been thought to control the assembly of enzyme supramolecular
complexes such as the purinosome; however, this has never been tested directly (An et
al., 2008). To define the relationship between the regulatory state of the enzyme and the
formation of filaments/foci, we focused our experiments on the assembly of CTP
synthase structures because the regulation of CTP synthase activity has been extensively
studied in Saccharomyces cerevisiae (Nadkarni et al., 1995; Ostrander et al., 1998;
Pappas et al., 1998; Yang et al., 1994). Our experiments revealed that end product
inhibition of CTP synthase is necessary for filament assembly, arguing that in CTP
synthase, filaments are comprised of an inhibited form of CTP synthase. This suggests
that regulation of enzyme activity is central to the assembly of many supramolecular
complexes. Furthermore, the discovery of four novel filaments effectively doubles the
number of known filament networks present in eukaryotic cells, opening a new area for

study with implications for enzyme regulation and cellular organization.
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Results and Discussion

A visual screen for novel cytoplasmic structures in S. cerevisiae

The yeast GFP strain collection is comprised of 4,159 strains of the budding
yeast S. cerevisiae, which each have GFP fused to the C terminus of a single protein (Huh
et al., 2003). However, the original screen of this collection failed to identify several
structures, such as P bodies or eisosomes (Sheth and Parker, 2006; Walther et al., 2006).
To identify novel intracellular structures, we have visually screened 1,632 GFP-tagged
yeast strains comprising 40% of the collection. This screen has identified nine proteins
that are capable of forming filaments and foci in vivo and that were reported as having
only a cytoplasmic localization in the original characterization of the collection. These
proteins are Gltlp (glutamate synthase), Psalp (GDP-mannose pyrophosphorylase),
Ura7p/Ura8p (CTP synthase), Ged2p (elF2B-38), Ged6p (elF2B-¢), Ged7p (elF2B-p),
Gen3p (elF2B-a), and Sui2p (elF2-a; Figure 2.1A). In addition, we identified 29 proteins
that were localized to discrete cytoplasmic foci but were not capable of forming filaments
(Table 2.1). Although the subcellular localization of Gltlp, Psalp, and Ura7p has not
been previously described, various components of elF2 and elF2B have been reported as
being present in a novel cytoplasmic body (Campbell et al., 2005). However, the
filamentous nature of these elF2/2B-containing structures was not commented on in those
experiments.

One concern with our screen is that the GFP tag might alter the structure or
function of the proteins, causing them to form filaments or foci. However, when the GFP

tag was replaced with a HA epitope tag, all of the proteins continued to form filaments,
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arguing that GFP was not responsible for causing these nine proteins to self-assemble
(Figure 2.2).

As a second assay for the effects of the tag on protein function, we tested whether
the GFP-tagged version of each protein exhibited altered growth or viability. Psalp,
Ged2p (elF2B-6), Ged7p (elF2B-B), Ged6p (elF2B-¢), and Sui2p (elF2-0) are all
essential genes, and GFP-tagging each of these genes at the endogenous locus did not
affect viability, arguing that the addition of GFP did not alter the function of these
proteins. Ura7p, although nonessential, is one of two genes that encode for CTP
synthases in S. cerevisiae, and the ura74 ura84 double mutant is inviable. We took
advantage of this synthetic lethality to examine the effects of the GFP tag on Ura7p
function. To do this, we created awura84 deletion in a URA7::GFP background.
The URA7::GFP; ura84 yeast strain was viable, arguing that the GFP tag did not alter
the function of the Ura7p. Unlike the other seven filament-associated proteins that we
identified, there is no known phenotype associated with deletion of GLTI. Consequently,
we were unable to assess whether the GFP tag affected Gltlp function. From these
experiments, we conclude that the ability to form filaments is not dependent on GFP and
that the GFP tag does not affect protein function for eight of the nine filament-forming

proteins that we identified.

Ura7p/Ura8p, Psalp, Gltlp, and elF2/2B form distinct cytoplasmic filaments
The identification of nine filament-forming proteins raised the question of
whether they are all part of the same filament network or whether they represent distinct

cytoplasmic structures. To address this issue, we performed pairwise colocalization
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experiments between Ura7p, Ura8p, Psalp, Gltlp, and representative subunits of the elF2
and elF2B complexes in which one protein was tagged with GFP while the second was
tagged with mCherry. Although representative subunits of the elF2 and elF2B complexes
were present in the same filament, Ura7p, Psalp, and Gltlp were each present in distinct
filaments (Figure 2.1B). Furthermore, Ura7p and Ura8p, which both encode for CTP
synthases in S. cerevisiae, coassembled into a common filament, arguing that the ability
to self-assemble is conserved between these two proteins (Figure 2.1B). Therefore, we
have identified four distinct filaments in yeast. Interestingly, although we observed 100%
colocalization between the filaments formed by different eIF2/2B subunits, we also found
that elF2/2B subunits form filaments at different frequencies (Table 2.2). This suggests
that although all elF2/2B subunits assemble into a common structure, the association of
certain subunits such as GCN3 that are only observed infrequently in filaments may be

regulated.

Ura7p, Psalp, Gltlp, and elF2/2B filaments are not affected by known regulators of
prion biogenesis

All four of the filaments we have identified bear a superficial resemblance to the
filaments formed by prions when they are induced de novo (Zhou et al., 2001). This
suggested that some or all of the filaments identified in our screen could be regulated by
the same factors that control prion formation or that the filaments that we have identified
are novel prions. To test this hypothesis, we deleted two genes required for prion
formation/maintenance, RNQI and HSP104, from strains in which a filament-associated

protein had been tagged with GFP (Chernoff et al., 1995; Sondheimer and Lindquist,
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2000). The frequency of filament formation for each of the four classes of filaments was
unaltered in either rnqi4 or hspl1044 strains (Figure 2.3A). Thus, neither Rnqlp nor
Hsp104p contributes to the formation of any of the four filament networks that we have
identified. Consistent with this interpretation, overexpression of Hsp104p had no effect
on Ura7p or Psalp filaments and only weak effects on Gltlp filament formation (Figure
2.3B). Thus, the ability of Ura7p, Psalp, Gltlp, and elF2/2B to form filaments is not

regulated by HSP104or RNQI, and they are unlikely to be novel prions.

Identification of environmental conditions that regulate filament formation

The effects of nutrient deprivation on filament formation

Nutrient deprivation is known to induce the assembly of several cytoplasmic
structures such as the processing body (Teixeira and Parker, 2007). To test the role of
nutrient deprivation on the assembly of Psalp, Gltlp, Ura7p, and elF2/2B filaments, we
compared the number of filaments present in log-phase cells with cells grown to
saturation (ODggo > 5.0). Although the number of elF2/2B filaments declined in saturated
cultures relative to log-phase cultures, the number of Gltlp filaments remained fairly
constant, whereas Ura7p and Psalp filaments were significantly increased in saturated
cultures (Table 2.2). Each protein also formed foci to varying degrees, with the formation
of foci typically being coordinately regulated with filament formation
(URA7, URAS, PSA1,GCD2, and GCN3) or unchanged between log phase and saturation
(GLT1, SUI2, GCDG6, and GCD7; Table 2.2).

One simple explanation for the changes in frequency of filament/foci formation

under different growth conditions is that the ability to form these structures merely
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reflects different protein levels in log phase or saturation. To test this possibility, we
measured GFP levels in each of our filament-forming strains in either growth phase
through flow cytometry. In general, protein level varied little between log-phase growth
and saturation despite dramatic changes in filament formation for these two growth
conditions (Figure 2.4). Thus, increases in filament/foci formation are not caused by

increases in protein expression.

Effects of carbon source depletion on filament formation

Because growth to saturation is a potent inducer of both Ura7p and Psalp
filament formation, we next examined whether media from saturated cultures was
capable of inducing filament formation in cultures undergoing log-phase growth.
Exposure to YPD (2% peptone, 1% yeast extract, and 2% dextrose) from saturated
cultures caused a 4.87-fold increase in the number of cells with Ura7p filaments but had
no effect on Psalp, Gltlp, Sui2p, or Ged2p filament formation (Figure 2.3C). This result
argues that either the depletion of a critical nutrient or the accumulation of a metabolite in
the media as cultures approached saturation was responsible for inducing Ura7p filament
formation. Furthermore, these results also argue that the mechanism for inducing Psalp
filaments is distinct from that used to promote Ura7p filament formation, even though
both filaments are strongly induced in yeast grown to saturation.

Because carbon source depletion is a characteristic feature of saturated cultures
that is known to induce other structures such as the processing body (Teixeira et al.,
2005), we tested the ability of YP without glucose, water, and water with glucose to

induce filament formation in log-phase cultures. Although none of these treatments had a
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significant effect on Psalp, Gltlp, Sui2p, or Ged2p filament formation, treatment with
either YP without glucose or water strongly induced Ura7p filament formation (Figure
2.3C). Furthermore, treatment of log-phase cultures with water containing glucose did not
induce Ura7p filament formation (Figure 2.3C). Thus, glucose depletion is a potent
inducer of Ura7p filament formation and is likely responsible for Ura7p filament
formation as cells reach saturation.

These results raised the question of whether filament formation could be reversed
by transferring yeast grown to saturation into fresh YPD. The shift to rich media caused
no change in the number of Psalp, elF2/2B, or Gltlp filaments within 15 min of the shift,
whereas the number of Ura7p filaments was decreased 50-fold (Figure 2.3D).
Furthermore, when the media shift experiment was conducted with YP lacking glucose,
the number of Ura7p filaments only decreased by 1.4-fold, arguing that reversal of
filament formation was also strongly dependent on the presence of glucose in the media
(Figure 2.3D). Together, these results argue that the presence of glucose in the growth
media is a central regulator of Ura7p filament formation and that Ura7p filaments can

undergo rapid assembly and disassembly in response to changes in nutrient conditions.

Effect of sodium azide on filament formation

These results suggested that the energy status of the yeast cell rather than the
presence or absence of a particular metabolic intermediate in the cell was a critical factor
in regulating filament formation. To test this hypothesis, we assayed the effects of
treating yeast cells with azide for 15 min to determine whether altering the energy status

of the cell without altering the carbon source could also regulate filament formation.
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Although Ura7p and Psalp filaments were strongly induced by treatment with sodium
azide, the number of Gltlp or elF2/2B filaments remained unaltered (Figure 2.3E). These
results argue that Ura7p and Psalp filament formation is strongly influenced by the
energy status of the cell, whereas Gltlp and elF2/2B regulation is dependent on other

factors.

Effect of protein synthesis inhibitors on filament formation

Because the ability of elF2/2B to assemble into cytoplasmic bodies had been
previously shown to be highly sensitive to treatment with cycloheximide (Campbell et al.,
2005), we examined the ability of 100 pg/ml cycloheximide to affect Ura7p, Psalp, and
Gltlp filament formation. For all three of these filaments, treatment with 100 pg/ml
cycloheximide for 15 min had no effect on the number of cells possessing filaments,

again highlighting the differences in filament regulation (Figure 2.3F).

Effect of temperature on filament formation

Many cytoskeletal filaments such as microtubules depolymerize at low
temperatures. To test the role of temperature in filament formation, we shifted both log-
phase and saturated yeast cultures to low temperatures for 15 min to determine whether
acute changes in temperature would change the proportion of cells possessing filaments.
We tested Ura7p, Psalp, Gltlp, and elF2/2B filament formation at 0°C. For all of the
filaments, we did not detect any change in the frequency of filament formation for either
log-phase or saturated cultures at low temperature (Figure 2.3G). Thus, none of the
filaments we have identified exhibit the cold-sensitive polymerization characteristic of

many cytoskeletal proteins.
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Effects of the kinase inhibitor staurosporine on filament formation

Because the assembly of some intermediate filaments is regulated by
phosphorylation, we tested whether the kinase inhibitor staurosporine could alter the
frequency of filament formation. Exposure of cells to media containing 50 pg/ml
staurosporine had no effect on the frequency of Gltlp or elF2/2B filaments in either log-
phase yeast or yeast grown to saturation (Figure 2.3H). However, staurosporine caused a
dramatic effect on the number of cells that had either Ura7p or Psalp filaments, and this
effect occurred in both log-phase and saturated yeast cultures (Figure 2.3H). Although
further experiments will be necessary to determine whether the effect of staurosporine on
Ura7p and Psalp filaments is direct, the fact that neither Gltlp nor eIlF2/2B filaments are
affected by the same treatment argues that the effects are not caused by a nonspecific

disruption of cellular function.

CTP synthase filament formation is evolutionarily conserved from S. cerevisiae to
Drosophila melanogaster

Given the large number of filaments that we have identified and the fact that they
are often regulated by different environmental conditions, we focused our subsequent
experiments on one type of filament to determine whether these structures are
evolutionarily conserved and to define whether enzyme activity is linked to filament
formation. Ura7p filaments provided an excellent starting point for these experiments
because CTP synthase is evolutionarily conserved and its enzymology has been
extensively characterized. Because a previous study of mammalian CTP synthase found

that it colocalized with microtubules, we first tested whether Ura7p was associated with
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microtubules in yeast (Higgins et al., 2008). Immunostaining for both Ura7p and
microtubules showed no colocalization between these structures, arguing that Ura7p
filaments are distinct from microtubules (Figure 2.5).

We next examined whether the ability of CTP synthase to form filaments was
conserved in other species. For these experiments, we took advantage of the fact that the
CTP synthase in Drosophila had been tagged with GFP at its endogenous locus as part of
a genome-wide protein trap screen (Buszczak et al., 2007). Analysis of GFP-CTP
synthase in the Drosophila egg chamber revealed that filaments formed in all three of the
cell types that make up the egg chamber: the nurse cells, the oocyte, and the somatic
follicle cells. In nurse cells, two distinct types of filaments were seen: a network of small
filaments near the plasma membrane as well as a single large filament that was present in
each nurse cell (Figure 2.6A). To confirm the results of the GFP-CTP synthase protein
trap, we generated polyclonal antibodies against Drosophila CTP  synthase.
Immunostaining using CTP synthase antibodies confirmed that endogenous CTP
synthase assembles into filaments in the three cell types that comprise the egg chamber
(Figure 2.6B).

Although CTP synthase is present in all of the cell types of the egg chamber, it
remained an open question as to whether all cells and tissues possessed CTP synthase
filaments. We approached this question by examining the distribution of CTP synthase
filaments in the adult Drosophila gut. Our staining revealed that CTP synthase forms
filaments in a subset of cells in the gut that are proximal to the gut stem cell (Figure

2.6C). Thus, CTP synthase does not form filaments in every cell within a given tissue
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in Drosophila. Together, these results argue that CTP synthase filament formation is

highly regulated in different cell types and tissues.

CTP synthase filament formation is restricted to axons in hippocampal neurons
Because the spatial regulation of cytoskeletal filaments is a common feature of
highly polarized cells, we next examined the question of whether CTP synthase filaments
could be restricted to particular subcellular domains. To test this possibility, we used
immunofluorescence to determine the distribution of CTP synthase filaments in rat
hippocampal neurons. These experiments revealed that CTP synthase filaments/foci are
restricted to axons and do not occur in dendrites (Figure 2.7). Thus, the ability of CTP
synthase to form filaments is spatially controlled within neurons, and these filaments

represent a novel axon-specific structure.

Mutations in URA7 that prevent feedback inhibition also block filament formation

Self-assembly of enzymes into large cytoplasmic structures has been
hypothesized to play several roles ranging from facilitating biosynthetic pathways to
storage of inactive enzymes (An et al., 2008; Sheth and Parker, 2003; Teixeira et al.,
2005). However, very little is known about how enzyme activity is coupled to the
assembly or disassembly of these large cytoplasmic structures. We have taken advantage
of previous enzymatic studies of Ura7p to address this issue.

URA7 encodes the major CTP synthase in S. cerevisiae that catalyzes the ATP-
dependent transfer of the amide nitrogen from glutamine to UTP to generate CTP and
glutamate (Ozier-Kalogeropoulos et al., 1994; Ozier-Kalogeropoulos et al., 1991). CTP

synthase activity is regulated by all four nucleotides, and this regulation plays an
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important role in maintaining the balance in the pyrimidine nucleoside triphosphate
pools. Although GTP is an allosteric regulator of the glutaminase activity of the enzyme,
ATP, CTP, and UTP all promote the conversion of CTP synthase to the active tetramer.
Interestingly, although CTP binding promotes conversion to the active tetramer, it is
unique in that it also acts as a competitive inhibitor of CTP synthase activity (Aronow
and Ullman, 1987; Endrizzi et al., 2005; Long and Pardee, 1967; Pappas et al., 1998).
Previous enzymatic experiments of Ura7p identified a mutation, E161K, that decreased
end product inhibition by lowering the affinity of the enzyme for CTP (Ostrander et al.,
1998). This prior work presented us with a unique reagent for testing whether enzyme
activity was linked to the ability to form filaments. We constructed strains that expressed
E161K Ura7p-GFP as the only form of URA7 to examine filament formation when grown
to saturation. E161K Ura7p formed 20-fold fewer filaments than Ura7p, implying that
Ura7p filament formation is strongly associated with decreased CTP binding (Figure
2.8A). Interestingly, although the ability to form filaments was virtually eliminated by the
E161K mutation, the frequency of foci formation increased 4.51-fold as compared with
wild-type Ura7p. This suggests that the E161K mutation specifically blocks the ability of
Ura7p foci to form filaments.

