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Abstract

Both focused and large-scale cell biological and biochemical stud-
ies have revealed that hundreds of metabolic enzymes across diverse
organisms form large intracellular bodies. These proteinaceous bod-
ies range in form from fibers and intracellular foci—such as those
formed by enzymes of nitrogen and carbon utilization and of nucleotide
biosynthesis—to high-density packings inside bacterial microcompart-
ments and eukaryotic microbodies. Although many enzymes clearly
form functional mega-assemblies, it is not yet clear for many recently
discovered cases whether they represent functional entities, storage
bodies, or aggregates. In this article, we survey intracellular protein
bodies formed by metabolic enzymes, asking when and why such bod-
ies form and what their formation implies for the functionality—and
dysfunctionality—of the enzymes that comprise them. The panoply of
intracellular protein bodies also raises interesting questions regarding
their evolution and maintenance within cells. We speculate on models
for how such structures form in the first place and why they may be
inevitable.
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INTRODUCTION

In 2010, three research groups reported the
startling discovery that cytidine triphosphate
(CTP) synthase, the enzyme that catalyzes the
last and rate-limiting step of de novo CTP
biosynthesis, can reorganize into extended in-
tracellular fibers in bacterial, fungal, and ani-
mal cells (Ingerson-Mahar etal. 2010, Liu 2010,
Noree et al. 2010). It is unknown whether these
fibers are enzymatically active, if they serve as
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cytoskeletal elements, or if they fulfill other,
as yet undetermined, regulatory or structural
roles. However, far from being a unique occur-
rence, these fibers are just the latest in a grow-
ing assortment of intracellular bodies formed
by metabolic enzymes.

In fact, observations of such bodies have
increased markedly in recent years. The
technological capacity to perform large-scale
microscopy screens of protein localization
has made possible cell-biological studies that
focus on particular cellular conditions. Such
screens have been further abetted by the
availability of extensive libraries of bacterial,
yeast, and mammalian cells expressing proteins
fused to reporters. In parallel, biologists
and bioengineers have begun constructing
novel multienzyme complexes to alter or
improve metabolic capacity. Thus, the cellular
principles underlying the assembly of large
protein bodies and their contribution to the
dynamic regulation of metabolism are ripe for
exploration and exploitation.

In this review, we survey classic and recent
examples of intracellular protein bodies, focus-
ing on those formed by metabolic enzymes.
We then discuss the current understanding of
when and why such bodies form and what their
formation implies for the functionality—and
dysfunctionality—of the enzymes that com-
prise them. Finally, we speculate on more gen-
eral models for how such complex quaternary
structures form in the first place and why they
may be inevitable.

TYPES OF INTRACELLULAR
BODIES

There are a wide variety of intracellular bodies,
but they can be classified roughly on the basis
of their composition and structures. Bacteria,
for the most part (although exceptions exist),
do not have membranous compartments,
and thus their intracellular bodies tend to be
almost exclusively proteinaceous and to serve
as subcellular compartments with specialized
interiors optimized for their relevant biological
roles. Originally called polyhedral bodies when
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Figure 1

Bacterial microcompartments as exemplified by carboxysomes. (#) Transmission electron micrographs of Halothiobacillus neapolitanus
cells showing carboxysomes (#77ows) as polyhedral, protein-dense bodies. Adapted from Yeates et al. (2007). () The major shell protein
(CsoS1ABC in H. neapolitanus) is a hexagonal subunit that oligomerizes into massive sheets that are bent into joined facets at the
vertices by a second, pentagonal protein (CsoS4AB) to complete the shell. The interior of the shell is packed with RuBisCO and
carbonic anhydrase to maximize CO; capture. Adapted from Bonacci et al. (2011). (¢) Fluorescence microscopy of carboxysomes ( greern)
shows that their in vivo location within cyanobacteria is regulated such that they are centrally aligned and evenly spaced roughly 0.5 pm
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apart. Adapted from Savage et al. 2010).

discovered in electron micrographs of Phormid-
ium uncinatum in 1956, bacterial microcom-
partments are icosahedrons ~100-200 nm in
diameter and delimited by a 3—4-nm-thick pro-
tein shell (Figure 1) (Drews & Niklowitz 1956).
In eukaryotes, the formation of mem-
branous compartments is more the norm,
and beyond mitochondria and chloroplasts a
profusion of specialized intracellular metabolic
compartments has been discovered in recent
years. These compartments bear a particu-
lar relevance to studies of self-assembly of
metabolic enzymes, as they frequently exhibit a
high level of enzyme self-organization. It can be
argued that the crystalline or quasi-crystalline
organization of at least some metabolic en-
zymes within intracellular membranous com-
partments is a direct result of their increased
concentrations within these microbodies.
Finally, beyond the microcompartments
and microbodies discussed above, individual
metabolic enzymes have been observed to
form intracellular fibers and foci. Textbook
cases for which the fiber is known to be the
enzymatically active form include acetyl-CoA
carboxylase and p-glucosidase. Many addi-
tional examples of fiber-forming metabolic

enzymes have been identified recently, but
their functionality is not yet established.

BACTERIAL
MICROCOMPARTMENTS

The archetypal bacterial microcompartment,
the carboxysome, earned its name and associ-
ation with carbon fixation in 1973, when the
CO,-fixing enzyme ribulose-1,5-bisphosphate
carboxylase/oxygenase (RuBisCO) copurified
with polyhedral bodies from the aerobic sulfur
bacterium Halothiobacillus neapolitanus (Shively
et al. 1973). Initial evidence [such as dispersal
upon revival/refeeding (Shively 1974)] sup-
ported the idea that carboxysomes were storage
bodies rather than the major sites of carbon
fixation (Shively 1974). However, studies over
the next 20 years showed that the RuBisCO in
carboxysomes is active and that carboxysomes
also contain carbonic anhydrases to convert
bicarbonate into CO; (Cannon et al. 1991, So
et al. 2004).

Crystal structures of carboxysome shell
proteins model the wall as a single layer of
interlocking hexagonal subunits with a pore in
the center of each. The sheets of hexagonal sub-
units are joined at the vertexes by pentagonal
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subunits to complete the icosahedrons (Iancu
etal. 2007, Kerfeld etal. 2005). The shell seems
to provide selective permeability to metabolites
while blocking the diffusion of even smaller gas
molecules by an unknown mechanism (Dou
etal. 2008). The colocalization of enzymes and
substrates within the diffusion barrier of the
carboxysome shell greatly increases the effi-
ciency of carbon fixation, and carboxysomes are
the main sites of CO, capture in cyanobacteria.

Searches for sequence homology to the ma-
jor shell proteins have revealed that at least 189
bacterial species contain shell protein orthologs
in gene clusters that potentially produce mi-
crocompartments (Yeates et al. 2008). Among
these, microcompartments with functions
other than CO; capture have begun to be char-
acterized. In Escherichia coli and some Salmonella
enterica serovars, orthologs of the carboxysome
shell proteins were found in operons contain-
ing genes essential for growth on ethanolamine
(Stojiljkovic et al. 1995). Acetaldehyde is a
toxic and volatile intermediate in this pathway
and might otherwise diffuse away rapidly in
the absence of the shell proteins. Thus, a
portion of the ethanolamine degradation path-
way occurs within an ethanolamine-utilizing
microcompartment (Brinsmade et al. 2005).
A similar 1-2 propanediol-utilizing (PDU)

PM o

7 A
500 nm

Figure 2

Examples of microbodies visualized by thin-section transmission electron
microscopy. (#) Peroxisomes (#77ow) within sunflower cotyledon mesophyll
cells. Crystalline inclusion bodies are formed from catalase, as shown by the
immunogold nanoparticle localization (black dots). Adapted from Tenberge &
Eising (1995) and Pavelka & Roth (2010). (b) Aspergillus nidulans showing a
Woronin body filled with a HEX-1 protein crystal. Adapted from Yuan et al.
(2003). Abbreviations: C, crystalline inclusion bodies; PM, peroxisomal matrix.
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microcompartment was found in an S. enterica
serovar (Typhimurium) (Chen et al. 1994).
The PDU microcompartment may shield the
cell from the toxic intermediate propionalde-
hyde (Havemann et al. 2002, Havemann &
Bobik 2003). The discovery of an N-terminal
targeting sequence for loading proteins into
PDU microcompartments and the transgenic
expression of functional carboxysomes con-
taining fusion proteins in E. co/i mark the first
steps toward rationally engineering bacterial
microcompartments (Bonacci et al. 2011, Fan
etal. 2010).

AGGREGATES WITHIN
MICROBODIES

It is interesting that protein microcompart-
ments are found primarily in bacteria rather
than in eukaryotes, in the same way that it
is interesting that bacteriophages primarily
have protein coats, whereas their eukaryotic
counterparts have membranous coats. It may
be that as the complexity of a system scales,
the opportunities for inadvertent protein ag-
gregation also scale (a point we touch on later),
and that the less precise organization of lipids
relative to proteins is a hedge against such
aggregates. Conversely, as suggested above,
enzyme compartmentalization may provide op-
portunities for increasing concentrations to the
point at which ordered aggregation is possible.
Whatever the reason, eukaryotes frequently
compartmentalize metabolic enzymes within
membranes. We highlight three cases of or-
dered aggregates within peroxisomes as exam-
ples typical of bodies seen in other membrane-
bound compartments such as the mitochondria
(Polianskyte et al. 2009) and the chloroplast
(Englebrecht & Esau 1963, Price et al. 1966).
Peroxisomes are eukaryotic microbodies
bound by a single lipid membrane. These struc-
tures, typically 100 nm to 1 pm across, com-
partmentalize enzymes and substrates at high
concentrations for particular metabolic path-
ways to improve the rates of catalysis or to shield
the rest of the cell from the potential damaging
effects of reactive intermediates (Figure 2).
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Most peroxisomes possess one or more en-
zymes for purine catabolism or salvage, usu-
ally xanthine oxidase and urate oxidase. These
proteins are often clustered, even to the ex-
tent of forming amorphous and crystalline in-
clusions. Urate oxidase is a cuproprotein that
normally forms homotetrameric rings, but in
some mammalian peroxisomes these tetramers
stack into fibers, which combine into crystalline
cores (Angermiiller et al. 1987). These crys-
talline cores are a common feature of many
types of peroxisomes, though their effects on
the enzymatic activity are unknown.

In plants, peroxisomes commonly specialize
in p-oxidation and contain high concentra-
tions of oxidases and enzymes to degrade
hydrogen peroxide produced by the oxidases.
Electron microscopy of plant peroxisomes
reveals crystalline and amorphous inclusions
likely composed of catalase, a homotetrameric
enzyme that degrades hydrogen peroxide
(Heinze et al. 2000). Biochemical studies
comparing crystalline catalase with diffuse
catalase found that the crystalline catalase had
up to tenfold-less specific activity but greater
stability under UV, pH, and temperature
stresses (Eising et al. 1998). Although there is
a clear loss of function owing to aggregation,
the gain of structural stability in a highly
oxidizing environment could be an example of
adaptive change in catalytic potential mediated
by forming larger aggregates.

Specialized types of peroxisomes, called
Woronin bodies, are found in filamentous fungi
and staunch the flow of cytoplasm from hyphal
wounds (Jedd & Chua 2000). The major and
essential component of Woronin bodies is an
aggregate of HEX protein oligomers, which
form the eponymous hexameric crystalline
cores. HEX proteins are related most closely
in structure and sequence to elF-5a, though
the residues responsible for intersubunit
contacts are different, and the precise enzy-
matic function is unknown (Yuan et al. 2003).
Mutation of residues at the oligomerization
interface abolishes both the wound-healing
function and the polymerization
phenotype, which shows this to be an

classic

example of a functional aggregate (Yuan et al.
2003).

In mammals, the processed form of the -
lactamase-like protein (LACTB) polymerizes
into ordered filaments hundreds of microme-
ters in length in the intermembrane space of
mitochondria (Polianskyte et al. 2009). Neither
the role these fibers have within mitochondria
nor what drove the evolution of fiber formation
from the nonfiber-forming bacterial ortholog is
known.

FIBERS AND FOCI

Although microcompartments and membra-
nous organelles are complex, highly structured
organizing centers of metabolism, metabolic
enzymes also self-assemble into a wide array of
simpler intracellular bodies, among them fibers
and foci. Many such bodies have been discov-
ered; some are clearly functional, whereas the
functions of others have yet to be established.
The probability of forming functional aggre-
gates arguably scales with the concentrations
of the enzymes involved, and thus, perhaps un-
surprisingly, many of these fibers and foci seem
to be enzymes that support key metabolic pro-
cesses such as carbon utilization, nitrogen fixa-
tion, and nucleotide biosynthesis.

Fibers of Metabolic Proteins:
Carbon Utilization

Self-assembling fibers of a single enzyme
are perhaps the simplest metabolic bodies
observed in cells. The textbook example of a
functional fiber is acetyl-CoA carboxylase; it
was the first and remains the best character-
ized of all enzymatic fibers. Most mammals
encode acetyl-CoA carboxylase as a single
multidomain protein, nominally a homodimer,
but one that can assemble into polymers
with >50-fold greater activity (Beaty & Lane
1983a, Meredith & Lane 1978). In mammals,
there are two isoforms of the enzyme, one
localized to the cytoplasm and the other to the
mitochondria. Both isoforms carry out the first
and rate-limiting step of fatty acid biosynthesis
by carboxylating acetyl-CoA to malonyl-CoA.

www.annualreviews.org o Cytosolic Bodies of Metabolic Enzymes

93



Annu. Rev. Cell Dev. Biol. 2012.28:89-111. Downloaded from www.annualreviews.org
Access provided by University of Texas - Austin on 01/22/24. For personal use only.