If end product inhibition promotes filament formation, one would also predict that
increasing CTP levels would promote self-assembly of CTP synthase. To test this
hypothesis, we treated log-phase GFP-Ura7p yeast cells with 10 mg/ml CTP for 15 min
(Figure 2.8B). Log-phase yeast cells normally have few Ura7p foci; however, brief
exposure to CTP triggered Ura7p self-assembly, causing a 4.4-fold increase in foci. The

equivalent treatment of GFP-Gltlp yeast caused no change in the number of Gltlp
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filaments and foci, indicating that the effect of CTP was specific for Ura7p self-assembly.
These results together with our mutant analysis strongly argue that CTP binding is a
potent regulator of CTP synthase self-assembly.

To determine whether other regulatory ligands could also drive foci assembly, we
treated log-phase GFP-Ura7p yeast cells with 10 mg/ml ATP for 15 min (Figure 2.8B).
Treatment with ATP caused a threefold increase in CTP synthase structures, whereas
treatment with GTP caused no significant change in foci formation (Figure 2.8B). These
results suggested that regulatory ligands that cause enzyme tetramerization also cause
CTP synthase to assemble into foci. To test this possibility, we treated cells with AMP-
PNP (adenosine 5'-[B,y-imido]triphosphate), a nonhydrolyzable analogue of ATP which
has been previously shown to inhibit Ura7p tetramerization (Pappas et al., 1998). AMP-
PNP treatment caused a fivefold decrease in the formation of CTP synthase structures
(Figure 2.8B) (Pappas et al., 1998). Thus, only regulatory ligands that promote
tetramerization are capable of triggering foci formation. These results together with the
finding that the E161K mutation blocks filament formation without affecting foci
formation suggest that both foci and filament formation by CTP synthase structure are
regulated: enzyme tetramerization facilitates foci assembly, whereas end product
inhibition is required for filament formation. Future studies directed at the precise
regulatory state of the enzyme that allows either filaments or foci to form will help
determine whether these two structures are related or whether they represent distinct
regulatory states of CTP synthase.

The results of our screen of the yeast GFP strain collection argue that regulated

self-assembly of different enzymatic pathways is a common type of biochemical
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compartmentalization in yeast. Furthermore, we have found that different supramolecular
complexes assemble or disassemble in response to distinct environmental conditions.
This argues that these different complexes do not form as part of a general stress response
but in fact form either to promote or inhibit particular enzymatic processes in response to
changing environmental conditions. Additionally, we have found that CTP synthase self-
assembly is modulated by the binding of ligands that regulate enzyme activity. This
suggests that self-assembly could be a fundamental mode for regulating the enzymes that
comprise purinosomes, P bodies, and the additional novel structures that we have
identified.

One of the central questions raised by our work in S. cerevisiae is whether these
structures have additional roles apart from inhibiting or promoting enzyme activity.
Clearly, the ability of large cytoplasmic structures to undergo assembly and disassembly
in response to changes in the cytoplasmic milieu presents the cell with a unique sensor
that could be used to regulate several cellular processes. Although it is currently unclear
whether cells use these structures for such a purpose, the fact that CTP synthase forms
filaments in axons and not in dendrites suggests that local regulation of filament
formation is possible and may be tied to additional cellular functions. Future work
directed at understanding how this spatial regulation is achieved will help identify what

additional functions these filaments may serve in neurons as well as in other cell types.
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Materials and Methods

Yeast strains and media

All yeast strains were derived from a parent strain with the genotype MATa
his3A1 leu2A0 met1540 ura3A0 (S288C). Strains with GFP-tagged genes were from the
yeast GFP collection (Howson et al., 2005). All yeast strains were grown at 30°C in YPD
unless otherwise indicated. For the testing of various growth conditions, the indicated
treatment was applied for 15 min at 22°C unless otherwise noted. For experiments using
altered growth media, cells were pelleted, rinsed once with water, and resuspended in the
indicated media. Log-phase growth was studied for cells with an ODgy under 1.0, and
stationary-phase cultures were grown to an ODggo of ~5. For Hsp104p overexpression
experiments, cells were grown overnight in SD-Leu (YNB + 2% glucose + 1x Leu
dropout amino acid mix) and then diluted into SGR-Leu medium (YNB + 2% galactose
+ 1% raffinose + 1x Leu dropout amino acid mix) and grown for 4.5 h. These growth
conditions blocked the formation of elF2/2B filaments, preventing the assessment of the

effect of Hsp104p overexpression on filament formation.

Plasmids and DNA methods

For plasmid transformation, genomic tagging of specific loci or gene disruption,
the LiOAc method was used (Ito et al., 1983). Genomic tagging and gene disruption were
accomplished by transforming yeast strains with a PCR product that encoded G418
resistance and 5’ and 3’ 50-bp flanks homologous to the gene of interest (Baudin et al.,
1993). Cells with the G418 cassette were allowed to grow on YPD for ~24 h and then

replica plated onto YPD + 400 pg/ml G418. Gene disruption or genomic tagging was



33

confirmed by PCR. The yeast parent strain was a gift from L. Pillus (University of
California, San Diego, La Jolla, CA).

PCR for genomic tagging and gene disruption was performed as follows: KOD
hot start polymerase (EMD) was used in 100-pl reactions (1x KOD buffer, 1.25 mM
MgSOQOy, 200 uM dNTP, 0.3 uM of each oligonucleotide, and 100 ng of template). The
PCR reaction was performed for 95°C for 2 min, followed by 30 cycles of 95°C for 20 s,
50°C for 10 s, and elongation at 70°C for varying amounts of time. The mCherry-tagging
construct (pBS34) was obtained from the University of Washington Yeast Resource
Center.

URA7-GFP plasmids were constructed with standard molecular biology
techniques. To create the E161K point mutant, the splicing by overlap elongation
(SOEing) PCR technique was adapted from (Horton et al., 1989). The mCherry-tagging
construct (pBS34) was obtained from the University of Washington Yeast Resource
Center. The vector used to construct the URA7-GFP plasmids (pRS403) and the
construct used for the G418 deletions (pRH728) were gifts from R. Hampton (University
of California, San Diego). The Hsp104p overexpression plasmid was a gift of D. Masison

(National Institutes of Health, Bethesda, MD) (Hung and Masison, 2006).

Antibody generation
The full-length coding region of CG6854-C, the Drosophila CTP synthase, was
cloned into ProEXHis and expressed as an N-terminal 6xHis-tagged fusion protein

in Escherichia coli. Soluble His—CG6854-C was purified using a Ni—nitrilotriacetic acid
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affinity column, eluted with imidazole, and injected into rabbits (antiserum production by

Covance).

Microscopy

Microscopy was performed on a microscope (Axiovert 200M; Carl Zeiss, Inc.)
using the software Metavue version 6.3 (MDS Analytical Technologies). Colocalization
experiments were performed with a DeltaVision restoration microscopy system (Applied
Precision) and microscope (IX70; Olympus) using the software SoftWoRx (Applied

Precision).

Flow cytometry

Cells were grown in liquid YPD cultures to the indicated growth phase.
Approximately 1 OD of cells was then centrifuged in an Eppendorf tube, rinsed once
with water, and resuspended in water. Fluorescence was measured by a Typhoon 9400,

and data were analyzed using ImageQuant 5.2 software (GE Healthcare).

Immunofluorescence

For immunofluorescence, yeast cells were removed directly from a selective plate
and fixed in 3.7% formaldehyde for 1 h. This was followed by a wash with SK buffer (1
M sorbitol, 45 mM K,;HPO,, and 7 mM KH,PO,) and then a 20-min incubation in SK
buffer with 1% B-mercaptoethanol and 10 U zymolyase. Spheroplasts were resuspended
in SK buffer and added to slides coated with polylysine (each well treated with 500 pg/ml
polylysine for 10 min, rinsed once with water, and air dried) for 10 min. Samples were

fixed in methanol at —20°C for 6 min and then in acetone at —20°C for 2 min. Samples



35

were blocked with 1% BSA in PBS for 20 min, followed by incubation with a-HA
antibody (12CAS5S; Roche) at 4°C overnight. After BSA-PBS washes, samples were
incubated with anti-mouse secondary antibody for 2.5 h at room temperature, followed
by further washes and mounting of the coverslip. Drosophila immunofluorescence was
performed as previously described (Wilhelm et al., 2003). This staining used either a-
CG6854 antibodies (1:2,000) to stain wild-type ovaries or a-GFP antibody (1:2,000) to
stain the GFP protein trap line, CA07332 (M. Buszczak, University of Texas
Southwestern Medical School, Dallas, TX), which tags endogenous CG6854 with GFP
(Buszczak et al., 2007).

For neuronal staining, neurons dissected from the hippocampus of rat embryos
were plated on coverslips and cultured for 14 d using standard conditions (Patrick et al.,
2003). Neurons were washed twice in PBS-MC (1x PBS, 1 mM MgCl,, and 0.1 mM
CaCl,) and then fixed in 1x PBS, 4% paraformaldehyde, and 4% sucrose for 10 min at
room temperature. The coverslips were then washed twice with 1 ml PBS-MC, followed
by additional fixation in 1 ml of 100% MeOH (stored at —20°C) for 2 min at —20°C. The
coverslips were then washed twice with 1 ml PBS-MC, followed by blocking with 1 ml
blocking/permeabilization solution (1% PBS-MC with 2% BSA and 0.2% Triton X-100)
for 20 min. The blocking solution was then removed, and the coverslips were incubated
overnight at 4°C in 1x PBS-MC and 2% BSA with primary antibody. The slides were
then rinsed three times with PBS-MC, followed by three 5-min PBS-MC washes at room
temperature while rotating. The coverslips were then treated with secondary antibody in
PBS-MC and 2% BSA for 1 h at room temperature. The secondary antibody was then

removed by one 5-min wash in PBS-MC at room temperature while rotating. Slides were
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then incubated for 10 min in PBS-MC with 2 pg/ml DAPI, followed by one 5-min wash
at room temperature with PBS-MC while rotating. Coverslips were then mounted on
slides using Vectashield (Vector Laboratories) and imaged using a laser confocal
microscope (TCS SP5; Leica). Primary antibodies were used at the following
concentrations: 1:5,000 chicken o-map2c (G. Patrick, University of California, San
Diego), 1:100 rabbit a-CG6854 (CTP synthase; bleed no. 110-5), and 1:500 mouse o-
tau5 (S. Halpain, University of California, San Diego). Alexa Fluor 488— and Alexa Flour
568—conjugated a-chick, a-rabbit, and a-mouse secondary antibodies (Invitrogen) were

all used at 1:200.

Screening of the yeast GFP collection

Individual strains from the yeast GFP collection were inoculated into 5 ml YPD
and cultured overnight at 30°C. The overnight culture was then diluted in YPD to an
ODggp of ~0.1-0.2 and cultured at 30°C until the ODgo9 = 0.4—0.6. Cells from the original
overnight culture and the log-phase culture were pelleted and then washed once with
sterile water. The cell pellet was then resuspended in 1.2 M sorbitol and 0.1 M KPO4 and

mounted for imaging with a spinning disk confocal microscope.
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Figure 2.1 Identification of nine proteins capable of filament formation in S. cerevisiae

(A) Nine filament-forming proteins were identified by visual screening of the S.
cerevisiae GFP  strain collection: Gltlp (glutamate synthase), Psalp (GDP-mannose
pyrophosphorylase), Ura7p (CTP synthase), Ura8p (CTP synthase), Ged2p (elF2B-3), Ged6p
(elF2B-¢), Ged7p (elF2B-B), Gen3p (elF2B-a), and Sui2p (elF2-a). (B) The nine proteins that are
capable of forming filaments were found to reside in four distinct filaments. All images are of
cells grown to saturation except for subunits of the elF2/2B complex, which were from log-phase
cultures. These conditions were chosen because they maximized filament formation for the
respective subunits.
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Figure 2.2 Filament formation is independent of the GFP tag

Filament formation occurs normally when a HA epitope tag is used to label filament-
forming proteins. (A) Wild-type untagged strain. (B) Ged2p-HA. (C) Gltlp-HA. (D) Psalp-HA.
(E) Ura7p-HA.
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Figure 2.3 Regulation of filament formation

(A) Filament formation is not dependent on either HSP104 or RNQ1. (B) Overexpression
of Hsp104p does not affect the formation of Gltlp, Psalp, or Ura7p filaments. (C) Media lacking
glucose strongly induces Ura7p filaments. (D) The addition of media containing glucose triggers
disassembly of Ura7p filaments. (E) Treatment with sodium azide causes an increase in Psalp
and Ura7p filaments. (F) Treatment with the translation inhibitor cycloheximide decreases the
number of Ged2p filaments. (G) Exposure of cells to 4°C has no effect on filament formation. (H)
Treatment with the kinase inhibitor staurosporine increases Psalp and Ura7p filaments. (A—H)
Error bars represent standard error of the mean. Dashed lines mark the position on the graph
where there is no change relative to the reference condition.
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Figure 2.4 The protein expression level of filament-forming proteins does not change greatly
between log-phase growth and saturation

For the majority of filament-forming proteins, there was little change in protein levels
between log-phase growth and saturation. For Ura7p, protein levels declined for cells grown to
saturation. Together, these results argue that filament formation is driven by large-scale changes
in protein level. Error bars represent standard error of the mean.
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Figure 2.5 Ura7p filaments do not colocalize with microtubules
Images of three different yeast cells stained for both microtubules and Ura7p-GFP are
shown. Ura7p is green, and microtubules are red.
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Figure 2.6 Filament formation is evolutionarily conserved

(A) A single confocal section of a Drosophila egg chamber. GFP—CTP synthase (green)
is present in small filaments (yellow arrowhead) along the plasma membrane and in large
filaments in both the somatic follicle cells (red arrowhead) and nurse cells (white arrowhead).
Actin is red, and DNA is blue. (B) A projection of multiple confocal sections of an egg chamber
stained with anti—-CTP synthase antibody. Large filaments are present in the germline (white
arrow) as well as in the somatic follicle cells (red arrow). Actin is red, and CTP synthase is green.
(C) In the adult Drosophila gut, GFP—CTP synthase (green) labels filaments (arrowheads) in cells
clustered near the presumptive gut stem cell, labeled with Delta (red). DNA is blue.



44

Figure 2.7 CTP synthase self-assembles in axons but not in dendrites

CTP synthase (CTPS) filaments are present in axons (arrowheads) but not dendrites. CTP
synthase does not form filaments or foci in dendritic processes. (A—C) MAP2c (A), CTP synthase
(B), and a merge (C) are shown. MAP2c¢ is red, and CTP synthase is green. CTP synthase forms
filaments and foci in axons (arrowheads). (D-F) Tau (D), CTP synthase (E), and a merge (F) are
shown. Tau is red, and CTP synthase is green.
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Figure 2.8 End product inhibition promotes CTP synthase filament formation

(A) The E161K mutation causes a 20-fold decrease in Ura7p filament formation. (B)
Treatment with CTP and ATP increases Ura7p self-assembly into foci. (A and B) Error bars
represent standard error of the mean. Dashed lines mark the position on the graph where there is
no change relative to the reference condition.
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Table 2.1 Proteins that assemble into intracellular structures

Foci-forming protein Biological process

Prs4p S-phosphoribose 1-diphosphate biosynthetic process

Acslp Acetate fermentation/acetyl-CoA biosynthetic process/histone acetylation
Gltlp Ammonia assimilation cycle/glutamate biosynthetic process

Ssd1p Cell wall organization/chronological cell aging/replicative cell aging
Ura7p CTP synthesis

Hsp42p Cytoskeleton organization/response to stress

Rnr4p Deoxyribonucleotide biosynthetic process

Rnar2p Deoxyribonucleotide biosynthetic process

Psalp GDP-mannose biosynthetic process/protein amino acid glycosylation
GInlp Glutamine biosynthetic process/nitrogen compound metabolic process
Dug2p Glutathione catabolic process

Glylp Glycine biosynthetic process/threonine catabolic process

Gsy2p Glycogen biosynthetic process

Gdblp Glycogen catabolic process

Gphlp Glycogen catabolic process

Hem2p Heme biosynthetic process

His4p Histidine biosynthetic process

Hek2p Intracellular mRNA localization/telomere maintenance via telomere
Rim20p Invasive growth in response to glucose limitation/protein processing/proteolysis
Samlp Methionine metabolic process/S-adenosylmethionine biosynthetic process
Sam2p Methionine metabolic process/S-adenosylmethionine biosynthetic process
Hsp104p Protein folding

Ssalp Protein folding

Sse2p Protein folding

Ssa2p Protein folding

Sislp Protein folding

Rpn9p Proteosome assembly/ubiquitin-dependent protein catabolic process
Gced6p Regulation of translation initiation

Sui2p Regulation of translation initiation

Gced2p Regulation of translation initiation

Gced7p Regulation of translation initiation

Gen3p Regulation of translation initiation

Sgt2p Response to heat (glutamine-rich cytoplasmic protein of unknown function)
Thrilp Threonine metabolic process

YARO009Cp Transposition, RNA mediated

YLR143Wp Unknown

YMR253Cp Unknown
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Table 2.2 Frequency of filament formation in yeast during log-phase growth and at
saturation

Percentage of cells Percentage of cells Percentage of cells Percentage of

s(if;n with filaments during  with foci during log with filaments at cells with foci at
log phase (%) phase (%) saturation (%) saturation (%)
URA7 0.00 +0.00 3.80+1.35 15.20+2.35 5.60+0.38
URAS8 0.00 +0.00 0.00 +0.00 16.40 + 1.80 3.60 +0.74
PSAl 0.00 +0.00 0.40 + 0.08 7.80+0.67 4.80+1.17
GLTI 26.80 + 3.69 10.40 + 1.38 39.20 +2.05 6.40+1.95
sunR2 66.20 + 0.87 6.00 + 0.63 34.60 + 3.36 520+1.17
GCD2 58.40+2.17 9.00 +0.37 18.60 + 2.88 3.60 +0.97
GCD6 11.00 + 0.60 6.40+1.04 18.80 +0.98 7.20+1.36
GCD7 37.60 + 4.52 24.00 + 4.63 21.00 + 1.54 19.80+2.17
GCN3 2.80+0.75 0.00 +0.00 12.20 +0.59 2.80+0.98
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Abstract

The initially unexpected ability of enzymes to assemble into large supramolecular
complexes is now appreciated to be a widespread phenomenon. Such complexes have
been hypothesized to play a number of roles, such as the facilitation of substrate
channeling and the storage of inactive enzymes. However, little is known about how the
regulation of enzyme activity is coupled to the assembly, or disassembly, of these large
cellular structures. To begin addressing this question, we have characterized the yeast
enzyme CTP synthase (Ura7p) using a structure-function approach in which specific
regulatory sites were disrupted by mutagenesis and the effects on filament assembly
assayed. CTP synthase is an ideal model system because of its evolutionarily conserved
ability to form filaments and its regulation by at least four distinct mechanisms common
among enzymes, including oligomerization, feedback inhibition, allosteric activation, and
phosphorylation. Our results reveal that destabilization of the active tetrameric form of
the enzyme increases the frequency of filament formation, suggesting that the observed
filaments are comprised of inactive CTP synthase dimers.  Furthermore, the sites
responsible for feedback inhibition and allosteric activation control the length of
filaments formed, implying that multiple regions of the enzyme can influence filament
structure. In contrast to these regulatory mutations, a catalytically inactivating mutation
does not affect filament formation frequency or length. Together our results argue that
the regulatory sites that control CTP synthase function, but not enzymatic activity per se,
are critical for controlling the process of filamentation. We predict that the ability of
biosynthetic enzymes to form supramolecular structures in general may be closely

coupled to mechanisms that regulate their enzymatic activity.
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Introduction

The last several years have seen an explosion in the identification of novel
intracellular structures (An et al., 2008; Campbell et al., 2005; Ingerson-Mahar et al.,
2010; Liu, 2010; Narayanaswamy et al., 2009; Noree et al., 2010; Sheth and Parker,
2003). While the macromolecular components and putative functions of these large
cytoplasmic structures are diverse, they share a common theme: each class of structure is
formed from enzymes that act in a specific biochemical or regulatory pathway. For
example, processing bodies are visible supramolecular complexes comprised of
messenger RNAs and many of the enzymes that regulate their translation and stability
(Sheth and Parker, 2003). Similarly, purinosomes assemble from a subset of enzymes in
the de novo purine biosynthesis pathway in response to purine deprivation, in order to
accelerate flux through the pathway via substrate channeling (An et al., 2010a; An et al.,
2008; An et al., 2010b). Strikingly, recent visual screens of the yeast GFP strain
collection have revealed that multiple metabolic enzymes self-assemble into filaments,
arguing that this mode of regulation could play a role in the control of many biosynthetic
pathways (Narayanaswamy et al., 2009; Noree et al., 2010). However, while the pace at
which novel cytoplasmic structures are being identified continues to accelerate, little is
known about how specific enzyme regulatory mechanisms impact the large cytoplasmic
structures they form.

In order to assess whether the regulation of enzyme activity controls the assembly
of such supramolecular structures, we have focused our studies on a single class of novel
intracellular filaments: those formed by the S. cerevisiae enzyme CTP synthase (Ura7p).

URA7 encodes the major CTP synthase in S. cerevisiae, which catalyzes the ATP-
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dependent transfer of nitrogen from glutamine to UTP, generating CTP and glutamate
(Figure 3.1A) (Ozier-Kalogeropoulos et al., 1994; Ozier-Kalogeropoulos et al., 1991).
The two halves of this reaction require both the C-terminal glutamine amidotransferase
(glutamine — glutamate + NH3) and the N-terminal amidoligase (ATP + UTP + NH3; —
ADP + CTP) domains of the enzyme (Figure 3.1A).

Ura7p/CTP synthase has several features that make it an ideal model system for
exploring the functional principles underlying intracellular structure formation. First,
extensive studies of CTP synthase regulation in yeast and other organisms have defined
multiple ligands that either stimulate (ATP, GTP, and UTP) or inhibit (CTP) enzyme
activity (Aronow and Ullman, 1987; Endrizzi et al., 2005; Levitzki and Koshland, 1972a;
Levitzki and Koshland, 1972b; Long and Pardee, 1967; Pappas et al., 1998). These
nucleotides regulate catalysis via three distinct mechanisms that control many enzymes:
allosteric activation (GTP), tetramerization (ATP, UTP, CTP), and competitive feedback
inhibition (CTP) (Aronow and Ullman, 1987; Endrizzi et al., 2005; Levitzki and
Koshland, 1972a; Levitzki and Koshland, 1972b; Long and Pardee, 1967; Pappas et al.,
1998). In addition, several phosphorylation sites have been identified that also modulate
enzyme activity (Chang et al., 2007; Choi and Carman, 2007; Choi et al., 2003; Park et
al., 2003; Park et al., 1999; Yang et al., 1996; Yang and Carman, 1996). Mutations that
disrupt each of these regulatory mechanisms have been previously identified and
characterized (Lunn et al., 2008; Whelan et al., 1993; Willemoes et al., 2005). Finally,
multiple prokaryotic and eukaryotic CTP synthases form filaments, arguing that this
property is evolutionarily conserved (Figure 3.2) (Ingerson-Mahar et al., 2010; Liu, 2010;

Noree et al., 2010). Thus, CTP synthase is an excellent proving ground for deciphering
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how classical mechanisms of enzyme regulation are connected to the assembly of
supramolecular structures.

Here we have utilized a structure-guided site-directed mutagenesis strategy to
specifically target the major regulatory sites in CTP synthase (Figure 3.1B and 3.1D) and
assess their role in controlling the frequency of CTP synthase filament/foci formation as
well as filament/foci length. Mutations that perturb a regulatory loop adjacent to the
putative allosteric GTP binding cleft and the ATP, UTP and CTP binding sites stimulate
the frequency of filament/foci formation. Given that ATP, UTP and CTP all stabilize the
catalytically active tetramer of CTP synthase, our results argue that the basic unit of CTP
synthase filaments is the inactive dimeric form of the enzyme. Our studies of filament
length demonstrate that there are two populations of wild type CTP synthase filaments:
very short “foci-like” structures and long filaments. Sites of substrate binding and end-
product inhibition located on the amidoligase domain as well as allosteric activation on
the glutamine amidotransferase domain are key regulators of filament length. A
phosphorylation site on the glutamine amidotransferase domain also plays a role. These
data suggest that both domains of the protein contribute to polymer structure. In contrast,
a non-regulatory mutation that compromises the glutamine amidotransferase active site
has no effect on CTP synthase filament/foci formation or length. In sum, CTP synthase
filament/foci formation and structure are intimately connected with the major

mechanisms used to regulate enzyme activity, but not catalytic function itself.
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Results

CTP synthase filaments exhibit a bimodal length distribution

Previous analyses reporting the discovery of CTP synthase filament formation in
yeast, Drosophila, and bacteria have described filament length of the wild-type enzyme
using a qualitative classification scheme or as a single parameter such as average length
(Ingerson-Mahar et al., 2010; Liu, 2010; Noree et al., 2010). A detailed analysis of Ura7-
GFP filaments under our standard growth conditions for inducing filament formation, i.e.,
growth to saturation (ODgoo > 7) at 30°C in YPD (2% peptone, 1% yeast extract, 2%
dextrose), revealed a bimodal distribution of lengths. The first peak was comprised of
short, foci-like structures (<0.75 um in length; ~31% of the population), while the second
peak was comprised of clearly defined filaments (>0.75 pm in length; ~ 69% of the
population) (Figure 3.3). Thus, in order to provide the most quantitative assessment of the
effects of mutations on filament assembly, we carefully measured two aspects of filament
formation: (1) the frequency, defined as the percentage of cells possessing Ura7p-GFP

filaments/foci, and (2) the length distribution of Ura7p-GFP filaments/foci.

Blocking UTP-mediated tetramerization increases the frequency of CTP synthase
filament formation without altering the length distribution

We first examined whether tetramerization of the enzyme plays a role in CTP
synthase filament formation. In the absence of nucleotides, CTP synthase is a
catalytically inactive, tightly associated dimer (Pappas et al., 1998). In the presence of
ATP, UTP or CTP, two dimers associate to form a tetramer (Figure 3.1C). This

oligomerization event is required for proper function of both the glutamine
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amidotransferase and amidoligase active sites (Pappas et al., 1998). Structural studies
indicate that the dimer and tetramer interfaces are stabilized almost exclusively by polar
and hydrophobic contacts between the amidoligase domains of the component monomers
(Endrizzi et al., 2004; Goto et al., 2004). In the E. coli enzyme, a mutation in the binding
site of the substrate UTP, which lies in the amidoligase domain near the tetramer
interface, has been shown to severely compromise UTP binding and catalytic activity
(Simard et al., 2003). Strains expressing Ura7p-GFP with the equivalent mutation
(G148A) expressed from the endogenous URA7 locus (see Materials and Methods)
displayed a ~2.8 fold increase in the percentage of cells that form filaments/foci as
compared to wild type (Table 3.1; Figure 3.4A). However, neither the median length nor
the length distribution of the filaments was significantly altered by the G148A mutation
(Table 3.1; Figure 3.4B). To determine if the enhanced filament formation caused by
disruption of UTP binding was the consequence of destabilization of the tetramer and/or
blockade of catalytic activity, we exploited previous studies that indicated that mutation
of the active site cysteine of the glutamine amidotransferase domain eliminated enzyme
activity (Figure 3.4A) (Paluh et al., 1985). We found that a strain expressing C404G
Ura7p-GFP showed no significant difference in the number of cells with observable
filaments or in filament length distribution relative to those expressing wild-type (Table
3.1; Figure 3.4A and B). Therefore, since merely inactivating CTP synthase catalytic
activity had no effect on filament formation, we conclude that the increased filament
formation of the G148A mutant is due to decreased UTP-stimulated tetramerization.

These results also argue that Ura7p filaments are comprised of inactive dimers.



55

Increased catalytic activity is not responsible for the block in filament formation
observed in feedback-resistant mutants of Ura7p

Our findings with the UTP binding site mutant led us to re-examine the role of
CTP binding site mutations in regulating filament assembly. We previously found that
the amidoligase domain mutation, E161K, which blocks feedback inhibition of yeast CTP
synthase by CTP, abrogates the formation of full-length filaments, while also causing an
increase in the formation of foci-like structures (Noree et al., 2010). Given this effect, we
decided to use our new quantitative definition of foci and filaments to examine how this
mutation affects the different types of structures that can be formed by CTP synthase.
Analysis of the length distribution of the structures formed by E161K Ura7p-GFP
revealed that when feedback inhibition is blocked, CTP synthase filament formation is
completely disrupted and the enzyme can only form foci (Figure 3.5A and B). This
strongly argues that feedback inhibition regulates the distribution of CTP synthase
between filaments and foci.

The E161K mutation decreases the affinity of the enzyme for CTP, which 1)
negatively impacts tetramerization and 2) increases enzyme activity since CTP is a
competitive inhibitor of the enzyme (Ostrander et al., 1998). This apparently paradoxical
behavior is highly dependent upon CTP concentrations. CTP synthase activity is
stimulated by low concentrations of CTP due to increased tetramerization, whereas it is
inhibited at high concentrations due to the overlap of the CTP and UTP binding sites
(Endrizzi et al., 2004; Long and Pardee, 1967). To separate these two effects, we once
again leveraged the properties of the C404G active site mutation (Figure 3.5A and B). If

the effects of blocking feedback inhibition on filament formation/length are primarily due
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to an increase in CTP synthase activity, we would predict that a Ura7p that is defective
for both feedback inhibition and enzymatic function would form primarily filaments at
the wild-type frequency. Therefore, we constructed a strain that expresses Ura7p-GFP
bearing the feedback resistance mutation, E161K and the inactivating C404G mutation.
Analysis of the length distributions of E161K-C404G Ura7p-GFP filaments indicated that
the double mutant can still only form foci (99% of structures <0.75 um) (Table 3.1;
Figure 3.5A and B). The only difference between E161K Ura7p and the double mutant
was a decrease in the frequency of foci formation to a value that was still significantly
greater than that of wild-type (99% for E161K vs. 64% for E161K-C404G). Thus, we
conclude that product binding regulates the distribution of CTP synthase between foci
and filaments and that this effect is not dependent on competitive inhibition of catalytic
activity. Further, the increased propensity of the E161K Ura7p to form foci, like that of
the G148A mutant to form filaments, suggests that these mutations increase structure
formation frequency via their common ability to inhibit nucleotide-stimulated

tetramerization of the amidoligase domain.

Mutations in the ATP binding site of CTP synthase increase filament formation

We next investigated the role of the final nucleotide known to modulate tetramer
formation, the substrate ATP. In the crystal structure of the ADP/CTP bound form of the
E. coli CTP synthase (Endrizzi et al., 2005), the carboxylates of D72 and E140 (located
in the amidoligase domain) chelate a magnesium ion that binds the B-phosphate of ADP.
Hence, we predict that mutation of the equivalent residues in Ura7p (D70 and E146)

should compromise ATP binding and hydrolysis. Strains expressing D70A and E146A
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Ura7p-GFP exhibited a ~2-fold increase in the numbers of cells containing filaments
(Table 3.1; Figure 3.6). In addition, the D70A and E146A mutant filaments were 15%
shorter and 16% longer than wild-type. Not only do these results further support the role
of tetramerization in filament formation frequency, they also highlight another region of

the amidoligase domain involved in filament structure.

The allosteric GTP binding site regulates both the frequency of formation and the
length of CTP synthase filaments

GTP is unique amongst the four nucleotide regulators of CTP synthase activity in
that it is neither a substrate nor a product of CTP synthase. Instead, GTP is a positive
allosteric regulator that acts to increase the rate of catalysis (k.,) of the glutamine
hydrolysis reaction (Levitzki and Koshland, 1972b; Willemoes et al., 2005). Multiple
mutations that alter allosteric regulation of the enzyme have been identified in the L11
loop of CTP synthase, a mobile segment of the protein adjacent to the allosteric GTP
binding cleft. Based on structural homology to the small GTP binding proteins, EF-Tu
and EF-G, as well as other related glutamine amidotransferases, this loop has been
proposed to form a “lid” that closes over the active site to enhance catalysis (Endrizzi et
al., 2004; Willemoes et al., 2005). To ask whether the L11 lid plays a role in Ura7p
filament formation, we first focused on analyzing the effects of two L11 lid mutants,
R381M and R381P, which inhibit GTP binding and activation of CTP synthase from L.
lactis (Figure 3.7A) (Willemoes et al., 2005). Strikingly, yeast strains that express either
R381M or R381P Ura7p-GFP exhibited a ~3 fold increase in the number of cells forming

filaments, compared to strains expressing wild type Ura7p-GFP (Table 3.1; Figure 3.7B).



58

Furthermore, the filaments formed by both mutants were significantly longer than those
formed by wild type Ura7p-GFP. Indeed, the R381M mutation caused a 33% increase in
median filament length, while the R381P mutation caused a 15% increase (Table 3.1).
Indeed, 86% and 82% of structures formed by the R381M and R381P mutant CTP
synthases, respectively, were longer than 0.75 pm (both percentages were greater than the
69% of structures that are >0.75 pm in wild type) (Figure 3.7B).

To further explore the importance of the L11 lid in filament formation, we
characterized a third mutant, G382A, which in L. lactis CTP synthase increases the
capacity of GTP to stimulate glutamine amidotransferase activity (Willemoes et al.,
2005). Interestingly, when this mutation was introduced into Ura7p, it, like the R381
mutations, caused a ~2.2 fold increase in the number of cells with filaments/foci (Figure
3.7B), however the median length of the filaments was shortened by 25% (Table 3.1;
Figure 3.7C). This change in median length was also reflected in a shift in the distribution
of structures from long filaments to short foci, with only 54% of the structures formed by
G382A Ura7p-GFP having a length >0.75 pm as compared to 69% of structures formed
by wild type Ura7p-GFP. We conclude that the L11 lid contributes to regulating of both
the frequency of filament formation and filament length. Moreover, activating and
inactivating mutations in the allosteric control region of CTP synthase have opposing

effects on filament length.

Phosphorylation is not a major regulator of CTP synthase filament formation
Yeast CTP synthase filament formation is potently stimulated by the kinase

inhibitor staurosporine (Noree et al., 2010). This suggested to us that phosphorylation of



59

CTP synthase might play a direct role in regulating filament formation. Previous studies
identified four major phosphorylation sites in yeast Ura7p, S36, S330, S354, and S424,
that affect its catalytic activity (Choi et al., 2003; Park et al., 2003). Specifically,
phosphorylation at S36, S354, or S424 stimulates Ura7p catalytic activity, while
phosphorylation at S330 inhibits enzyme activity (Choi et al., 2003; Park et al., 2003). To
determine whether any of these phosphorylation sites play a role in regulating filament
formation, we generated yeast strains expressing mutant forms of Ura7p-GFP where
single phosphorylation sites were inactivated by changing the serine in the site to alanine.