94

Although polymerization is dependent on en-
zyme concentration, many other mechanisms
shift the enzymes between inactive monomers
and the active polymer form (Beaty & Lane
1983b).  Phosphorylation/dephosphorylation
will decrease/increase polymerization, respec-
tively; allosteric binding of citrate induces
polymerization, whereas excess product
(malonyl-CoA) triggers depolymerization; and
MIGI2 binding also can induce polymeriza-
tion (Kim et al. 2010). For the mitochondrial
isoform of acetyl-CoA carboxylase, MIG12,
binding alone is sufficient to drive polymeriza-
tion and reduces the concentration of citrate
needed for polymerization fivefold for the
cytoplasmic isoform (Kim et al. 2010).
Gunning (1965) first reported fibers of
B-glucosidase in electron micrographs of oat
plastids in 1965. This enzyme is nominally a
homohexamer that hydrolyzes 1—4 glucose
bonds; it also cleaves avenacosides as an anti-
fungal defense. Structural studies 40 years later
revealed rings of hexamers stacked into fibers
up to 2 pm in length (Kim et al. 2005), and bio-
chemical analyses provided evidence that the
fibers might be the active form of the enzyme:
longer fibers were more active in hydrolyzing
avenacosides and more resistant to inhibitors
than were shorter fibers (Kim et al. 2005).

Fibers of Metabolic Proteins:
Nitrogen Utilization

Several enzymes at the core of nitrogen
metabolism also form fibers. Studies of E. coli
glutamine synthase (Class I), which catalyzes
the ATP-driven addition of ammonia to glu-
tamate, found that zinc progressively induces
the dodecameric rings of the enzyme complex
to aggregate into fibers (Miller 1974). Mam-
mals have an eye-specific glutamine synthetase
(Class I-like) that is catalytically inactive but es-
sential for proper eye development (Harding
et al. 2008). Like crystallins, it is one of many
chance adaptations of structured enzyme ag-
gregates to serve as eye proteins. In yeast, glu-
tamine synthetase (Class II) is a decamer that
forms foci in vivo under starvation conditions,
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although its ultrastructure remains to be deter-
mined (Narayanaswamy et al. 2009).

When cells are starved of glutamine,
they degrade glutamate to o-ketoglutarate
and ammonia using the NAD-dependent
glutamate dehydrogenase in mitochondria.
In mammals, this enzyme normally forms
homohexamers but at high concentrations
associates into either highly ordered filaments
or helical fiber bundles (Josephs & Borisy
1972). It is unclear what effect polymerization
has on enzyme activity (Zeiri & Reisler 1978);
however, glutamate dehydrogenase has a host
of allosteric regulators, including zinc, ADP,
and GTP, and those that activate function
also promote polymerization and decrease
thermal aggregation (Cioni & Strambini 1989,
Eisenberg & Reisler 1971, Frieden 1958, Olson
& Anfinsen 1952, Sabbaghian et al. 2009). The
reverse reaction—glutamate synthesis—can be
carried out either by highly related enzymes
using NADPH as a cofactor or by glutamate
synthases, which catalyze a transamination
from glutamine to «-ketoglutarate, forming
two molecules of glutamate. In starved yeast,
the green fluorescent protein (GFP)-tagged
glutamate synthetase forms fibers (Noree et al.
2010); similar to glutamate dehydrogenase, the
enzyme forms homohexamers, and the fibers
observed by fluorescence microscopy may rep-
resent fibrillar bundles of the homohexamers.

Fibers of Metabolic Proteins:
Nucleotide Biosynthesis

Cytidine triphosphate synthase. Recently,
multiple groups have reported that CTP
synthase forms filamentous and ring structures
in vivo in fly (Chen et al. 2011, Liu 2010,
Noree et al. 2010), bacteria (Ingerson-Mahar
et al. 2010), budding yeast (Noree et al. 2010),
rat (Noree et al. 2010), and human cells
(Carcamo et al. 2011, Chen et al. 2011). In the
crescent-shaped bacterium Caulobacter crescen-
tus, CTP synthase forms a single rod lining the
inner curvature of the cell. In Drosophila, CTP
synthase filaments, termed cytoophidia (mean-
ing “cell snake”), exist in two forms, termed
microcytoophidia and macrocytoophidia, the
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Figure 3

Green fluorescent protein C-terminal cytidine
triphosphate (GFP-CTP) synthase fibers within
Drosophila egg chamber cells. The fibers exhibit a
diverse range of lengths. Adapted from Liu (2010).

latter being considerably thicker and longer
than the former (Figure 3). In yeast, CTP
synthase assembles into filaments as cells enter
quiescence upon culture growth to stationary
phase. In fact, yeast cells express two CTP
synthase homologs, Ura7p and Ura8p, that
colocalize within the same filaments but not
with other known filament-forming proteins
(Noree et al. 2010).

Initial data suggest that these fibers may
be formed by the self-association of CTP
synthase and do not require energy or special
machinery (such as chaperones or scaffolds)
for formation. Filaments are seen to form
upon heterologous expression of C. crescentus
CTP synthase in E. co/i, and native E. coli CTP
synthase forms filaments both in vivo and
in vitro (Ingerson-Mahar et al. 2010). That
said, other studies now implicate additional
components in the fibers (Carcamo etal. 2011).

Although the filaments show distinct
intracellular locations, these apparently vary
in different organisms. In C. crescentus, CTP
synthase filaments colocalize to crescentin
along the inner curvature of the cell and
apparently help regulate the crescent cell shape
(Ingerson-Mahar et al. 2010). In rat neurons,