The S36A mutation caused a ~2-fold decrease in the frequency of filament
formation (13.9% vs. 26% for WT), but had little effect on the length of the filaments
formed (Figure 3.8A and B). This result suggested that phosphorylation at S36, in
particular, might be required for efficient filament assembly. To test this possibility, we
changed S36 to either aspartate or glutamate, two amino acid changes that are often used
to mimic phosphorylation at serine. If phosphorylation of S36 were required for efficient
nucleation of filaments, we would expect that these mutations would increase the
frequency of filament formation. However, both the S36D and S36E mutations caused a
~5-fold decrease in the frequency of filament formation (Table 3.1). This result suggests
that either the S36D and S36E mutations do not properly mimic phosphorylation at S36
or, alternatively, that S36 is merely an important residue for initiating filament formation
independent of its phosphorylation state. In the E. coli CTP synthase crystal structure
(Endrizzi et al., 2004), the equivalent residue, 138, is completely buried behind the ATP

binding site. Therefore, it is likely that the S36 mutations are perturbing the structure of
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CTP synthase (and filament formation) via alterations in hydrophobic packing (S36A
mutation) or the introduction of a buried charge (S36D and S36E mutations).

In contrast, changing serines S354, S424, or S330 to alanine had no effect on the
frequency of cells showing filament formation (Figure 3.8A). However, the S354A
mutation caused a significant shift in the length distribution toward shorter structures,

suggesting S354 might play a role in length control (Table 3.1; Figure 3.8B).
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Discussion

The discovery of large numbers of enzymes that assemble into distinct
intracellular structures in response to specific metabolic conditions has suggested that the
formation of these structures is connected to the regulation of their enzyme activity. In
order to address this, we have used the highly conserved filament forming behavior of
CTP synthase as a test case to determine how enzyme activity is connected to filament
formation. Yeast CTP synthase is activated by GTP-induced allosteric changes,
ATP/UTP/CTP-induced tetramerization, and it is inhibited by CTP via feedback
repression (Pappas et al., 1998). Phosphorylation has also been found to both positively
and negatively regulate enzyme activity (Choi et al., 2003; Park et al., 2003). Here, we
have systematically mutated sites required for these forms of enzyme regulation to assess
their role in controlling CTP synthase filament formation. These studies revealed that the
regulation of CTP synthase activity is tightly coupled to the control of filament formation
and/or filament length. Furthermore, our results argue that CTP synthase filaments are
comprised of an inactive form of the enzyme. Since many enzymes that form
foci/filaments are regulated by mechanisms similar to those that control CTP synthase,
our work suggests that the close coupling of enzyme activity to filament assembly may be
a general feature of this class of metabolic enzymes.

Strikingly, our studies found that a mutation in the UTP binding site that blocks
tetramerization increases the frequency of filament formation without altering the length
distribution of the filaments. Since only the tetrameric form of CTP synthase is active,
this is strong evidence that CTP synthase filaments are comprised of the inactive form of

the enzyme. The finding that an active site mutation that blocks catalytic activity has no
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effect on filament length or frequency suggests that it is not the loss of catalytic activity
that drives filament formation, but the shift towards dimers that is responsible for the
observed effects. These data are consistent with the fact that two mutations engineered to
cripple binding of ATP (D70A and E146A) and hence tetramerization also increase
filament formation but do not affect filament length (not shown).

While the model of a CTP synthase filament comprised of dimers is an attractive
one, our studies of the L11 lid suggest that there are additional conformational changes
that are required for efficient filament formation. All of the mutations in the L11 lid that
we analyzed increased the frequency of filament formation suggesting that the
conformation of this domain clearly contributes to the regulation of filament formation.
Both mutations that prevent allosteric regulation by GTP, as well as one that causes
increased activation by GTP, increase filament formation. However, they have opposite
effects on filament length. This suggests that there are specific conformational changes
within the L11 lid and likely other parts of the glutamine amidotransferase domain that
affect the ability of CTP synthase to form either long filaments or short foci.

Another major site for controlling the length distribution of CTP synthase
filaments is the feedback inhibition site. An E161K mutation blocks CTP binding to CTP
synthase causing a corresponding increase in enzyme activity due to the loss of feedback
inhibition by CTP as well as a decreased tendency to tetramerize. Our quantitative
analysis of this mutation revealed that it completely eliminates filament formation,
producing only foci and further causing an increase in the frequency of foci formation.
Furthermore, our analysis of an Ura7p double mutant that has lost both feedback

inhibition (E161K) and is catalytically defective (C404G) found that catalytic activity is
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not required for the loss of filament formation, arguing that the increase in enzyme
activity is not responsible for the block in filament formation. Thus, like the UTP/ATP
substrate binding sites, the product feedback inhibition site probably increases the
frequency of structure formation via effects on tetramer formation. Further, like the
allosteric L11 lid, this site also plays a critical role in controlling filament
length/structure.

Interestingly, while disruption of tetramerization, allosteric regulation, and
feedback inhibition all appear to have strong effects on filament formation, only one of
the four phosphorylation site mutations, S354A, had effects on filament formation that
could not be attributable to the likely disruption of the CTP synthase structure. S354
appears to contribute to the control of filament length since the S354A mutation caused
an increase in foci relative to filaments, while leaving the frequency of filament
formation unaltered. Intriguingly, this residue is located on a surface loop ~10-15 Afrom
the L11 lid on the same face of the glutamine amidotransferase domain, further
suggesting that this domain plays a critical role in filament structure.

In sum, our results argue that the mechanisms that control CTP synthase activity,
allosteric changes, tetramerization, feedback inhibition and phosphorylation, are also
regulators of both the length of CTP synthase filaments and number of CTP synthase
filaments that form. These data would be consistent with a model of a CTP synthase
polymer in which inactive dimers of the enzyme interacted via the surface of the
glutamine amidotransferase domain containing the L11 lid and the surface of the
amidoligase domain near the CTP binding site. Further structural studies will be required

to confirm this proposal. The regulation of supramolecular complex formation in other
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enzymes may be similarly coupled to the known mechanisms for regulating the activity

of those enzymes.
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Materials and Methods

Media and Yeast Strains

All yeast strains were derived from a parent strain with the genotype MATa
his3A1 leu2A0 met1SA0 ura3A0 (S288C). Strains with GFP tagged genes were from the
yeast GFP collection (Howson et al., 2005). All yeast strains were grown at 30°C in YPD
(2% peptone, 1% yeast extract, 2% dextrose) unless otherwise indicated.

URA7-GFP plasmids were constructed with standard molecular biology
techniques. A DNA cassette containing URA7::GFP plus 501 base pairs of flanking
sequence was amplified by PCR from genomic DNA isolated from yeasts containing
URA7::GFP (from the yeast GFP collection, Invitrogen™) using JW1064 and JW925
(sequences available on request). This URA7-GFP cassette was then subcloned into a
pRS403 plasmid (a gift from Dr. Randy Hampton). The resulting plasmid, named JW206
(created by Dr. Brian Sato), was then used as a base plasmid for generating mutations in
the URA7 gene by PCR-based site-directed mutagenesis (Noree et al., 2010), which were
then validated by sequencing.

To introduce URA7::GFP variants into the endogenous URA7 locus in yeasts, the
mutant plasmids were used as templates to PCR amplify a cassette containing coding
region of ura7::GFP, a copy of HIS3 sequence (selectable marker) and a sequence
homologous to 50 bps downstream of the URA7 stop codon (required for homologous
recombination at the endogenous URA7 locus). Yeasts were transformed with the purified

PCR product of the ura7::GFP cassette via the heat shock method (Noree et al., 2010),
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incubated overnight at 30°C, then replica plated onto histidine-dropout plates. All yeast

mutants were verified by DNA sequencing (Eton Bioscience and Retrogen).

Quantitation of URA7-encoded CTP synthase foci/filaments

Wild type or mutated URA7::GFP strains were grown in 5 ml YPD at 30°C with
shaking for 1 day. Cells were fixed by adding 100 ul of 37% w/v formaldehyde to 1 ml of
yeast liquid culture, incubated on a rotating platform for at least 15 min at room
temperature, collected by centrifugation at 6000 rpm for 1 min, and washed once with
sterile water. The cells were then resuspended in 1M sorbitol. A slide was prepared by
pipetting a few microliters of the cell suspension onto a slide, which was then covered by
a cover slip, inverted and some pressure applied on the slide to allow excess liquid to be
removed from the sample to improve imaging.

In order to determine the percent of cells containing Ura7p-GFP structures, 5
different areas were selected (~50 cells/area) for counting using a Zeiss Axiovert 200M
microscope with a 100X Plan-Apochromat 100X/1.40 Oil objective lens. The total
number of cells and the number of cells with Ura7p-GFP structures were counted and
reported as a percentage of cells showing Ura7p-GFP foci/filaments. Experiments were
repeated five times for graphing and statistical analysis (Mean £ SEM).

For analysis of the length distribution of Ura7p-GFP foci and filaments, imaging
was performed using a DeltaVision® system with an Olympus IX70 microscope,
Olympus PlanApo 60X/1.40 Oil objective, and SoftWoRx'™ software version 2.5
(Applied Precision). At least 10 areas on the slide were randomly picked. For each,

images in the Z-axis were taken every 0.2 microns over ~1-2 microns. Each was then
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deconvolved and compressed into a single image. The processed images were then
quantified using Fiji, a public domain image-processing tool (available online at
http://fiji.sc/). Each image was transformed into 8-bit format, adjusted to the threshold
with a setting at 30, 255. The foci and filaments in each image were computed via the
function “Analyze Particles” excluding structures with size less than 0.01 um?. The value
of the ‘major axis’ of each Ura7p-GFP structure was collected for preparing a graphic
distribution of Ura7p-GFP foci and filaments (>100 structures were analyzed per mutant
per repeat). Three independent experiments were done for each condition or mutation.
Statistical analysis was performed using Prism 6 (GraphPad Software Inc.). One-way
anova was used to test if there was a statistically significant difference between wild-type

and each mutant in the length distribution of Ura7p-GFP structures.

Protein sample preparation and Western blot analysis

Whole cell extract was obtained by growing yeasts URA7(WT)::GFP or
ura7(mt)::GFP in 5 ml YPD at 30°C with shaking for 1 day. Yeast liquid culture with 2.5
ODgoo was harvested by centrifugation at 6000 rpm for 1 min and resuspended in 100 pl
sterile water. Cell suspension was treated with 100 pl of 0.2 N NaOH. After 5-min
incubation at room temperature, cells were collected by centrifugation at 6000 rpm for 1
min. SDS-PAGE loading buffer (with 1X Protease Inhibitor Cocktail, Sigma) was added
to the cell pellet. After vortexing vigorously and boiling for 5 min, protein sample was
spun down at 10,000 rpm for 1 min and resolved by 10% SDS-PAGE. Proteins were
transferred from the acrylamide gel to a nitrocellulose membrane by electroblot (Owl

HEP-1, Thermo Scientific). Then standard protocol for Western blot was performed. To
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detect WT or mutant Ura7p-GFP, 1:5,000 rabbit anti-GFP (Torrey Pines Biolabs Inc.)
was used as a primary antibody and 1:10,000 ECL™ donkey anti-rabbit IgG, horseradish
peroxidase-linked whole antibody (GE Healthcare UK Limited) as a secondary antibody.
For internal loading control detection, 1:10,000 mouse anti-3-phosphoglycerate kinase
(yeast) IgG; monoclonal antibody (Invitrogen) was used as a primary antibody and
1:2,500 ECL™ sheep anti-mouse IgG, horseradish peroxidase-linked whole antibody
(GE Healthcare UK Limited) as a secondary antibody. Results of Western blots, analysis
of relationship between expression level and structure formation frequency, and analysis
of expression level and length of mutant Ura7p-GFP structures, relative to those of wild

type are shown in Figure 3.9.
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Figure 3.1 CTP biosynthetic reaction, monomeric structure, oligomerization, and structural
domains of Ura7p with mutations included in this study

CTP biosynthesis requires ammonia which can be obtained by hydrolysis of glutamine,
taking place in glutamine amidotransferase (or glutaminase) domain of CTP synthase. The
amidoligase (or CTP synthase) domain is responsible for phosphorylation of UTP by ATP. Then
the ammonia is transferred from glutamine amidotransferase domain to amidoligase domain,
reacts with activated phosphorylated UTP, resulting in CTP production (A). 3D structure of
monomeric bacterial CTP synthase with the labels on its critical residues (corresponding positions
on the yeast sequence indicated in parentheses) (G148, tetramerization interface; C404, catalytic
site in glutamine amidotransferase domain; R381 and G382, GTP binding sites) (B). Dimeric and
tetrameric states of CTP synthase are depended on the availability of nucleotide-Mg complexes
(C). Interfering mutations, included in this study, are highlighted with arrows: ATP binding site
(red), CTP binding site (green), GTP binding site (blue), catalytic stie (purple), tetramerization
interface (brown), phosphorylation sites (black) (D).



71

Figure 3.2 Conservation of CTP synthase filaments

CTP synthase filament is evolutionarily conserved in yeast (Ura7p-GFP; A), Drosophila
(CTP synthase-GFP from The Carnegie Protein Trap library, actin stained in red; B), and rat
hippocampal neurons (CTP synthase stained in green, axon in red; C).
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Figure 3.3 Two populations of CTP synthase structures in budding yeast

Histogram of length distrubution (n = 620) of wild-type Ura7p-GFP (A). Based on the
histrogram, two populations of Ura7p-GFP structures have been existed; structures shorter than
0.75 microns and structures equal or longer than 0.75 microns (B).
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Figure 3.4 Analysis of yeast expressing WT, G148A, and C404G Ura7p-GFP

Representative images and percentage of cells with of WT/ G148A/ C404G Ura7p-GFP
structures (A). Percentage of foci and filaments of WT, G148A, and C404G Ura7p-GFP on the
basis of 0.75 uM cutoff (B).
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Figure 3.5 Analysis of yeast expressing E161K and E161K-C404G Ura7p-GFP

E161K mutation makes CTP synthase deficient in feedback inhibition by CTP. Whereas
C404G mutation makes CTP synthase defected in glutamine hydrolysis (step 1 of CTP
biosynthetic reaction). Representative images and percentage of cells with WT/ E161K/ E161K-
C404G Ura7p-GFP structures (A). Percentage of foci and filaments of WT, E161K, and E161K-
C404G Ura7p-GFP on the basis of 0.75 uM cutoff (B).
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Figure 3.6 Analysis of yeast expressing E146A and D70A Ura7p-GFP

E146A and D70A mutations make CTP synthase defected in the binding of ATP to the
enzyme. Representative images and percentage of cells with WT/ E146A/ D70A Ura7p-GFP
structures (A). Percentage of foci and filaments of WT, E146A, and D70A Ura7p-GFP on the
basis of 0.75 uM cutoff (B).
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Figure 3.7 Analysis of yeast expressing R381M, R381P, and G382A Ura7p-GFP

R381 and G382 are GTP binding sites. Representative images and percentage of cells
with WT/ R381M/ R381P/ G382A Ura7p-GFP structures (A). Percentage of foci and filaments of
WT, R381M, R381P, and G382A Ura7p-GFP on the basis of 0.75 pM cutoft (B).
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Figure 3.8 Analysis of yeast expressing S330A, S354A, S424A, and S36A Ura7p-GFP
S330, S354A, S424A, and S36 are phosphorylation sites. Representative images and
percentage of cells with WT/ S330A/ S354A/ S424A/ S36A Ura7p-GFP structures (A).
Percentage of foci and filaments of WT, S330A, S354A, S424A, and S36A Ura7p-GFP on the
basis of 0.75 uM cutoff (B).
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Figure 3.9 Frequency and length of Ura7p-GFP structures (WT and mutants) are not

influenced by their expression levels

Western blots of WT and mutant Ura7p-GFP (A). Expression level versus frequency of
structure formation of mutant Ura7p-GFP (B). Expression level versus median length of mutant
Ura7p-GFP structures (B). Fold-change is calculated, relative to expression level, frequency, and

length of WT Ura7p-GFP.
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Table 3.1 Summary for frequency of Ura7p-GFP assembly, fractions of foci and filaments,

average and median lengths of structures, and total number of structures used for analysis
Median Total no. of

% Cells with Average length of

Mutants  Description % Foci % Filaments length of structures
structures structures

structures analyzed
WT 26.03+1.72 30.63 +3.24 69.37 +3.24 1.053 + 0.039 um 1.059 pm 620
G148A Tetramerization 72.08 £ 9.90 27.80 £3.36 72.20 +3.36 1.150 +0.018 pm 1.179 pm 519
C404G Catalytic site 29.13+2.57 29.11+£0.93 70.89 + 0.93 1.030 +0.016 pm 1.043 pm 385
E161K CTP binding site 99.86 + 0.09 98.47 £ 0.59 1.53+£0.59 0.363 +0.018 pm 0.359 pm 784
lé:gi'é Ccagy";ll'cldslﬁf site & 64311443  9941+030  0.59+0.30 035540007 um  0.347 um 322
E146A ATP binding site 56.91 +3.98 26.99 + 3.46 73.01 +3.46 1.171 +0.027 pm 1.233 pm 431
D70A ATP binding site 54.69 +4.08 36.40 + 4.24 63.60 + 4.24 0.893 + 0.048 pm 0.895 pm 402
R381M GTP binding site 86.37 +2.69 13.90 +3.13 86.10 +3.13 1.370 + 0.036 um 1.407 pm 415
R381P GTP binding site 81.91 +6.61 17.92 +1.59 82.08 + 1.59 1.202 + 0.022 pm 1.216 pm 388
G382A GTP binding site 58.16 + 4.80 46.00 + 9.86 54.00 + 9.86 0.828 + 0.067 um 0.789 pm 480
S330A Phosphorylation site 28.18 + 1.86 39.86 £ 3.50 60.14 £ 3.50 0.905 + 0.042 pm 0.887 pm 315
S354A Phosphorylation site 27.77+2.70 46.20 +2.39 53.80 £2.39 0.806 + 0.027 pm 0.778 pm 431
S424A Phosphorylation site 24.33 +£3.57 36.50 £3.54 63.50 £ 3.54 0.911 + 0.040 pm 0.887 pm 404
S36A Phosphorylation site 13.90 + 3.92 36.20 £ 0.16 63.80£0.16 0.913 £ 0.031 pm 0.905 pm 395
S36D Phosphorylation site 6.084 £ 1.04 N/A N/A N/A N/A N/A
S36E Phosphorylation site 5.346 £ 1.37 N/A N/A N/A N/A N/A