CTP synthase filaments occur in axons but
not dendrites (Noree et al. 2010). Fly microcy-
toophidia associate with Golgi complexes and
in some cases with microtubules (Liu 2010).
In contrast, human and yeast CTP synthase
filaments were not observed to colocalize with
microtubules (Carcamo etal. 2011, Noree etal.
2010), and human CTP synthase filaments also
were not observed to colocalize to Golgi com-
plexes or centrosomes and were not enriched
in actin or vimentin (Carcamo et al. 2011).
Compounds that modulate CTP synthase
protein function modulate fiber formation.
For example, CTP synthase inhibitors such
as acivicin and the glutamine analogs 6-diazo-
5-oxo-L-norleucine (DON) and azaserine
(Carcamo et al. 2011, Chen et al. 2011) have
dramatic effects on CTP synthase filaments.
Interestingly, CTP synthase inhibitors produce
different effects in different organisms: DON
treatment disrupts CTP synthase filament
formation in C. crescentus and also disrupts fila-
ments of heterologously expressed C. crescentus
CTP synthase in Schizosaccharomyces pombe or
E. coli (Ingerson-Mahar et al. 2010). In con-
trast, DON and azaserine treatments promote
filament formation in fly cells, and DON and
acivicin treatments induce filament formation
in human cells (Carcamo et al. 2011, Chen
et al. 2011). Notably, DON binding induces
tertiary (Levitzki et al. 1971) and quaternary
(Robertson 1995) structural changes in E. coli
CTP synthase. As in the glutamine synthetase
case mentioned above, such allosteric confor-
mational changes also alter the conformational
state of neighboring subunits coordinately
(Levitzki et al. 1971), which is consistent with
the hypothesis that differences in intersubunit
amino acid contacts might be exposed or
hidden by conformational changes. This would
help to explain not only the evolution of fiber
formation but also how fiber formation is
functionally related to regulatory logic.
Filament formation also can vary broadly
according to systemic conditions, including cell
types, stages, and growth conditions. Ingerson-
Mahar et al. (2010) reported that mCherry-
CTP synthase filaments were generally shorter
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in newly formed stalked cells of C. crescentus
and then elongated with the progression of
the cell cycle; subcellular localization was also
dependent on cell cycle. Carcamo et al. (2011)
observed the opposite in human cells, in which
expression of filaments occurred in all phases
of the cell cycle in HEp-2 cells, and Chen et al.
(2011) found a similar ubiquity in HeLa cells.
However, in other human cells, the filaments
varied by cell type and culture conditions. For
example, undifferentiated, uninduced human
embryonic stem cells contained CTP synthase
rings and rods but lost them when stimulated
to differentiate by retinoic acid (Carcamo et al.
2011). Similarly, filaments of the yeast CTP
synthase Ura7p are induced strongly by growth
to saturation or glucose depletion but disappear
upon addition of fresh medium. Thus, CTP
synthase fibers currently represent something
of a quandary: Although widely observed, they
show mixed regulatory logic across organisms,
and their enzymatic functionality has yet to be
established.

Inosine 5’-monophosphate dehydrogenase.
In 2011, a study in human cells demon-
strated that cytoplasmic filaments consisting
of human CTP synthase also contained
inosine  5’-monophosphate  dehydrogenase
(IMPDH) (Carcamo et al. 2011). IMPDH
catalyzes the NAD-dependent oxidation of
inosine monophosphate (IMP) to xanthosine
monophosphate, the first and rate-limiting
step for the synthesis of guanosine nucleotides.
The predominant isotype, IMPDH type II,
is highly expressed in neoplastic and differ-
entiating cells, which makes it an inviting
target for antiproliferation drugs such as the
immunosuppressive, noncompetitive inhibitor
mycophenolic acid (MPA) (Nagai et al. 1991,
Zimmermann et al. 1998). MPA induced
IMPDH rings and filaments in cultured human
cells, reduced the enzyme’s specific activity
in cell lysates, and induced purified IMPDH
homotetramers of ~15 nm in diameter to form
large, disordered aggregates in vitro (Ji et al.
2006). Both MPA-induced rings and fibers
in vivo and aggregation in vitro could be dis-
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persed by the addition of GTP at physiological
concentrations, with GTP addition restoring
the activity of MPA-inhibited IMPDH in
cell lysates (Ji et al. 2006). These results are
consistent with a hypothesis that MPA stabi-
lizes intertetramer interactions, shifting the
equilibrium between active IMPDH tetramers
and inactive fibers to favor the inactive form.
These results also beg the question of whether
cells might naturally form IMPDH fibers to
store or regulate the enzyme in an inactive
form rather than destroying or recycling it.

Purinosomes. Although sampling may be
biased by history, the enzymes of nucleotide
metabolism appear to be particularly prone
to form intracellular bodies. In particular,
the existence of a multienzyme complex con-
sisting of all the members of the de novo purine
biosynthesis pathway, termed the purinosome,
has been postulated for some time on the basis
of the accumulation of a variety of evidence
from many experiments. The de novo purine
biosynthesis pathway encompasses a ten-step
enzymatic reaction converting phosphoribosyl
pyrophosphate (PRPP) to IMP. In higher
eukaryotes such as mammals, de novo purine
biosynthesis is carried out by phosphoribosyl
pyrophosphate  amidotransferase ~ (PPAT),
the trifunctional phosphoribosylglycinamide
formyltransferase/phosphoribosylglycinamide
synthetase/phosphoribosylaminoimidazole
synthetase (GART), phosphoribosylformyl-
glycinamidine  synthase  (FGAMS), the
bifunctional  phosphoribosylaminoimidazole
carboxylase/phosphoribosylaminoimidazole
succinocarboxamide  synthetase  (PAICS),
adenylosuccinate lyase (ADSL), and the bi-
functional 5-aminoimidazole-4-carboxamide
ribonucleotide  formyltransferase/IMP  cy-
clohydrolase (ATIC). The de novo purine
biosynthesis pathway is upregulated when
exogenous hypoxanthine is unavailable (Becker
& Kim 1987, Yamaoka et al. 2001).

In higher eukaryotes, these ten enzymes
have fused into six polypeptide chains, three
of which possess multiple active sites, as listed
above. Perhaps the most interesting of these
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is the trifunctional protein GART, which
catalyzes the second, third, and fifth enzymatic
steps in the pathway. Early hints that the
purinosome might form included coimmuno-
precipitation of trifunctional GART and bi-
functional PAICS from chicken liver (Caperelli
et al. 1980), along with serine hydroxymethyl
transferase and the trifunctional methylene
tetrahydrofolate dehydrogenase (MTHFDI).
These latter two enzymes form a cycle for the
production of the labile 10-formyl tetrahydro-
folate coenzymes required for steps 3 and 9
of purine biosynthesis. Cross-linking studies
in vitro found a physical interaction between
GART and MTHFD1, and their interaction in-
creases GART activity (Smith etal. 1980). Fluo-
rescence microscopy of transiently expressed,
fluorescently tagged proteins showed colocal-
ization between tetrahydrofolate synthase and
both FGAMS and GART.

In 2008, the Benkovic group reported the
first direct observation of the purinosome in
cells (An et al. 2008). Fluorescent protein con-
structs of the six mammalian purine biosynthe-
sis enzymes formed punctate intracellular foci
when transiently overexpressed in Hel.a cells
in purine-depleted culture medium. FGAMS-
GFP was shown to colocalize with the five other
enzymes of the pathway, which suggests the as-
sembly of de novo purine biosynthesis enzymes
into purinosomes. FGAMS-GFP foci could be
dissolved by exchanging purine-depleted for
purine-rich medium, although the addition of
the purine hypoxanthine to purine-depleted
medium did not dissolve the foci. Intracellu-
lar bodies that included PPAT, GART, ADSL,
and ATIC were also detected via immuno-
fluorescence confocal microscopy of endoge-
nous enzymes in many human cell types, includ-
ing primary keratinocytes. The bodies formed
and dispersed when culturing cells in purine-
depleted and purine-rich medium, respectively
(Baresova et al. 2012).

Inhibitor studies have yielded some insights
into the mechanism of purinosome formation.
Addition of the microtubule-disrupting agent
nocodazole reduced purinosome foci formation
and decreased overall cellular purine synthesis

(Anetal. 2010a), which suggests that the forma-
tion of these bodies may require cytoskeletally
directed active transport. Casein kinase 2
(CK2) inhibitors 4,5,6,7-tetrabromo-1H-
benzimidazole and 2-dimethylamino-4,5,6,7-
tetrabromo-1H-benzimidazole induced foci
formation by FGAMS-GFP, GART-GFP,
or PPAT-GFP, whereas the subsequent
addition of a different CK2 inhibitor, 4,5,6,7-
tetrabromobenzotriazole, appeared to reverse
or suppress foci formation. In addition, al-
though CK2 inhibitors affected FGAMS-GFP,
GART-GFP, and PPAT-GFP foci formation,
similar effects were not seen on PAICS-GFP,
ADSL-GFP, and GFP-ATIC unless each
was cotransfected with one of the former
three proteins tagged with orange fluorescent
protein (An et al. 2010b). These results suggest
a possible, but as yet unclear, role for CK2 in
purinosome regulation. One possibility is that
phosphorylation by CK2 disperses assemblies,
as seen for acetyl-CoA carboxylase (Meggio &
Pinna 2003).

The study of the purinosome is also a case
study in how the methods used to query intra-
cellular bodies potentially influence outcomes.
The visualized purinosome clusters have been
observed largely by transient overexpression
with fluorescent protein tags. In contrast,
previous efforts using cells stably transfected
with purinosome constructs did not yield
visible purinosome bodies (Gooljarsingh et al.
2001). Overexpression of proteins above their
native levels has been shown to result in their
aggregation (Cromwell et al. 2006, Klein
& Dhurjati 1995, Mayer & Buchner 2004,
Yokota et al. 2000, Zhang et al. 2004), and the
transiently overexpressed purine biosynthetic
enzymes form intracellular bodies to extents
that correspond to each enzyme’s predicted
aggregation propensity (Zhao etal. 2012). The
resultant bodies are marked by ubiquitin and
heat-shock chaperones, which suggests that
they may represent aggregated protein clusters
(Zhao et al. 2012).

The formation of functional purinosomes
is not necessarily inconsistent with the
observation of aggregated purine biosynthetic
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Figure 4

Hundreds of foci- and fiber-forming proteins have been discovered in
systematic protein localization screens; most of these intracellular bodies are
still largely uncharacterized. (2,0) Representative foci (ACCase 3-subunit)-
and fiber (UDP-N-acetylmuramate-alanine ligase)-forming green fluorescent
protein (GFP) fusion proteins, respectively, from Caulobacter crescentus. Adapted
from Werner et al. (2009). (c,d) Representative foci (Ade4)- and fiber
(Pill)-forming yellow fluorescent protein—fusion proteins, respectively,

from Schizosaccharomyces pombe. Adapted from Matsuyama et al. (20006). (e,f)
Representative foci (Glnlp)- and fiber (Asn2p)-forming GFP-fusion proteins,
respectively, from Saccharomyces cerevisiae. Adapted from Narayanaswamy et al.
(2009).
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enzymes. Indeed, both may be true, depending
on the cell state and method of observation.
Purinosome bodies appear to be quite hetero-
geneous, as the penetrance of fluorescent body
formation varied broadly for each individual
enzyme, ranging from 5% to 77% of the cells
(An et al. 2008). A similar broad distribution
was observed for CK2 inhibitor-mediated
effects (ranging from 15% to 95% penetrance)
(An et al. 2010b). Regulatory influences can
also be interpreted in terms of either functional
or nonfunctional aggregation (or both): al-
though microtubules and CK2 could regulate
purinosomes, they have also been implicated in
general protein aggregation (Muchowski et al.
2002, Watabe & Nakaki 2011). Nocodazole
inhibition of purinosome formation (An et al.
2010a) is consistent with functional assembly
requiring microtubules, but nocodazole treat-
ment also inhibits inclusion body formation
of aggregated huntingtin (Kaminosono et al.
2008, Muchowski et al. 2002). Future studies
will clearly be required to address the key ques-
tions of functionality of the purinosome bodies,
ideally leading to purification and in vitro char-
acterization, and to assess the relationships, if
any, between the intracellular bodies formed by
overexpression of purine biosynthetic enzymes
and the endogenous forms of those proteins.

LARGE-SCALE SCREENS
REVEAL MANY ADDITIONAL
INTRACELLULAR FOCI

AND FIBERS

The frequency at which intracellular bod-
ies have been found during the study of
metabolism indicates either that metabolic
enzymes are prone to aggregation or, perhaps,
that all enzymes are prone to aggregation and,
to date, biochemists just happen to have largely
studied metabolic enzymes. In fact, large-scale
microscopy screens of protein localization
dynamics have revealed tens to hundreds of
additional enzymes that form intracellular
bodies (Figure 4). Using cell microar-
rays, Narayanaswamy et al. (2009) surveyed
large-scale trends in yeast (Saccharomyces
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cerevisiae) protein reorganization using a
genome-wide GFP fusion library (Huh et al.
2003). When ~800 yeast strains expressing
normally cytosolic GFP-tagged proteins from
their native locus in the genome were grown
to stationary phase, 180 proteins involved in
intermediary metabolism and stress response
were observed to form punctate cytoplasmic
foci. The formation of many of these proteins
was confirmed also by immunofluorescence
and mass spectrometry of untagged proteins,
with 33 proteins confirmed by both microscopy
and mass spectrometry (Narayanaswamy et al.
2009).

A second screen of a portion of the S.
cerevisine GFP library by Noree et al. (2010)
found 27 additional fiber structures. Of these,
three were fibers formed by metabolic pro-
teins. One was a CTP synthase fiber (discussed
above). The other two fibers, composed of
Psalp and Gltlp, were entirely new. Psalp is
a GDP-mannose pyrophosphorylase essential
for building the glycoproteins of the cell wall
and is highly conserved across eukaryotes. The
other, Gltlp (also discussed above), is an NAD-
dependent glutamate synthase, which, along
with Glnlp, forms one of the core ammonia
incorporation pathways. It is currently unclear
whether these fibers are functional and, if so,
what role they might serve.