Note: % Cells with structures was collected by counting 250-300 cells grown for 1 day and fixed
with 3.36% formaldehyde. The experiments were repeated for 5 times and the average = SEM
was calculated. % Foci and % Filaments were obtained by imaging cells grown for 1 day and
fixed with 3.36% formaldehyde with DeltaVision system. Imaging was done for 3 independent
repeats (Except WT = 6 repeats). Deconvolved and compressed images were analyzed by Fiji and
the structures with length less than 0.75 um were defined as foci, more or equal to 0.75 um as
filaments.
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Regulation of metabolic pathways via assembly into
higher-order complexes
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Abstract

In mammals, all six enzymes involved in de novo purine biosynthesis have been
shown to assemble together into a single cytoplasmic structure, termed the purinosome.
Here we demonstrate that in yeast, all of the de novo purine biosynthetic enzymes do not
assemble into a single purinosome-like structure. Rather, we observe that only the
enzymes at the nodes or branch points of the purine biosynthetic pathway and the
enzymes catalyzing PRPP biosynthesis (PRPP is a starting precursor fed into de novo
purine biosynthetic pathway) are capable of assembly. Colocalization experiments reveal
that none of the enzymes possessing this assembly property are present in the same
structures. The exceptions are Prs3p, co-assembled with PrsS5p, and Adel6p with
Adel7p, as they are structurally and functionally related. Media shift experiments
showed that the kinetics of assembly and disassembly of each enzyme are different.
Aded4p, catalyzing the first committed step of the de novo purine biosynthetic pathway,
assembled when adenine was absent from the media, but failed to assemble when both
adenine and glucose were absent. This suggests that Ade4p requires its substrate ‘PRPP’
for its assembly and, further, that assembly is how the Adedp proteins re-organize to
stimulate their productivity so that the purine nucleotides can be made. This is supported
by a K333Q mutant form of ADE4, which makes the enzyme resistant to feedback
inhibition, and caused an increase in Ade4p assembly. In contrast, the upstream enzymes,
Prs3p and Prs5p, assembled under resting growth stage or in glucose-limiting conditions,
which suggests that assembly of Prs3p and Prs5p is the means to sequester the enzymes
so that they cannot perform their functions. It is not necessary to have all PRPP synthases

subunits (Prs1-5p) for making the enzyme complexes to be functional. We conclude that
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the assembly and disassembly of individual enzymes at the nodes in a biosynthetic
pathway could be a novel cellular process to organize and regulate enzyme activity.
Disorders in assembly/disassembly of metabolic enzymes may cause diseases in higher

eukaryotes.
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Introduction

The spatial organization and compartmentalization of biochemical reactions is a
central theme of cell biology (LeDuc and Bellin, 2006; Luisi, 2002). However, while this
concept has been developed and elaborated on for numerous membrane-bound
organelles, such as mitochondria (Lenaz and Genova, 2009) and peroxisomes (Veenhuis
et al., 2000), relatively little is known about how metabolic enzymes and pathways are
organized within the cytoplasm.

Naturally occurring complexes of two or more enzymes catalyzing consecutive
steps in a certain pathway have been identified and characterized, for example, enzymes
involved in purine nucleotides, carbon, or fatty acid metabolism (An et al., 2008;
Campanella et al., 2005; Ishikawa et al., 2004). As complexes, their activity and
productivity has been shown to be significantly increased over the free enzyme. Together
with the findings that the intermediate metabolites cannot be detected upon co-assembly
of enzymes, it has been proposed that the juxtaposition of enzymes provides substrate
channeling/tunneling so that the intermediate metabolites are not diffusing away and can
directly be metabolized by the proximate enzymes in the following steps. This would be
very advantageous in case the intermediates are highly toxic, unstable, labile, diffusible,
secretory, or competitively hunted by other enzymes in different pathways (Conrado et
al., 2008; Dunn, 2012; Lee et al., 2012; Zhang, 2011).

The evolution of multi-domain enzymes possessing multiple functions are the
evidence of evolutionary gene/protein fusions that have occurred to better improve the
metabolic productivity (Pasek et al., 2006). Also, the oligomerization of allosteric

enzymes is utilized to regulate enzyme activity by providing a microenvironment suitable
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for the binding of substrates, cofactors, and allosteric effectors or inhibitors to the
enzymes (Fairman et al.,, 2011; Kim and Raushel, 2001). The posttranslational re-
organization of metabolic enzymes is also known to be crucial for cells to respond to
rapid changes in the extracellular environments (An et al., 2008; Buchan et al., 2008;
Narayanaswamy et al., 2009; Noree et al., 2010).

However, less attention has been paid to the possibility of assembly of metabolic
enzymes into large intracellular structures until visual screens of the yeast GFP collection
were conducted under several conditions (Narayanaswamy et al., 2009; Noree et al.,
2010). A number of proteins that assemble into cytoplasmic structures have been
identified. The conditions for triggering their assembly are diverse for individual
proteins. The observed assembly can be reversible in a quick response, suggesting that
assembly is not the result of transcriptional/translational induction. It is thus possible that
the assembly of metabolic enzymes is an important regulatory process that modulates
enzyme activity, either in a positive or a negative manner.

Previous work on de novo purine biosynthesis found that the core enzymes in the
pathway assemble together into a single structure, subsequently named the purinosome
(An et al., 2008). To determine whether purinosome found in mammals is also conserved
in yeast, we examined all the yeast enzymes that are orthologs of proteins that comprise
the purinosome for the ability to form structures (Figure 4.1). We further extended this
investigation to the enzymes located upstream and downstream of the core enzymes of de
novo purine biosynthesis that form the purinosome in mammals (i.e., PRPP/AXP/GXP
biosynthesis). We performed colocalization experiments to test the substrate channeling

concept for purinosome-like structures in yeast. We further performed media shift
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experiments and epistasis analyses to ask whether high-order structures are formed as a
means of enzyme regulation. Overall, we have found that purinosome does not exist in
yeast. However, enzymes at the nodes of the de novo purine biosynthetic pathway are
capable of assembly into independent structures. Their assembly/disassembly is regulated
individually by feedback inhibition of the enzymes and/or metabolic flux. Thus, the
assembly of metabolic enzymes might be a common phenomenon to organize and
regulate enzyme activity, depending on the cellular demand for the corresponding

metabolites.
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Results

Enzymes that act at nodes in the purine biosynthetic pathway assemble into distinct
visible intracellular structures

Previous work on the de novo purine biosynthetic pathway in mammals found that
a subset of enzymes assembled into a common structure in response to purine deprivation
(An et al., 2008). This structure, the purinosome, is believed to accelerate purine
biosynthesis by facilitating substrate channeling between consecutive steps in the
pathway. Several visual screens for metabolic enzymes that self-assemble in response to
nutrient deprivation in yeast also identified multiple purine biosynthetic enzymes that are
present in large intracellular structures, suggesting that the purinosome might be a highly
conserved metabolic regulatory structure. To test this possibility, we used the yeast GFP
strain collection (Huh et al., 2003) to determine whether each of the enzymes in the de
novo purine biosynthesis were capable of recruitment into intracellular structures and
what growth conditions triggered the recruitment. The percentage of cells with GFP-
labeled structures for each tagged enzyme was determined during log phase growth, as
well as in cultures grown for 1, 3, or 5 days. As shown in Figure 4.2, the majority of
purine biosynthetic enzymes displayed little if any assembly behavior (i.e. structures in
<5% of cells). However, four biosynthetic enzymes, PRPP synthetase (Prs3p, Prs5p),
phosphoribosylpyrophosphate amidotransferase (Ade4p), bifunctional 5-aminoimidazole-
4-carboxamide ribonucleotide transformylase/IMP cyclohydrolase (Adel6/17p), and
adenylosuccinate synthase (Adel2p) assembled into visible structures in 30-50% of cells

under at least one growth condition. The fact that these four enzymes do not act on
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consecutive steps, coupled with the observation that most of the yeast orthologs of
enzymes that comprise the mammalian purinosome do not form structures, argues that
the purinosome is not a broadly conserved structure.

One concern with our screen is that the GFP tag might alter the structure or
function of the proteins causing them to form structures. We tested this possibility in two
ways. First, we generated yeast strains in which each of the proteins identified in our
screen was tagged at the C terminus with an HA epitope, instead of GFP. All of the HA-
tagged proteins (Prs3p, Prs5p, Adedp, Adel6p, Adel7p, and Adel2p) formed structures
(Figure 4.3), similar to those we observed with the GFP tagged protein (Figure 4.2),
arguing that GFP was not responsible for causing these proteins to assemble into
filaments or foci.

As a second assay for the effects of the tag on the function of the proteins, we
tested whether the GFP-tagged version of each protein caused phenotypes associated with
impaired protein function. Ade4p and Adel2p are both required for growth in the absence
of adenine. GFP-tagging either of these proteins at the endogenous locus did not affect
growth on adenine drop-out plates arguing that the addition of GFP did not alter the
function of these proteins. Adel6p, while non-essential, is one of two genes that encode
the bifunctional 5-aminoimidazole-4-carboxamide ribonucleotide transformylase/IMP
cyclohydrolase in S. cerevisiae, and the adel6A adel7A double mutant is a purine
auxotroph. We took advantage of this synthetic auxotrophy to examine the effects of the
GFP tag on Adel7p function. To do this, we created an adel6A deletion in an
ADE17::GFP background. The ADE17::GFP; adel6A yeast strain was able to grow on

adenine drop-out plates (not shown), arguing that the GFP tag did not alter the function of
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the Adel7p. From these experiments, we conclude that the ability to form structures is
not dependent on GFP and that the GFP tag does not affect protein function for the six

proteins in the de novo purine biosynthetic pathway identified in our screen.

Higher order assembly is not used for substrate channeling or to coordinate activity
at distinct nodes

While the four enzymes that are capable of recruitment into structures do not act
on consecutive steps in purine biosynthesis, we found that they were also not randomly
distributed throughout the pathway. PRPP synthetase produces PRPP for utilization by
Adedp, which is the first committed step in purine biosynthesis. Similarly, Adel6/17p
produces IMP for use by Adel2p, the first committed step in AMP biosynthesis. Indeed,
the four enzymes that assemble into structures act at key decision points in the de novo
purine biosynthetic pathway. This observation suggested two possibilities. Yeast could
possess a minimal purinosome where pairs of enzymes that act at key regulatory steps in
the pathway co-assemble. Alternatively, self-assembly of single enzymes into a higher
order structure could be a mechanism for regulating enzyme activity.

In order to distinguish between these two models, we performed pair-wise co-
localization experiments between Prs3p, Prs5p, Adedp, Adel6p, Adel7p, and Adel2p in
which one protein was tagged with GFP while the second was tagged with mCherry
(Figure 4.4). We did not observe co-localization for most enzyme pairs. In only for only
two pairs did we see colocalization: Prs3p and Prs5p, which are both subunits of PRPP
synthetase, and Ade6p and Adel7p, which are isozymes of the bifunctional 5-

aminoimidazole-4-carboxamide ribonucleotide transformylase/IMP cyclohydrolase.
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These results argue that the assembly of these enzymes into large structures is not a
strategy for substrate channeling, since enzymes that act on different steps are not found
in the same structure. Thus, there is no evidence for even a minimal purinosome. The
results also argue that the structures formed are not for coordinating enzyme activity at
different decision points within the same pathway, because only one enzyme activity is

found in each structure observed.

The higher order assembly of enzymes is not part of a generalized response to
metabolic stress

The failure of enzymes in the yeast de novo purine biosynthetic pathway to
assemble into a purinosome-like structure suggested that self-assembly into higher order
structures had functions apart from substrate channeling. Nutrient deprivation is known to
induce the assembly of a number of cytoplasmic structures in yeast, such as the
processing body (Buchan et al., 2008; Teixeira et al., 2005). If self-assembly of these
enzymes were part of a general response to metabolic stress, we would expect self-
assembly of all of the enzymes in the purine biosynthesis pathway to be coordinately
regulated by the same set of nutrient conditions. To test this possibility, we examined
whether Prs3p, Prs5p, Adedp, Adel6p, Adel7p, and Adel2p assemble with the same
kinetics in cultures undergoing log phase growth, as well as cultures grown for 1 day, 3
days, and 5 days. The results will be discussed in the next section.

First, we addressed a related possibility: one concern was that the intracellular
structures formed by these PRPP and purine biosynthetic enzymes might be the

aggregates of mis-folded proteins. To rule out this argument, we made double-
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fluorescently labeled yeast strains. One of the chaperone components (Ssalp or Hsp104p)
was tagged with GFP, whereas the purine or PRPP biosynthetic enzyme to be tested was
tagged with mCherry. We found, however, that the cellular localization of the chaperone
machinery did not superimpose or overlap with that of any purine and PRPP biosynthetic
enzymes, with the exception of the Adel6/17p structure. However, single deletion of
HSP104 or SSAI genes had no effect on Adel6/17p structure formation. These results
argue that the assembly of purine and PRPP biosynthetic enzymes into structures is not

due to the stress/unfolded protein response (Figure 4.5).

PRPP and purine biosynthetic enzymes possess different Kinetics of assembly
Typically, at log phase growth, the assembly of de novo purine biosynthetic or
PRPP biosynthetic enzymes into structures was never observed (Figure 4.2). Moreover,
the each enzyme has a distinct temporal pattern of assembly in yeast cultures. Ade4p,
which catalyzes the first committed step of the de novo purine biosynthesis, was the only
enzyme that exhibited a high frequency of assembly (32%) upon transition from log
phase to saturation (1-day) (Figure 4.2, middle panel). In contrast, Adel6p and Adel7p,
two redundant isozymes that catalyze the last two steps of IMP production, showed the
most abundant structures at stationary phase (5-day), with 39% and 19% of cells having
structures, respectively (Figure 4.2, middle panel). Adel2p, the enzyme located at the
branch point prior to AMP biosynthesis, also showed assembly into the most structures at
stationary phase (82%) (Figure 4.2, bottom right panel). Prs3p and Prs5p, located one-
step upstream of de novo purine biosynthetic pathway, producing PRPP as a precursor for

Ade4p, were found to assemble into structures in a continuously increasing manner as
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cells were grown for a longer period of time (Figure 4.2, top panel). Thus, the kinetics of
assembly of these purine and PRPP biosynthetic enzymes differ from enzyme to enzyme.
These observations also argue that the assembly of de novo purine biosynthetic enzymes

acting at nodes in the pathway is regulated by distinct metabolic conditions.

Intracellular structures of Prs3p, PrsSp, Aded4p, Adel6p, Adel7p, and Adel2p
disassemble in a glucose-dependent manner

Since most of the enzymes above assembled into structures at stationary phase,
nutrient-limited conditions could well be critical regulators of their assembly. First, we
tested whether a change in carbon source could affect the assembly/disassembly of these
enzymes (Figure 4.6). Cells grown for 5 days were shifted to several glucose-
supplemented or no glucose conditions for 30 minutes. This is less than doubling time of
actively dividing yeasts, thus the observed effects should not be due to the
transcriptional/translational issue, as evident in Figure 4.7. The presence of glucose gave
rise to rapid disassembly, as seen by shifting cells to fresh YPD, adding glucose to the
culture directly, or shifting to water with glucose only (Figure 4.6). In contrast, any
conditions without glucose, i.e. YP media or water alone, did not cause disassembly of
the intracellular structures of these enzymes (Figure 4.6). These results suggest that the

disassembly of PRPP and purine enzymes is glucose-induced.

PrsSp and Aded4p can be rapidly triggered to assemble, but do so in response to
different conditions
To test if glucose-induced disassembly can be reversible, media shift experiments

designed for triggering assembly were conducted. Cells grown to log-phase, the growth



92

stage at which assembly had never been observed, were shifted to media lacking glucose
for 30 minutes. Surprisingly, Prs5p was the only enzyme capable of assembly (Figure
4.8). Prs3p, although previously demonstrated to co-localize with Prs5p, was not able to
assemble under the above condition (Figure 4.8). This implies that the assembly of Prs3p
and Prs5p may be independently regulated. Potentially, Prs5p may serve as a sensor
subunit of PRPP synthase complexes and then recruit its partner subunits to assemble
upon abrupt carbon starvation. Because Prs3p and Prs5p structures assemble while
glucose is limited or when cells are maintained at stationary phase and disassemble when
glucose is present, this suggests that the assembly of PRPP synthase enzymes leads to
down-regulation of enzyme activity.

Several enzymes, especially those acting at nodes of the de mnovo purine
biosynthetic pathway, have been shown to be regulated by feedback inhibition from the
pathway end products, i.e. guanine and adenosine nucleotides. We asked whether the
PRPP and purine biosynthetic enzymes present in log phase cells could be triggered to
assemble when adenine was not present in the media (Figure 4.8). Interestingly, Adedp
was the only enzyme that showed significant response to adenine dropout condition (48%
cells showing structure assembly), suggesting that Adedp assembly is required for
stimulating purine biosynthesis upon purine starvation. Likewise, Ade4p not only
functions as a catalytic enzyme, but also may act as a sensor responding rapidly to the
situation where cells encounter low levels of extracellular purine. More interesting is
when log phase cells were shifted to media lacking both glucose and adenine: Ade4p was
unable to assemble, unlike the cells suspending in solely adenine-lacking media (Figure

4.8). This result argues that the regulatory hierarchy that controls enzyme assembly
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mimics the pathway hierarchy; a downstream step is never activated if an upstream
enzyme has been inactivated.

Here we propose that Prs5p assembles when the enzymes are in the ‘non-active’
state as evident by the glucose dependency experiments showing Prs5p assembly when
glucose is absent and disassembly when glucose is added back. Ade4p, conversely,
assembles when the enzymes are being ‘active’ state since the shortage of the end
products can trigger the Ade4p assembly and this assembly also relies on the availability

of its substrate ‘PRPP’.

Assembly/disassembly can be directed by allosteric feedback inhibition and/or
metabolic flux

To further investigate the proposal made above, we employed a genetics approach
to disrupt any single gene product located upstream or downstream of the PRPP and
purine biosynthetic enzymes of interest. We found that Prs3p-GFP and Prs5p-GFP
showed a significant increase in assembly when the de novo purine biosynthetic pathway
was disrupted (Figure 4.9). The largest effect was seen in an ade4 deleted background,
which caused a 4.9-fold increase in Prs3p assembly and a 3.8-fold increase in Prs5p
assembly (Figure 4.9). This suggests that when PRPP cannot flow through one of the
downstream pathways and becomes accumulated, PRPP synthases tends to assemble
more in order to shut off PRPP synthase activity so that a regular PRPP level can be
maintained inside the cells. An increase in Prs5p assembly was also observed (~3.4 fold)
when there was no ADEI2 gene (Figure 4.9). ADEI2 encodes the enzyme at the

branching point for AMP/ADP/ATP biosynthesis. We assume that IMP, the precursor for
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making purine nucleotides, would flux into the GMP/GDP/GTP biosynthetic branch
more than usual, resulting in inhibition of PRPP synthase activity by the excessive
guanine nucleotides made. It is consistent with the fact that several end products from the
de novo purine biosynthetic pathway have been previously found to have an allosterically
inhibitory effect on PRPP synthase activity (Becker et al., 1975; Sperling et al., 1977;
Zoref et al., 1975). This confirms that the assembly of PRPP synthases is due to the
down-regulation of the enzyme complexes. We also quantitated the amount of expression
levels (normalized by the internal loading control, Pgklp) of Prs3p-GFP and Prs5p-GFP
under different deletion backgrounds (Figure 4.9). It is unlikely that the increase of
assembly is due to a larger amount of protein expressed, as several deletants with an
increase of Prs3p/PrsSp assembly had expression levels of Prs3p/Prs5p lower than the
control (Figure 4.10).

Aded4p-GFP assembly showed a slight increase (Figure 4.10) when the
downstream steps of IMP biosynthesis were disrupted (1.5, 1.5, and 1.3-fold increase in
ade? A, adel A, adel7A, respectively), indicating that the accumulation of intermediate
metabolites have some feedback effects on the activity and assembly of Adedp. The
marked increase (3-fold) of Ade4p-GFP assembly was seen when adel2 was nulled. This
could be explained as a result of the absence of ADP, the key allosteric feedback inhibitor
of PRPP synthases (Becker et al., 1975; Sperling et al., 1977; Zoref et al., 1975). Without
feedback inhibition, PRPP is continuously produced and non-stop fed into purine
biosynthetic pathway, thus stimulating Ade4p assembly. Again, the increase of assembly
was not due to the expression issue; adel2A had much lower expression of Aded4p-GFP

than WT (0.07x) (Figure 4.10).
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Biochemical study of E. coli amidophosphoribosyltransferase, the homologue of
yeast Ade4p, revealed that K326Q mutation conferred resistance to feedback inhibition of
the enzyme (Zhou et al., 1993). In addition to epistasis study, we introduced the same
mutation (K333Q) into the chromosomal ADE4 gene in yeast. The mutant displayed 2.6-
fold increase of Adedp assembly compared to WT when cells were grown to log-phase
(Figure 4.11), indicating that the Ade4p assembly takes place with the enzymes being
active. Again, the assembly was not caused by the overexpression of the mutant enzyme
as Western blot analysis, indeed, revealed that it had expression level much lower (0.12

fold) than the WT enzyme (Figure 4.11).



96

Discussion

In this study, we demonstrated that the purinosome does not exist in S. cerevisiae.
In contrast to mammalian de novo purine biosynthetic enzymes, only a subset of yeast
enzymes involved in de novo purine biosynthesis were found capable of assembly.
However, it is intriguing that we definitely observed the assembly of the enzymes that are
located at the nodes of the PRPP and purine biosynthetic pathways. They are Prs3p,
Prs5p, Adedp, Adel6p, Adel7p, and Adel2p. None of these enzymes are present in the
same structures as one another with the exception of Prs3p and Prs5p (Hernando et al.,
1999; Hernando et al., 1998), and Adel6p and Adel7p (Tibbetts and Appling, 1997),
since they are structurally and functionally similar to each other. These 6 enzymes
possess different kinetics of assembly and disassembly. Ade4p, in particular, assembles
earlier than other purine enzymes. The difference in kinetics suggests that their assembly
might feature different activity states of the enzymes. All the assembled structures could
be wiped out in the presence of glucose, indicating that all of them are glucose-
responsive enzymes. However, the experiments for rapid assembly by glucose removal
worked for Prs5p only. This suggests that Prs5p may act as a sensor to initiate assembly
when the enzymes are sequestered from playing a role in PRPP biosynthesis. Likewise,
but triggered under different conditions, Aded4p assembles rapidly in the absence of
adenine. This was not observed with the other purine enzymes, suggesting that Adedp
may also be a sensor protein responding to cellular levels of the precursor ‘PRPP’ and the
end products of purine biosynthetic pathway ‘AXP and GXP’ and stimulates the purine
biosynthesis via its assembly. The mutant conferring resistance to feedback inhibition

provides another piece of evidence that Ade4p structures are composed of active Adedp
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enzymes. The deletion of ADE]2 also stimulates Ade4p assembly which suggests that
when PRPP synthase activity is not inhibited by the purine biosynthetic end products (i.e.
ADP), the first committed step of purine biosynthesis, catalyzed by Adedp is kept feeding
with PRPP, therefore Ade4p assembly is observed more frequent.

Prs3p and Prs5p assemble in response to glucose level. However, Prs5p is the
only subunit showing rapid assembly when glucose is removed from the media,
indicating that Prs3p and Prs5p differ in their kinetics. In previous studies, it has been
proposed that the formation of functional complexes of PRPP synthases does not
necessary to have all 5 subunits together (Hernando et al., 1999; Hove-Jensen, 2004). The
minimal complexes being active and stable in vitro could be a combination either of (1)
Prslp, Prs2p, PrsSp (2) Prslp, Prsd4p, PrsSp, (3) Prs2, Prsdp, PrsS5p, or (4) Prslp and
Prs3p. Different combinations give rise to different degrees of PRPP synthase activity.
Interestingly, one of the components in these combinations is always either Prs3p or
PrsSp. Together with the finding that Prs3p and Prs5p possess different kinetics of
assembly, we postulate that the assembly of each is the strategy of sequestration of that
enzyme subunit. Cells may utilize this strategy to shuffle the components of active
complexes in and out and the one when not in use is sequestered via assembly, therefore
the activity of PRPP biosynthesis can be up- or down-regulated in several magnitudes
depending on the cellular demand for PRPP.

The intracellular assembly of metabolic enzymes could be a novel strategy for the
organization of enzyme activity. Metabolic flux and feedback inhibition, the keys to
dictate the metabolic fate, might require assembly for enhancing their effects. It is

possible that when cells are being active the assembly of metabolic enzymes might
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promote the metabolic productivity whereas the assembly found in those at very late
stage of growth might be the means of enzyme sequestration until cells exit the resting
stage. Misregulation of metabolic enzymes related to several diseases might be due to the
disorder in assembly/disassembly property of those enzymes. Based on our findings, it is
interesting to explore whether enzymes at nodes in other metabolic pathways possess the

reversible assembly property.
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Materials and Methods

Media and Yeast Strains

All yeast strains were derived from a parent strain with the genotype MATa
his3A1 leu2A0 met1SA0 ura3A0 (S288C). Strains with GFP tagged genes were from the
yeast GFP collection (Howson et al., 2005). Yeast knockout strains (MAT«a his3A1
leu2A0 lys2A0 ura3A0) were gifts from M. Niwa (UCSD). All yeast strains were grown

at 30°C in YPD (2% peptone, 1% yeast extract, 2% dextrose) unless otherwise indicated.

Pairwise colocalization experiments

GFP yeast strains from the GFP collection were used as a background. pBS34
plasmid was used for making a cassette of mCherry-KanR for C-terminal tagging a
second protein. Primers were designed as described in the protocol provided by the
University of  Washington Yeast Resource Center (available at
http://depts.washington.edu/yeastrc/pages/pBS34.html), except that 10 more nucleotides
were added to the homology sequence to the gene of interest in order to improve the
homologous recombination during yeast transformation. PCR was performed using KOD
hot start DNA polymerase (Novagen®), following the manufacturer’s instructions. Yeast
GFP strains were transformed with the purified DNA cassette using the lithium
acetate/PEG method as described in Noree, et al., 2010. The positive clones were

validated by PCR and fluorescence microscopy.

Constructions of Yeast HA-tagged strains
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pFA6a-3HA-kanMX6 was used as a DNA template. Forward primers were
designed to have 50 bps upstream of the stop codon of the gene of interest, followed by
5’-GGTCGACGGATCCCCGGG-3’. Reverse primers were designed to have 50 bps
downstream of the stop codon of gene of interest (reverse complemented), followed by
5’-ATCGATGAATTCGAGCTCG-3’. After PCR and purification, the yeast WT strain
(S288C) was transformed with the DNA cassette harboring HA-kanMX6 (flanking with
50 bps homology to the sequence upstream of the start codon of gene of interest at 5 and
50 bps homology to the sequence downstream of the stop codon of gene of interest at 3”)
using the lithium acetate/PEG method. Positive clones were verified by PCR and indirect

immunofluorescence.

Indirect Immunofluorescence

Yeast cultures (1 ml) were fixed with 37% formaldehyde (0.1 ml) for one hour on
a rotator. Cells were collected by centrifugation at 6000 rpm for 1 min, washed 2-3 times
with sterile water, and then resuspended in 0.5 ml SK buffer (1 M sorbitol; 43.4 mM
K,;HPOg4; 6.7 mM KH,POy). Another 0.5 ml SK buffer containing 5 ul BME was added
to cell suspension and incubated for 2 min at RT. Spheroplasts were made by adding
1000 U/ml zymolyase (Zymo Research) and incubating on the rotator for 30 min.
Spheroplasts were harvested at 2000 rpm for 3 min, and resuspended in 0.5 ml SK buffer
(on ice until needed). This suspension was added to polylysine coated slides for 10 min.

Supernatant was aspirated off and slides were incubated in -20°C MeOH for 6 min,

followed by incubating in -20°C acetone for 30 sec. After air-drying for 2 min, they were

incubated with 1% BSA in PBS for 20 min. Mouse anti-HA (1:1,000; Abcam) was used
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as primary antibody and Alexa Fluor 568 goat anti-mouse (1:200; Invitrogen) as

secondary antibody. The slides were mounted using Vectashield (Vector Laboratories).

Constructions of Yeast Strains for Epitasis Assays

GFP (MATa) x knockout (MATo) haploid yeasts were mated on YPD plates and
re-streaked onto Met/Lys™ double-dropout plates to select for diploid cells. Single
colonies were then inoculated into 2 ml YPD, incubating for 8 hours at 30°C. Cells were
washed and resuspended in 1 ml Spo-UL media (0.1% yeast extract; 1% potassium
acetate; 0.05% dextrose; 0.002% leucine, 0.004% uracil), and grown for 5-6 days on a
rotator at room temperature. Tetrads’ cell walls were digested with 200 U/ml zymolase
(Zymo Research) and micro-dissected into single cells on YPD plates, incubating 30°C
for 48 hours. Colonies were gridded out onto YPD plates and grown overnight, then
replica plated on G418" YPD or HIS™ plates and grown overnight. Haploid hybrid cells
were genotyped and selected based on appropriate independent assortment patterns.

Deletions were confirmed by PCR.

Construction of Ade4p feedback inhibition resistant yeasts

K333Q mutation was endogenously introduced into yeast ADE4 allele by first
amplifying the full-length ADE4 coding sequence from the genomic DNA of yeast strain
S288C using forward primer; 5’-GTTGTCGACATGTGTGGTATTTTAGGTATTG-3’
(Sall recognition site underlined) and reverse primer; 5’-
CTTCCCGGGATAATCTGCACAATTATATAATCC-3>  (Smal  recognition  site
underlined), followed by cloning into the Sa/l and Smal sites of pFA6a-GFP-kanMX6.

The resulting plasmid, pFA6a-ADE4-GFP-kanMX6 was site-directed mutagenized to
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introduce K333Q mutation into the 4ADE4 coding sequence using 5’-phosphorylated
forward primer; 5’-AGAGAGGGCTTTGTTCAGAACAGATACGTGGGC-3’ (mutation
site underlined) and 5’-phosphorylated reverse primer; 5’-
ATAAGGCTTCCCTAACACATTAGCAC-3’. After ligation, bacterial transformation,
and plasmid sequencing, the mutant plasmid was then used as a DNA template to PCR
the 4054-bp cassette harboring ade4(K333Q)-GFP-kanMX6 (flanked with 50 bp
upstream of the ADE4 start codon at the 5’ end and 50 bp downstream of the ADE4 stop
codon at the 3’ end) using forward primer; 5’-

CTAATAAGTTTAGCAAAGAAAGAGGTACAGCAAACAGCAGAATAGAAAAAA

TGTGTGGTATTTTAGGTATTG-3" (50 nucleotides upstream of the ADE4 start codon
underlined) and reverse primer; 5’-

CGCATTTGGAAACTATTTTACATACAACTGAACAAGTTCGGAACAATCTAATC

GATGAATTCGAGCTCG-3’ (50 nucleotides downstream of the ADE4 stop codon
underlined). Yeast strain S288C was then transformed with the mutant DNA cassette.
Transformants were selected on YPD agar plate containing G418 (400 pg/mL), and
verified by sequencing (Retrogen). All PCR reactions were performed using KOD hot

start DNA polymerase (Novagen™).

Imaging
Images were acquired using a DeltaVision® system with an Olympus IX70

™ software

microscope, Olympus PlanApo 60X/1.40 Oil objective, and SoftWoRx
version 2.5 (Applied Precision). The Z-axis were taken every 0.2 microns over ~1-2

microns, then deconvolved and compressed into a single image.
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Quantitation

Cells were grown in YPD for indicated times at 30°C with shaking, then
collected, washed, resuspended in indicated media, and put on a slide for quantitation by
fluorescence microscopy (Zeiss Axiovert 200M microscope with a 100X Plan-
Apochromat 100X/1.40 Oil objective lens). The total number of cells and the number of
cells with structures were counted in 5 different fields (~50 cells/field) and reported as a
percentage of cells with structures. Independent experiments were repeated at least 3
times for graphing (Mean £ SEM). For media shift experiments, cells were incubated in
testing media for 30 minutes, long enough to see the treatment effect but short enough to

not affect protein levels as demonstrated by Western blot.