Additionally, several systematic microscopy
screens of protein localization have been per-
formed in the fission yeast S. pombe (Ding et al.
2000, Hayashi et al. 2009, Matsuyama et al.
2006, Sawin & Nurse 1996). Although these
screens were not searching specifically for new
structures, they still describe many proteins as
existing as cytoplasmic dots [e.g., CTP synthase
and Adedp, as were seen also in S. cerevisiae
(Narayanaswamy etal. 2009)] or in fibrous mor-
phologies (e.g., Pillp, an essential cell wall pep-
tidoglycan synthetase).

A localization study of ~300 cytoplasmic
proteins labeled with mCherry by Werner
et al. (2009) identified many proteins that
showed nondiffuse localization. Of these, they
described 29 proteins’ cellular distributions as
foci, 129 proteins as patchy/spotty, and 3 as

filament forming. Two of the filament-forming
proteins are CTP synthase and an associ-
ated structural protein, CreS. The other fiber
is formed by UDP-N-acetylmuramate-alanine
ligase. Similar to Psalp, itis an essential enzyme
for peptidoglycan synthesis.

These large-scale screens clearly reveal a re-
markably extensive assortment of intracellular
bodies forming across diverse environmental
conditions. It would appear that at least some
of these bodies are metabolically inducible and
form reversibly, which strongly suggests func-
tionality. For example, the yeast purine biosyn-
thetic enzyme Ade4-GFP formed foci in the
absence of adenine, and cycling between punc-
tate and diffuse phenotypes could be controlled
by adenine subtraction and addition. Similarly,
yeast glutamine synthetase (Gln1-GFP) foci cy-
cled reversibly in the absence and presence of
glucose (Narayanaswamy et al. 2009). Finally,
there is good evidence for the yeast translation
initiation regulatory complexes elF2 and eIF2B
existing as polymerized fibers during log phase
growth (Noree et al. 2010). As this is precisely
when translation rates are the highest in yeast,
it argues the fibers may be functional and reg-
ulated. However, as with the purinosome, cau-
tion must be used in interpreting whether the
bodies form for functional roles or whether reg-
ulated changes in concentration lead inadver-
tently to intracellular aggregates.

Most large-scale localization studies use
fusion proteins, and the properties of the tag
can affect the solubility and interactions of the
tagged protein. One recent study found that
a commonly accepted body formed by Clp
proteases was entirely dependent on certain
fluorescent tags for formation. In the absence
of a tag or using a GFP evolved for monomeric
expression in E. coli, Clp proteases did not
form the bodies. The authors propose that
the fluorescent protein tags dimerize, causing
homo-oligomeric complexes to assemble
into an extended network and producing an
intracellular body (Landgraf et al. 2012). If
this is a major cause of intracellular bodies,
it predicts the set of foci forming proteins
should be strongly enriched for oligomers.
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Thus structures discovered by large-scale
fluorescence localization screens need to be
confirmed by orthogonal, preferably tag-free,
methods to verify their biological relevance.

WHAT’S GOING ON? THREE
POTENTIAL ROLES FOR
INTRACELLULAR BODIES

The panoply of intracellular protein bodies
also raises interesting questions regarding their
evolution and maintenance within cells. We
conclude by offering additional speculations
on several particular aspects of how and why
such bodies might evolve.

Case studies such as CTP synthase and the
purinosome raise many interesting questions
regarding the functionality of intracellular bod-
ies. It is thus useful to consider why metabolic
enzymes might assemble into such large
intracellular assemblies. In general, metabolic
enzymes are notable for often forming complex
quaternary structures, some (e.g., pyruvate
dehydrogenase) larger than even the largest
single proteins. These massive intracellular as-
semblies may provide functional advantages to
the cell, such as catalytic efficiency or improved
regulation. Alternatively, these structures
might be depots for the storage of functional
proteins or the disposal of dysfunctional ones.
Although numerous metabolic enzymes clearly
form functional and well-characterized meta-
assemblies, it is not yet clear for many of the
most recently discovered intracellular bodies
whether they represent functional bodies, stor-
age bodies, or aggregates. Distinguishing these
roles represents one of the major challenges
for studying these structures.

Catalytic Efficiency and Improved
Regulation

Classically, enzymes have been thought to or-
ganize into multisubunit assemblies to improve
their functionality. Quaternary structures
enable the channeling of substrates between
active sites on individual subunits, thereby
protecting labile intermediates from side
reactions in the cell or protecting the cell from

O’Connell et al.

toxic reaction intermediates. For example, the
first intermediate substrate in de novo purine
biosynthesis, 5-phosphoribosylamine, has a
cellular half-life of 38 s, and channeling is
essential for its subsequent coupling to glycine
(Schendel et al. 1988). Also, the addition of
CO; to aminoimidazole ribonucleotide to form
4-carboxy-5-aminoimidazole  ribonucleotide
occurs without the use of biotin or ATP. In
plants, bacteria, and yeast this occurs through
two enzymatic steps with N°-CAIR as an un-
stable intermediate substrate, which may have
driven the fusion of the enzymes responsible
for these two steps in yeast and plants. Finally,
the 5,10-formyl-methylene-tetrahydrofolate
coenzyme used in steps 3 and 9 is moderately
labile, with a half-life of 30 min (Smith et al.
1980). Such observations underpin the search
for the purinosome, which would in principle
localize the enzymes within sufficient proximity
to prevent the diffusion of unstable interme-
diates or substrates. Similarly, the peroxisome
shields cells from peroxide radicals generated
by oxidases in fatty acid and purine catabolism.
A related effect is seen in the formation of
ethanolamine-utilizing  microcompartments
that shield cells during growth on ethanolamine
by localizing the production and degradation
of toxic aldehydes within a protein shell.
Channeling substrates between active sites
in a quaternary structure or within a compart-
ment can also improve metabolic efficiency
greatly, even when no side reactions are in
play. For instance, carboxysomes prevent the
diffusive loss of CO; during carbon fixation and
thereby allow unicellular organisms to achieve
C4 plantlike efficiencies. In an even grander
organization of metabolic machinery, the cellu-
losome anchors enzymes involved in cellulose
production via elaborate, interlocking mul-
tidomain protein scaffolds on the cell surface.
Finally, quaternary structure formation
allows regulation by cooperative interactions
and allosteric effectors. There are, of course,
many such known examples of cooperativity
in enzyme oligomers. Among these, the
dodecameric glutamine synthetase from E. coli
is one of the best understood. In addition to
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two covalent modification enzyme systems,
glutamine synthetase has eight direct allosteric
inhibitors that, individually, partially inhibit
activity and, together, cooperatively inhibit
activity (Eisenberg et al. 2000). The allosteric
inhibitors bind active sites that are positioned
at the interface between the subunits of the
two hexameric rings, and in this way binding
is transduced into structural changes that can
be transmitted between enzymes in both rings.
This mode of regulation effectively integrates
information about the metabolic state of the
cell with overall enzyme activity (Woolfolk
1967), and such changes could in principle
modulate the formation of glutamine synthase
foci and fibers in vivo, although such an effect
has yet to be shown.