Protein sample preparation and Western blot analysis

Whole cell extracts were obtained by growing yeasts cells in the indicated
conditions. The cells with 2.5 ODgoo were harvested by centrifugation at 6000 rpm for 1
min and resuspended in 100 pl sterile water. Next, this suspension was treated by adding
an additional 100 pl of 0.2 N NaOH. After a 5-min incubation at room temperature, cells
were collected by centrifugation at 6000 rpm for 1 min. SDS-PAGE loading buffer (with
1X Protease Inhibitor Cocktail, Sigma) was added to the cell pellet. After vortexing
vigorously and boiling for 5 min, the sample was spun down at 10,000 rpm for 1 min and
resolved by 10% SDS-PAGE. Proteins were transferred to a nitrocellulose membrane by
electro-blotting (Owl HEP-1, Thermo Scientific). Then standard protocol for Western
blot was performed. To detect GFP-tagged proteins, 1:5,000 rabbit anti-GFP (Torrey

Pines Biolabs Inc.) was used as a primary antibody and 1:10,000 ECL™ donkey anti-
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rabbit IgG, horseradish peroxidase-linked whole antibody (GE Healthcare UK Limited)
as a secondary antibody. For internal loading control detection, 1:10,000 mouse anti-3-
phosphoglycerate kinase (yeast) IgG; monoclonal antibody (Invitrogen) was used as a
primary antibody and 1:2,500 ECL™ sheep anti-mouse IgG, horseradish peroxidase-

linked whole antibody (GE Healthcare UK Limited) as a secondary antibody.
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Figure 4.1 De novo purine biosynthetic pathway in budding yeast

Abbreviations for intermediate metabolites and catalytic enzymes: R5P = Ribose-5-
phosphate; PRPP = 5-Phosphoribosylpyrophosphate; PRA = 5-phosphoribosylamine; GAR = 5-
phosphoribosylglycineamide; FGAR = 5’-phosphoribosyl-N-formylglycinamide; FGAM = 5°-
phosphoribosyl-N-formylglycinamidine; AIR = 5’-phosphoribosyl-5-aminoimidazole; CAIR =
5’-phosphoribosyl-4-carboxy-5-aminoimidazole; SAICAR = 5’-phosphoribosyl-4-(N-
succinocarboxamide)-5-aminoimidazole; AICAR = 5-amino-4-imidazolecarboxamide ribotide;
FAICAR = 5-formamido-1-(5-phosphoribosyl)-imidazole-4-carboxamide; IMP = inosine-5’-
monophosphate; XMP = xanthosine-5’-phosphate; GMP = guanosine-5’-phosphate; GDP =
guanosine-5’-diphosphate; SAMP = adenylosuccinate; AMP = adenosine-5’-phosphate; ADP
adenosine-5’-diphosphate; Prs1-5p = phosphoribosylpyrophosphate synthetase; Adedp
amidophosphoribosyltransferase; Ade5,7p = GAR synthetase/AIR synthetase; Ade8p = GAR
transformylase; Ade6p = FGAM synthetase; Ade2p = AIR carboxylase; Adelp = SAICAR
synthase; Adel6/17p = IMP cyclohydrolase; Imd2-4p = IMP dehydrogenase; Gualp = GMP
synthetase; Guklp = guanylate kinase; Adel2p = Adenylosuccinate synthetase; Adel3p =
adenylosuccinate lyase; Adk2p = mitochondrial GTP:AMP phosphotransferase; Adklp =
adenylate kinase.
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Figure 4.2 Kinetics of assembly of purine biosynthetic enzymes

Yeast cells expressing GFP-tagged purine biosynthetic enzymes were grown in YPD with
indicated time points (log phase, 1-day, 3-day, and 5-day), and then fixed with formaldehyde.
Cells with structures were counted from 5 different fields on a wet slide (~50 cells/field).
Experiments were independently repeated 3 times. The data is illustrated as the percentage of
cells with visible structures (average = SEM). Representative images of each were shown below
the graphs (taken from the culture condition with the largest degree of assembly).
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Figure 4.3 Representative images of HA-tagged purine biosynthetic enzymes

Yeast cells expressing HA-tagged purine biosynthetic enzymes were grown in YPD for 5
days. Indirect immunofluorescence was performed using mouse anti-HA (1:1,000) as primary
antibody and Alexa Fluor 568 goat anti-mouse (1:200) as secondary antibody.
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Figure 4.4 Pairwise colocalization assays of purine biosynthetic enzymes
Yeast cells expressing fluorescently-tagged purine biosynthetic enzymes were grown in
YPD for 5 days and then fixed with formaldehyde. Representative images are shown. Images

were acquired every 0.2 microns over 1-2 microns using a DeltaVision® system with an Olympus
IX70 microscope, Olympus PlanApo 60X/1.40 Oil objective, and SoftWoRx™ software version
2.5 (Applied Precision). The images were deconvolved and then used to generate a maximum
projection image of the data set.
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Figure 4.5 Assembly of purine biosynthetic enzymes is chaperone-independent

Yeast cells expressing GFP-tagged chaperone machinery (Ssalp or Hspl04) and
mCherry-tagged purine biosynthetic enzyme were grown in YPD for 5 days and then fixed with
formaldehyde. Representative images are shown. Images were acquired every 0.2 microns over 1-
2 microns using a DeltaVision® system with an Olympus IX70 microscope, Olympus PlanApo
60X/1.40 Oil objective, and SoftWoRx"™ software version 2.5 (Applied Precision). The images
were deconvolved and then used to generate a maximum projection image of the data set. As
Adel6/17p colocalized to the same structures with chaperone machinery, disruption of HSP104,
HSP42, or SSAI was introduced into the ADE16::GFP background strain. However, deletion of
one of these chaperone components had no effect on Ade16p assembly.
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Figure 4.6 Disassembly of purine biosynthetic enzymes is carbon-dependent

Yeast cells expressing GFP-tagged purine biosynthetic enzymes were grown in YPD for
5 days, except for ADE4::GFP strain, where 1-day cultures were used as the largest frequency
observed at this time point). Cells were washed once, resuspended in the indicated media and
incubated for 30 min with rocking at RT. Cells with structures were counted from 5 different
fields on a wet slide (~50 cells/field). Experiments were independently repeated 3 times and
illustrated as percentage of cells with visible structures (average + SEM). The protein expression
level (detected by Western blot and quantitated by ImagelJ) relative to no treatment was indicated
above each bar.
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Figure 4.7 Expression levels of purine biosynthetic enzymes were not significantly affected
by shifting cells to any media for 30 minutes

Yeast cells expressing GFP-tagged purine biosynthetic enzymes were grown in YPD for
5 days, except for ADE4::GFP strain, where 1-day cultures were used as the largest frequency
observed at this time point). Cells were washed once, resuspended in the indicated media,
incubated for 30 min with rocking at RT, and then the whole cell extracts were prepared for
Western blots. Rabbit anti-GFP (1:5000) was used as a primary antibody and donkey anti-rabbit
IgG (1:10,000) as a secondary antibody. For the internal loading control, mouse anti-yeast PGK
(1:10,000) was used as primary antibody, and sheep anti-mouse IgG (1:2,500) as secondary
antibody.
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Media shift experiments using log-phase cultures (30-min treatment)
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Figure 4.8 Assembly of PrsSp is carbon-dependent, whereas assembly of Ade4p is purine-
and carbon-dependent

Yeast cells expressing GFP-tagged purine biosynthetic enzymes were grown to log phase
in YPD. Cells were washed once, resuspended in the indicated media and incubated for 30 min
with rocking at RT. Cells with structures were counted from 5 different fields on a wet slide (~50
cells/field). Experiments were independently repeated 3 times and illustrated as percentage of
cells with visible structures (average + SEM).
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Figure 4.9 Effect of removal of upstream/downstream gene on assembly of PRPP and de
novo purine biosynthetic enzymes

Yeast cells expressing GFP-tagged PRPP or de novo purine biosynthetic enzymes while
simultaneously being deficient in one of the upstream/downstream genes in the pathway were
grown in YPD for 1 day. Cells with structures were counted from 5 different fields on a wet slide
(~50 cells/field). Experiments were independently repeated 3 times and illustrated as percentage
of cells with visible structures (average + SEM). The protein expression level (detected by
Western blot) relative to WT was indicated above each bar.
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Figure 4.10 Increase in assembly of purine biosynthetic enzymes is inversely proportional to
their expression levels when one of the enzymes being upstream/downstream in the pathway
is disrupted

Yeast cells expressing GFP-tagged purine biosynthetic enzyme and simultaneously being
deficient in one of the genes located upstream/downstream in the pathway were grown in YPD
for 1 day (2 different clones were used). The whole cell extracts were prepared for Western blots.
Rabbit anti-GFP (1:5000) was used as a primary antibody and donkey anti-rabbit IgG (1:10,000)
as a secondary antibody. For detecting internal loading control, mouse anti-yeast PGK (1:10,000)
was used as primary antibody, and sheep anti-mouse IgG (1:2,500) as secondary antibody. For
ADEA4::GFP, we showed that two different selectable markers (HIS3 and KanR) did not have a
significant effect on the expression of ADE4. In addition, K333Q mutation introduced
endogenously to ADE4 allele did show 2.6-fold assembly at log phase in spite of much lower of
its expression level compared to WT.
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Figure 4.11 K333Q mutation causes 2.6-fold increase of Ade4p assembly, despite being 10-
fold less expressed than WT enzyme

Yeast cells expressing Adedp-GFP with K333Q mutation were grown to log phase
(ODggp ~0.4-0.6) in YPD. Cells with structures were counted from 5 different fields on a wet slide
(~50 cells/field). Experiments were independently repeated for 3 times and illustrated as
percentage of cells with visible structures (average £ SEM). Western blot was performed using
rabbit anti-GFP (1:5000) as primary antibody and donkey anti-rabbit IgG (1:10,000) as secondary
antibody. For detecting internal loading control, mouse anti-yeast PGK (1:10,000) was used as a
primary antibody, and sheep anti-mouse IgG (1:2,500) as a secondary antibody.
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Summary

In Chapter 2, we have identified 9 novel filament-forming proteins which
assemble into 4 distinct filaments. CTP synthase filaments were shown to be conserved in
yeast, Drosophila, and mammals. Basic characterization by shifting cells into a variety of
nutrient-rich or nutrient-lacking conditions demonstrated that such assembly of each
protein was affected by different triggers, suggesting that they might have distinct
biological roles, depending on the enzyme. Based on the experimental data from both
exogenous sodium azide and nucleotide treatments, CTP synthase filaments were
concluded to be storage places for inactive enzymes (Noree et al., 2010).

In Chapter 3, mutational studies of CTP synthase in vivo showed that the
regulation of CTP synthase polymerization is mediated by nucleotide binding. Moreover,
filament formation is coupled to the regulation of CTP synthase activity. Multiple pieces
of data argue for these conclusions: (1) Disruption of ATP or UTP binding affected the
polymerization of CTP synthase, promoted an increased filament formation frequency
and increased filament length. (2) A mutant defective in CTP binding, which confers
insensitivity to feedback inhibition, conferred CTP synthase assembly on 100% of mutant
cells. Interestingly, however, the structures were all present as foci, rather than filaments.
This suggested that CTP binding is critical for negative regulation of filament formation.
(3) A mutation which prevented tetramerization resulted in an increase of CTP synthase
polymerization frequency and a slight increase in their length. Consistent with the data in
Chapter 2, this argued that the CTP synthase filaments are composed of inactive dimers.
(4) Phosphorylation has been shown previously to regulate CTP synthase enzyme

activity. However, phosphorylation seems not to play a fundamental role in the
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polymerization of CTP synthase, except for the phosphorylation sites which are located
close to the other key regulatory sites or the dimer/tetramer interface. In sum, the binding
of substrate (ATP and UTP) to the enzyme promotes the tetramerization of CTP synthase,
and therefore stimulates CTP synthase enzyme activity. Conversely, either the absence of
substrate or the presence of high CTP levels prevents substrate binding to the enzyme,
therefore preventing tetramerization of CTP synthase. Eventually, inactive dimers of CTP
synthase tend to polymerize into filaments, acting as storage place of inactive enzymes.
In Chapter 4, it was demonstrated that the purinosome is not conserved in budding
yeast. Unlike mammalian purine biosynthetic enzymes, not all of yeast purine enzymes
are capable of self-assembly. Intriguingly, however, the yeast enzymes at the nodes or
branch points of the de novo purine biosynthetic pathway each display independent
assembly when cells are grown to saturation. Furthermore, this assembly is regulated by
the purine biosynthetic pathway intermediate metabolites. This implies that metabolic
flux is probably related to the assembly of the enzymes located at nodes of biochemical

pathways.
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Future directions

To investigate whether the assembly of metabolic enzymes into intracellular
structures is a common biological event, we have conducted a second screen of the yeast
GFP collection again, but only of the yeast metabolic enzymes. Based on the information
gathered by YeastCyc Biochemical Pathways (SGD database; available at
www.yeastgenome.org), 537 proteins have been listed as proteins involved in
biochemical pathways in S. cerevisiae. However, 440 proteins on that list were made as
GFP-tagged proteins and available in the yeast GFP collection (Huh et al., 2003). We
have initially investigated all of these 440 yeast strains at several growth conditions,
covering log phase, saturation (1-day culture), and stationary phase (5-day culture). The
lists of proteins found here that showed intracellular structures (on the basis that they did
show more than 10% of cells with structures in one of the growth conditions observed)
are indicated in Tables 5.1 and 5.2 for proteins known to be expressed in the cytoplasm,
and in mitochondrion, respectively.

Using data obtained from our first publication (Noree et al., 2010) and the latest
re-screen of yeast strains expressing GFP-tagged metabolic enzymes, the proteins which
have been identified to be able to form filaments are being examined to determine if any
are present in the same filaments. Pairwise colocalization experiments have been
employed to address this question. To date, we have identified at least 9 novel
intracellular filaments in yeast, as delineated in Figure 5.1. These filaments are composed
of: (1) Acetyl-CoA carboxylase (Acclp), (2) asparagine synthase (Asnlp and Asn2p), (3)
kynureninase (BnaSp), (4) the translation initiation elF2/2B complex (Ged2p, Ged6p,

Gced7p, Gen3p, and Sui2p), (5) glycogen debranching enzyme (Gdblp), (6) glutamate
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synthase (Gltlp), (7) PRPP synthase (Prs2p, Prs3p, Prsdp, and Prs5p), (8) GDP-mannose
pyrophosphorylase (Psalp), and (9) CTP synthase (Ura7p and Ura8p).

The questions to be further studied include: (1) Are these filaments conserved in
other living organisms? (2) What is the underlying mechanism of their assembly? (3)
What is the biological importance of their existence as filaments? We will continue our
work in the same fashion that we have done for the case of CTP synthase filaments by
performing basic characterization (media shift experiments), and mutational analyses in
vivo in respect to the previous studies of their molecular structures and functions.

Additionally, in vitro polymerization studies should prove valuable in revealing
the details of how the metabolic enzymes self-organize into polymers. Both in vitro and
in vivo studies of such enzyme should ultimately inform us as to whether their
polymerization state is associated with metabolic disorders and diseases in humans. Table
5.3 shows the connection between abnormal activity/level of certain metabolic enzymes
and human diseases in which they are involved. If the abnormality in the enzymatic
activity displays a correlation with the loss of regulated structure formation by the studied
enzymes, this could shed light on finding treatments for the impaired regulation of these

enzymes.
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Material and Methods

Media and Yeast Strains
Strains with GFP tagged genes were from the yeast GFP collection (Huh et al.,
2003). All yeast strains were grown at 30°C in YPD (2% peptone, 1% yeast extract, and

2% dextrose) for indicated time points with shaking.

Pairwise colocalization experiments

GFP yeast strains (from the yeast GFP collection) were used as a background.
pBS34 is a plasmid for making a cassette of mCherry-KanR for tagging a second protein.
The primers were designed as described in the protocol provided by the University of
Washington Yeast Resource Center (available at
http://depts.washington.edu/yeastrc/pages/pBS34.html), except that we extended 10 more
nucleotides for the homology sequence to the gene of interest in order to improve the
homologous recombination during transforming yeasts with the purified PCR cassette.
PCR was performed using KOD hot start DNA polymerase (Novagen®), following to the
protocol instructed by the manufacturer. Yeast GFP strains were transformed with the
purified DNA cassette using standard protocol of lithium acetate/PEG method as
described in Noree, et al., 2010. The positive clones were validated by PCR and

fluorescence microscopy.

Microscopy
Cells were fixed by adding 100 pl of 37% w/v formaldehyde to 1 ml of yeast
liquid culture, incubated on a rotating platform for at least 15 min at room temperature,

collected by centrifugation at 6000 rpm for 1 min, and washed once with sterile water.
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The cells were then resuspended in 1M sorbitol. Imaging was performed using a
DeltaVision® system with an Olympus IX70 microscope, Olympus PlanApo 60X/1.40

Oil objective, and SoftWoRx™ software version 2.5 (Applied Precision).
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I -

Figure 5.1 Pairwise colocalization experiments of novel filament-forming proteins

Nine distinct filaments were formed by the following proteins; (1) Acclp, (2) Asnlp and
Asn2p, (3) BnaSp, (4) Ged2p, Ged6p, Ged7p, Gen3, and Sui2, (5) Gdblp, (6) Gltlp, (7) Prs2p,
Prs3p, Prsdp, and Prs5p, (8) Psalp, and (9) Ura7p and Ura8p.
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Table 5.1 Cytoplasmic proteins identified to be able to form intracellular structures