Storage Depots

It has also been hypothesized that proteins may
assemble into macromolecular depots, in which
individual components can be held transiently
and released. The advantage of such depots
is that proteins need not be resynthesized but
are instead retained for potential future use,
especially in conditions in which rapid rede-
ployment may be required. For example, in
the stationary (quiescent) phase, cells have a
remarkable ability to weather extreme stress
conditions but can rapidly reenter the cell cycle
(Gray et al. 2004). Many changes accompany
the transition into stationary phase. Stationary-
phase yeast cells, for example, exhibit decreased
metabolic rates and increased size and density
and in general cease proliferating. The cell
walls increase in thickness to provide osmo-
and thermotolerance, and the cells accumulate
intracellular carbohydrates, including glycogen
and trehalose, which may serve to help protect
the cells against a variety of stresses (Gray
et al. 2004). Although rates of transcription
and translation are decreased dramatically in
quiescent cells as compared with exponentially
growing cells (Choder 1991, Fuge et al. 1994),
the quiescent cells must remain able to rapidly
restart growth when nutrients do become
available. Quiescent cells have been shown to
maintain available pools of important cellular

components in forms that can be mobilized
quickly, including cytoplasmic processing bod-
ies containing mRNAs that can be translated
upon restarting growth (Brengues et al. 2005)
and actin bodies—localized accumulations of
actin that can reassemble into actin fibers and
patches as necessary when cellular growth
restarts (Sagot et al. 2006). Overall, quiescent
cells appear to be rich with dynamic depots
that are important for reentry into the mitotic
cell cycle. Such a trend is consistent with the
tendency for many cellular proteins to be
organized-both spatially and functionally-in a
manner consistent with the needs of the cell.

Aggregation of Dysfunctional
and/or Unfolded Proteins

In contrast to the above examples of intracellu-
lar bodies with active functional roles or storage
of functional potential, a third major category
of intracellular bodies is now well established:
those composed of aggregated and possibly dys-
functional unfolded proteins. Such bodies of-
ten are the product of active cellular processes
for collecting, sequestering, and disposing of
the aggregates (Tyedmers et al. 2010) but also
can form when high levels of expression trig-
ger self-association and aggregation (Wickner
1994). Aggregated proteins are commonly se-
questered, often via active transport along the
cytoskeleton, to specific cellular sites such as
aggresomes (Johnston et al. 1998), IPOD, and
JUNQ (Kaganovich et al. 2008).

The best-characterized examples of pro-
tein aggregates and intracellular aggregation
bodies include amyloid fibers and foci as
well as inclusion bodies. Amyloid fibers, in
particular, are linked to a range of human
diseases, including Alzheimer’s, Parkinson’s,
and Huntington’s (Ross & Poirier 2004), but
they also occur broadly across proteins and
organisms (Goldschmidt et al. 2010, Halfmann
etal. 2012). The toxicity of protein aggregates
is generally attributed not only to the depletion
of functional machinery (Stefani & Dobson
2003) but also to the creation of pores inside
cell membranes by small oligomers (Ahmed
et al. 2010). At the early stages of aggregation,
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small oligomers of amyloid aggregates have
structural similarities to pore-forming bacterial
toxins and eukaryotic pore proteins (Hirakura
& Kagan 2001), and their insertion into
membranes leads to ion loss and cell death
(Kourie et al. 2002). Both yeast and human
prions constitute a continuous spectrum
of aggregation with multiple morphologies
(Edskes et al. 2009, Legname et al. 2006), and
aggregated prion protein seeds can propagate
readily to daughter cells (Krammer et al. 2009).

Mutations and
oxidative damage

Chaperones

Allosteric/covalent
activators

|

Allosteric/covalent
inhibitors

Cell-cycle
dependent

Allosteric/covalent
inhibitors

|

Allosteric/covalent
activators

Fibers are pathological aggregates
(e.g., sickle-cell hemoglobin)

Fibers enhance enzymatic activity
(e.g., acetyl-CoA carboxylase)

Fibers form structural elements
(e.g., microtubules)

Fibers store catalytic potential
(e.g., CTP synthase?)

Figure 5

Proteins that assemble into symmetric quaternary structures should in principle
have a higher propensity to form fibers, because effectors, whether allosteric,
covalent, or mutational, that enhance binding between the oligomeric faces
may be multiplied around the axis of symmetry, leading to enhanced fiber
stability. The types of effectors and their contribution to fiber stability or
destabilization can inform about an enzymatic fiber’s role within cells.
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In contrast to bodies formed by aggregates
of dysfunctional proteins, some bodies may
be formed by aggregates of functional pro-
teins. For instance recent evidence suggests
RNA granules are formed by aggregatation
of partially unfolded RNA-binding proteins
whose low complexity sequences form hydro-
gels of amyloid aggregates. However, the pro-
teins retain their RNA-binding capacity, and
unlike other amyloid aggregates these show
highly dynamic assembly and disassembly rates
and can incorporate heterogeneous sequences
(Kato et al. 2012). These RNA granules still
serve various biological functions despite be-
ing formed by amyloid aggregates, which are
historically thought to be pathogical and often
associated with cell death in neurodegenerative
diseases.

SPECULATIONS AND
CONCLUSIONS

Are Metabolic Enzymes Intrinsically
More Likely to Self-Assemble?

Similar to the large-scale screens of protein
localization, microscopy screens have also
identified numerous new yeast prions (Alberti
et al. 2009). Thus, whether assembling bodies
for functional reasons, perhaps in response
to metabolic cues, or simply aggregating
pathologically, a much larger set of proteins
than is broadly appreciated may assemble
into bodies or aggregate in vivo, perhaps
whenever their abundances exceed tolerated
limits (Tartaglia et al. 2007). The breadth
of these phenomena raises the interesting
possibility that all ordered proteins may exhibit
some level of self-aggregation or self-assembly.
Because metabolic enzymes often exhibit com-
plex quaternary structures and intersubunit
allostery for the purpose of regulation, such
quaternary structures might be intrinsically
more susceptible to forming intracellular foci
and fibers simply as a result of a symmetrical ar-
rangement of enzymes, which would replicate
any favorable intersubunit interactions around
the structure’s axes of symmetry (Figure 5).
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For example, stacked E. co/i glutamine synthase
dodecamers (dimers of hexamers) present
six identical interfaces, one between each
pair of the six repeated monomers around the
dodecamer-dodecamer interface. Any favorable
interaction at one such interface is therefore
copied six times around the rings, making—via
avidity—for a potentially very strong overall in-
terface. Such a mechanism of fiber formation is
therefore intrinsically more likely for proteins
with complex quaternary structures typical
of those found among metabolic enzymes.
Figure 6 shows a gallery of metabolic enzyme
quaternary structures and fibers thought to be
formed by such stacking mechanisms.