Abundance
. . Cellular o X
Proteins  Molecular Function (SGD) Pathways (SGD) (% cells with structures)
components (SGD) Log 1-day 5-day
S Cytosol
Acslp Acetate-CoA ligase Acetate utlllzatlop Integral to membrane 0% 4% 92%
Ethanol degradation . .
Mitochondrion
. . de novo biosynthesis of o o o
Adedp Amidophosphoribosyltransferase purine nucleotides Cytoplasm 0% 18% 10%
. de novo biosynthesis of o o o
Adel2p Adenylosuccinate synthase purine nucleotides Cytoplasm 0% 0% 44%
IMP cyclohydrolase de novo biosynthesis of
Adel6p Phosphoribosylaminoimidazolecarbox . yn Cytosol 0% 0% 42%
. purine nucleotides
amide formyltransferase
IMP cyclohydrolase . . Cytosol
Adel7p Phosphoribosylaminoimidazolecarbox de novo bIOSythSIS of Plasma membrane 0% 4% 33%
. purine nucleotides X .
amide formyltransferase enriched fraction
Ethanol degradation
Glucose fermentation
Isoleucine degradation
Adh2p Alcohol dehydrogenase (NAD) Leucine degradation Cytoplasm 0% 0% 10%
Phenylalanine degradation
Tryptophan degradation
Valine degradation
. Cytosol o o o
Ald6p Aldehyde dehydrogenase (NADP+) Glucose fermentation Mitochondrion 0% 13% 66%
3-dehydroquinate dehydratase
3-dehydroquinate synthase Chorismate biosynthesis
3-phosphoshikimate 1- Phenylalanine biosynthesis o o o
Arolp Carboxyvinyltransferase Tyrosine biosynthesis Cytoplasm 0% 2% 16%
Shikimate 3-dehydrogenase (NADP+) Tryptophan biosynthesis
Shikimate kinase
Asparagine synthase (glutamine- . . . o o o
Asnlp hydrolyzing) Asparagine biosynthesis Cytoplasm 0% 10% 90%
Asparagine synthase (glutamine- . . . o o o
Asn2p hydrolyzing) Asparagine biosynthesis Cytoplasm 0% 12% 92%
de novo NAD biosynthesis Cvytoplasm
BnaSp Kynureninase Tryptophan degradation via ytop 0% 10% 80%
. Nucleus
kynurenine
. Cytosol
Cdc19p Pyruvate kinase Glucose fcrmcntatlon Plasma membrane 5% 34% 85%
Glycolysis X .
enriched fraction
Cysteine biosynthesis from
homocysteine Cytoplasm
Lo ) . . o o o
Cysdp Cystathionine beta-synthase Homocystcmc and cysteine Mitochondrion 3% 11% 3%
interconversion
Homocysteine degradation
Dph2p Unknown Diphthamide biosynthesis Cytoplasm 0% 0% 28%
. . . . i Lipid particle o o o
Faadp Long-chain fatty acid-CoA ligase Fatty acid oxidation Cytoplasm 28% 61% 5%
3-hydroxyacyl-[acyl-carrier-protein]
dehydratase
[acyl-carrier-protein] S- Cytosol
acetyltransferase Fatty acid biosynthesis Fatty acid synthase
[acyl-carrier-protein] S- Myristate biosynthesis complex o o o
Faslp malonyltransferase Palmitate biosynthesis Lipid particle 0% 3% 26%
enoyl-[acyl-carrier-protein] reductase Stearate biosynthesis Cytoplasm
(NADPH, B-specific) Mitochondrion
Contributes to fatty acid synthase
Palmitoyltransferase
Gluconeogenesis Cytosol
Fbalp Fructose-bisphosphate aldolase Glucose fermentation Mitochondrion 0% 0% 15%
Glycolysis Cytoplasm
. Cytosol
Fumlp Fumarate hydratase TCA cyple, acrobic Mitochondrial matrix 0% 13% 67%
respiration . .
Mitochondrion
4-alpha-glucanotransferase . Cytoplasm o o o
Gdblp Amylo-alpha-1,6-glucosidase Glycogen catabolism Mitochondrion 0% 12% 39%
Glutamate biosynthesis Nucleus
Gdhlp Glutamate dehydrogenase (NADP+) osy Soluble fraction 0% 17% 12%
from ammonia
Cytoplasm
Glucone 6 phosphite Cytosal
Glklp Glucokinase Plasma membrane 22% 2% 25%

biosynthesis
Mannose degradation

enriched fraction
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Table 5.1 Cytoplasmic proteins identified to be able to form intracellular structures

(continued)
Abundance
. . Cellular o .
Proteins  Molecular Function (SGD) Pathways (SGD) (% cells with structures)
components (SGD)
Log 1-day 5-day
Glnlp Glutamate-ammonia ligase Glutamine biosynthesis Cytoplasm 5% 63% 86%
L-allo-threonine aldolase Glycine biosynthesis from o o o
Glylp Threonine aldolase threonine Cytosol 0% 1% %
Glycerol biosynthesis Cytosol
Gpdip Glycerol-3-phosphate dehydrogenase Phosphatidate biosynthesis Nucleus 89% 6% 1%
(NAD+) 1I (the glycerol-3-phosphate .
Peroxisome
pathway)
Alditol:NADP+ 1-oxidoreductase
D-xylose:NADP reductase . Cytoplasm o o o
Gre3p Glucose 1-dehydrogenase (NADP+) Xylose metabolism Nucleus 0% 10% 0%
mRNA binding
Tetrapyrrole biosynthesis
Hem2p Porphobilinogen synthase Heme and siroheme Cytoplasm 0% 12% 73%
- . Nucleus
biosynthesis
Heml13p Coproporphyrinogen oxidase Heme biosynthesis Cytosol 0% 15% 0%
Gluconeogenesis Cytosol o o o
Mdh2p L-Malate dehydrogenase Glyoxylate cycle Cytoplasm 100% 100% 0%
Acetoin biosynthesis IT
Glucose fermentation
Isoleucine degradation Cytosol
Pdclp Pyruvate decarboxylase . . Nucleus 0% 0% 72%
Phenylalanine degradation Cvtoplasm
Tryptophan degradation ytop
Valine degradation
Cytoplasm
Pnclp Nicotinamidase NAD salvage pathway Nucleus 100% 96% 87%
Peroxisome
. Arginine degradation o o o
Pro3p Pyrroline-5-carboxylate reductase Proline biosynthesis Cytoplasm 0% 12% 2%
Contributes to ribose phosphate Histidine, purine, and o o o
Prs2p diphosphokinase pyrimidine biosynthesis Cytoplasm 0% 10% 1%
Contributes to ribose phosphate Histidine, purine, and o o o
Prs3p diphosphokinase pyrimidine biosynthesis Cytoplasm 0% 6% 63%
. . . Histidine, purine, and o o o
PrsSp Ribose phosphate diphosphokinase pyrimidine biosynthesis Cytoplasm 0% 40% 55%
Psalp Mannose-1-phosphate Dolichyl p!losphate D- Cytoplasm 0% 239 6%
guanylyltransferase mannose biosynthesis
de novo biosynthesis of Cytoplasm
purine nucleotides Nucleus
Rnordp Ribonucleoside-diphosphate reductase de novo biosynthesis of Ribonucleoside- 2% 27% 80%
pyrimidine diphosphate reductase
deoxyribonucleotides complex
Samlp Methionine adenosyltransferase Sradenosy{methlonlne Cytoplasm 0% 19% 95%
biosynthesis
Sam2p Methionine adenosyltransferase Sjadcnosylmcthlonlnc Unknown 0% 11% 60%
biosynthesis
SecS53p Phosphomannomutase Dolichyl p hosp hate .D_ Cytosol 0% 9% 41%
mannose biosynthesis
Folate biosynthesis
Folate polyglutamylation Cytoplasm
Shm2p Glycine hydroxymethyltransferase Glyc1nc biosynthesis from Mating projection tip 19% 45% 27%
serine Plasma membrane
Serine biosynthesis from enriched fraction
glyoxylate
sedoheptulose-7-phosphate:D- —
Tallp glyceraldehyde-3-phosphate Non-oxidative branch of the - Cytoplasm 15% 58% 71%
pentose phosphate pathway Nucleus
glyceronetransferase
Cytoplasm
. Fungal-type cell wall
glyceraldehyde-3-phosphate Gluconeogenesis Lipid particle
Tdh3p dehydrogenase (NAD+) Glucose fermentation pid p . 0% N/A 41%
(phosphorylating) Glycolysis Mitochondrion
phosphory & yeoys Plasma membrane
enriched fraction
Thrlp Homoserine kinase Threonine biosynthesis Unknown 81% 78% 56%
Mitochondrion
Tpilp Triosephosphate isomerase Glucose fermentation Cytoplasm 0% 3% 20%

Glycolysis

Plasma membrane
enriched fraction
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Table 5.1 Cytoplasmic proteins identified to be able to form intracellular structures
(continued)

Proteins

Molecular Function (SGD)

Pathways (SGD)

Cellular
components (SGD)

Abundance
(% cells with structures)

Log 1-day 5-day

Ferrous iron binding

1 M 0, 0, 0,
Trrlp Thioredoxin-disulfide reductase Thioredoxin system Cytosol 0% 13% 29%
de novo biosynthesis of o o o
Ura7p CTP synthase pyrimidine ribonucleotides Cytosol 0% 9% 90%
Ura8p CTP synthase de novo biosynthesis of Cytosol 0% 6% 89%

pyrimidine ribonucleotides
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Table 5.2 Mitochondrial proteins identified to be able to form intracellular structures

Abundance
. . llular component % cells with structures
Proteins  Molecular Function (SGD Pathways (SGD Cellular compone % )
Y (SGD)
Log 1-day 5-day
Endoplasmic reticulum
Acclp Af:etyl-CoA carboxylase Fatty acid biosynthesis membrane 19% 8% 37%
Biotin carboxylase . .
Mitochondrion
o Cytosol
Acslp Acetate-CoA ligase Acetate utlhzatlop Integral to membrane 0% 4% 92%
Ethanol degradation . .
Mitochondrion
Glucose fermentation
Ethanol degradation
Isoleucine degradation Mitochondrial matrix
Adh3p Alcohol dehydrogenase (NAD) Leucine degradation Soluble fraction N/A 41% 4%
Phenylalanine degradation Mitochondrion
Tryptophan degradation
Valine degradation
Aldehyde dehydrogenase (NAD) . . .
Ald4p Aldehyde dehydrogenase Glucose fermentation x;tgzﬁggﬁzz;nmlcmd 59% 97% 94%
[NAD(P)+]
AldSp S\?}fg{g; +(]ichydr0gcnasc Glucose fermentation Mitochondrion N/A 18% 11%
Aldehyde dehydrogenase . Cytosol o o o
Ald6p (NADP+) Glucose fermentation Mitochondrion 0% 13% 66%
L-serine ammonia-lyase L-serine degradation Mitochondrial nucleoid o o o
Chalp L-threonine ammonia-lyase Threonine catabolism Mitochondrion 0% 29% %
2-hexaprenyl-6-methoxy-1,4- Ubiquinone biosynthesis Mitochondrial matrix o
CoqSp benzoquinone methyltransferase from 4-hydroxybenzoate Mitochondrion N/A N/A 41%
Cysteine biosynthesis from
homocysteine Cytoplasm
Lo ) . . N o o
Cys4p Cystathionine beta-synthase Homocysten}e and cysteine Mitochondrion 3% 11% 3%
interconversion
Homocysteine degradation
3-hydroxyacyl-[acyl-carrier-
protein] dehydratase
[acyl-carrier-protein] S- Cytosol
acetyltransferase Fatty acid biosynthesis Fatty acid synthase
[acyl-carrier-protein] S- Myristate biosynthesis complex o o o
Faslp malonyltransferase Palmitate biosynthesis Lipid particle 0% 3% 26%
enoyl-[acyl-carrier-protein] Stearate biosynthesis Cytoplasm
reductase (NADPH, B-specific) Mitochondrion
Contributes to fatty acid synthase
Palmitoyltransferase
Gluconeogenesis Cytosol
Fbalp Fructose-bisphosphate aldolase Glucose fermentation Mitochondrion 0% 0% 15%
Glycolysis Cytoplasm
. Cytosol
Fumlp Fumarate hydratase TCA, CXCIC’ acrobic Mitochondrial matrix 0% 13% 67%
respiration . .
Mitochondrion
4-alpha-glucanotransferase . Cytoplasm o o o
Gdblp Amylo-alpha-1,6-glucosidase Glycogen catabolism Mitochondrion 0% 12% 39%
Gdh2p Glutamate dehydrogenase (NAD+)  Glutamate degradation IX Mitochondrion 19% 89% 95%
Gltlp Glutamate synthase (NADH) Glutamate b!osynthcsm Mitochondrion 24% 64% 98%
from glutamine
Mitochondrial isocitrate
Contributes to isocitrate TCA cycle, aerobic dehydrogenase complex o o o
Idh2p dehydrogenase (NAD+) respiration (NAD) 18% 8% 31%
ydrog P Mitochondrial matrix
Mitochondrion
Ilvlp L-threonine ammonia-lyase Isoleucine biosynthesis Mitochondrion 43% 4% 1%
Acetolactate synthase Acetoin biosynthesis Acetolactate synthase
IIv2p Flavin adenine dinucleotide Isoleucine biosynthesis complex N/A N/A 20%
binding Valine biosynthesis Mitochondrion
Mitochondrial matrix
2-ketoglutarate Mitochondrial nucleoid
Oxoglutarate dehydrogenase dehydrogenase complex Mitochondrial o o o
Kgdlp (succinyl-transferring) TCA cycle, aerobic oxoglutarate 41% 95% 100%

respiration

dehydrogenase complex
Mitochondrion
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Table 5.2 Mitochondrial proteins identified to be able to form intracellular structures

(continued)
Abundance
. . Cellular component % cells with structures
Proteins  Molecular Function (SGD) Pathways (SGD) (SGD) P & )
Log 1-day 5-day
2-ketoglutarate Mftochondr%al nucleoid
Dihydrolipoyllysine-residue dehydrogenase complex Mitochondrial
Kgd2p Yaroipoy yarog mp oxoglutarate 0% 0% 19%
succinyltransferase TCA cycle, aerobic
irati dehydrogenase complex
respiration Mitochondrion
2-ketoglutarate
Dihydrolipoyl dehydrogenase dehydrogenase complex Glycine cleavage complex
Glycine dehydrogenase Folate biosynthesis Mitochondrial nucleoid
(decarboxylating) Glycine cleavage complex Mitochondrial o
Lpdip Oxoglutarate dehydrogenase Pyruvate dehydrogenase oxoglutarate N/A N/A 85%
(succinyl-transferring) complex dehydrogenase complex
Pyruvate dehydrogenase TCA cycle, aerobic Mitochondrion
respiration
L-malate dehydrogenase TCA cycle, aerobic Mitochondrial matrix o
Mdhip mRNA binding respiration Mitochondrion A A 12%
Mitochondrial nucleoid
Pdalp Pyruvate‘ dehydrogenase (acetyl- Pyruvate dehydrogenase Mitochondrial pyruvate 97% 96% 20%
transferring) complex dehydrogenase complex
Mitochondrion
. Lo . s Mitochondrial respiratory
Riplp Contributes to ubiquinol- Acrobic respiration, ) chain complex 11 N/A N/A 299
cytochrome-c reductase electron transport chain . .
Mitochondrion
Contributes to: succinate ?1:;)2)1101 :re:r]:slri)t: IClilain Mitochondrial respiratory
Sdh4p T port chain complex IIT 0% 12% 22%
dehydrogenase (ubiquinone) TCA cycle, acrobic ) .
L Mitochondrion
respiration
Cytoplasm
. Fungal-type cell wall
glyceraldehyde-3-phosphate Gluconeogenesis Linid particle
Tdh3p dehydrogenase (NAD+) Glucose fermentation pid p . 0% N/A 41%
(phosphorylating) Glveolysi Mitochondrion
phosphorytating yeolysis Plasma membrane
enriched fraction
Mitochondrion
Tpilp Triosephosphate isomerase Glucose fermentation Cytoplasm 0% 3% 20%

Glycolysis

Plasma membrane
enriched fraction
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Table 5.3 Human diseases associated with abnormality in metabolic enzyme activity

Enzymes

Yeast gene(s)

Human diseases/disorders

References

Acetyl-CoA carboxylase

ACCl1

Metabolic syndrome, heart disease,
type 2 diabetes

(Harwood, 2004; Harwood, 2005)

Lesch-Nyhan syndrome,

(Ho et al., 1986; Kerstens et al.,

Purine enzymes ADE genes thewmatoid arthritis, gout, cancer 1995; Kerstens et al., 1994; Minana
? > et al., 1984; Zborovskii et al., 2000)
. . . (Fitzmaurice et al., 2012; Jerntorp et
Aldehyde dehydrogenase  ALD genes phver disease, type 2 diabetes, al., 1986; Mazzanti et al., 1989;
arkinson’s, Alzheimer’s, ;
Michel et al., 2010)
Asparagine synthase ASNI1, ASN2 Cancer EI;I:E 1’(31(1)13 él)d Canellos, 1969; Sircar
(Alli et al., 2008; Cohen-Solal et al.,
Pyruvate kinase CDC19 Neuromuscular disease, anaemia 1998; Manco et al., 2010; Weinstock
etal., 1977)
(Becker et al., 1986; Becker et al.,
1989; de Brouwer et al., 2010; de
Brouwer et al., 2007; Duley et al.,
Deafness, gout, mental retardation 2011; Fujimori, 1996; lizasa, 2008;
PRPP synthase PRS genes ataxia Al”tS syI; drome Kawasugi and Takeuchi, 2003;
? Lopez Jimenez et al., 1990; Micheli
and Taddeo, 1981; Nishida et al.,
1981; Zoref-Shani and Sperling,
1979; Zoref et al., 1978)
Fumarate hydratase FUM1 Fumaric aciduria, encephalopathy (Feldmann, 2012)
. . (Froguel et al., 1993; Mahalingam et
Glucokinase GLK1 I? besltly,c;yrﬁicj}(li 1abete;s, . al., 1999; Otaegui et al., 2003; Shiota
YPOgLy » hypergiyeemia et al., 2001)
gemh;,l:](;l::/;sl:nate HEM2 Hepatic porphyria (Feldmann, 2012)
Pyruvate dehydrogenase PDA1 Leigh’s disease, Alzheimer’s (Sheu et al., 1985; Sheu et al., 1989)
Pyruvate decarboxylase PDC1 Leigh’s disease (Toshima et al., 1982; Van Biervliet
y y g et al., 1980)
Methionine SAML, SAM2 E%I::I’Sfc’gllsorll‘lflzzgrlflfjsfnemal (Cheng et al., 1997; Feldmann, 2012;
adenosyltransferase . Lu et al., 2006)
retardation
Glyceraldehyde-3- Alzheimer’s, Huntington’s, (Huang et al.,'201 1; Mazzola ?nd
TDH3 . N Sirover, 2001; Mazzola and Sirover,
phosphate dehydrogenase Parkinson’s 2003)
CTP synthase URA7, URAS Cancer (Whelan et al., 1994; Williams et al.,

1978)
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