Given that metabolic enzymes often are
also highly expressed and prone to allosteric
regulation of alternate conformations, they
would seem especially likely cellular candidates
for self-assembly into higher-order structures.
The resulting fibers might provide regulatory
functionality—e.g., providing fine-tuning of
enzymatic output by integrating allosteric
interactions across the polymeric interfaces.
Such appears to be the case for glutamine
synthase, at least on the scale of binding
of two homopentameric or hexameric rings
(Eisenberg et al. 2000). Such fibers or assem-
blies might also provide stability or rigidity,
especially as regards the formation of metabolic
enzymes into more extensive structures such
as crystals, which we might expect to serve
as self-chaperoning structures, decreasing the
likelihood for component proteins to unfold
and form aggregates. Indeed, lens crystallins
are derived frequently from metabolic enzymes
(Piatigorsky 1993). Similarly, the crystalline
cores of peroxisomes as well as mitochondrial
glutamate dehydrogenase fibers are cases in
which homo-oligomeric enzymes are highly
concentrated in stressful environments.

Protein Aggregation as an
Evolutionary Compromise

As we have discussed, the formation of intracel-
lular protein aggregates is widespread, and such
aggregates are frequently functional. There-

fore, this would seem to be a phenomenon that
is not highly selected against and that actually
may be beneficial. However, phylogenetic
analyses of multiple proteins suggest that a
negative correlation exists between the rate of
sequence change and the level of expression
(Drummond & Wilke 2008, 2009), which has
been interpreted to mean that mistranslation
of a highly expressed protein is more likely
to lead to dysfunctional aggregation than
the mistranslation of scarcer proteins. Thus,
despite the widespread existence of protein
aggregates, the entire proteome is constantly
under selection to avoid aggregates. The
resolution of this conundrum is seemingly that
aggregates are largely unavoidable and that
functional organization around aggregates is
an evolutionary compromise.

This begs the question of why aggregates are
unavoidable, given that evolutionary optimiza-
tion often grinds genotypes and phenotypes
to a very fine degree. The answer must lie in
the realm of physical principles that not even
evolution can refine, and as described below,
sickle-cell hemoglobin remains one of the most
illustrative examples. A single mutation that
occurred independently several times within
a relatively short span of evolutionary time
(Wainscoat et al. 1983) leads to polymer forma-
tion, which can have the beneficial consequence
ofincreased tolerance to malarial infection. We
would argue that such mutations are largely un-
avoidable, especially in oligomeric proteins that
by definition have the opportunity to form mul-
tiple, geometrically repeated contact points.

Because oligomers often are allosterically
regulated, and thus by definition assume multi-
ple conformations, there may be unique oppor-
tunities for the formation of new mutational
contact points. In many cases, new aggregates
will be deleterious, as with Alzheimer’s and
other prion-based diseases, and evolution
will eventually constrain the sequence of the
protein in a concentration-dependent manner.
In some cases, the aggregates will be neutral,
and quaternary structures will form that have
the opportunity to eventually benefit the
cell—possibly through the adoption of a new

www.annualreviews.org o Cytosolic Bodies of Metabolic Enzymes



‘Jouw{ (AIM PaIeaId saewl 91MONNS [eISAID [[V (/6T ‘T8 30 DNSIYQ) ‘UIqO[SOWaY] JueInu [[99-op1s ueuny yderdororur
uomdAD Put ‘(£66T T8 32 UOISULLIRE]) ST ‘(T L d ©Imonns [eIs£1d :urqoSouray Jueanur [[22-dp[Is weumg] (5) “(0107 ‘¢ 3° Ieyey-uosiadur) aseuaSorpAyap
areydsoydouour sutsout [T 2dA1 uewny jo ydeiSororur uonoaps pue ‘(eep paysiyqndun ‘urIspion) ‘g TOPPLS (N ‘Test ") LANT Al 9dd “@seusSoipAyap

aeydsoydouowr sursour [T 2d4) wewny jo 21MONDS [eISAID :aseuadoIpAyep areydsoydouour autsouy (f) *(0TQ7 NIT) 2SBPUAS J 1.0 #72qdoso..T Jo ydeidororur uonosse pue
‘(eaep paysiqndun “[e 19 9YdOA "TN) THIS ‘(I IAd ‘T 2SeYPUAs J.1.D) uewny :asequis g1 (?) “papraoid 1ou o[edg (76T Asuiog x sydaso[’) aseusaforpAyap arewreinyd
IoAT] 400 Jo yderdororur wonoapa pue ‘(¢661 T 3° wew[NS) ADGT (T GAd ©Seu230IpAYDp 2IWeIN[S 241501q244AS 114n1p1.435077) JO 9IMINNS [eISAID :958U2S0IpATD
reweIn|s) () (61 ‘Te 30 £o1]) oserorpuds sururein(s 702 57 jo ydeiSordorur uonoafd pue (100g S10quasty 3 [[19) AAT ‘(1 IAd ©SeIPUAS sutureIn|s 07 v1qariaqosy

JO 21mdNDS [eISA1D :dseIduUAs dutureIn[n) (7) ((00¢ " 30 wry) aseprsoanys-¢ 1eo jo yderSororur womndspe pue (9007 & 32 2NS) VO ‘AL LAd 2Seprsoon[S-¢ Jeaym

JO 21mONDNS [eISAID :958pIs0on[3-¢J (4) (8007 ‘& 32 UOS[IN]) 2SE[AX0qIed YO)-[£190% 19AI] 361 Jo ydesSoorur uonsse pue (L7 Te 32 Yoraosei(]) 90X ‘Al gdd rungns-¢
9se[AX0qIED YO )-[A190% .£070917207 $22414407d2.175 JO 2IMONIS [LISATD :9SB[AXOGIRD YO)-[A190Y (¥) *(120.t 21407709) AdodsoIoTUr UOMNDI[D Aq UITOJ I9qY UT PSRt pue ‘(az0.L apppras)
uoneIo0I ()6 SUIMO[0 ‘(@20.4 dog) A[[eONRWIAYDS PAILNSO[T ST AWAZUI [Ord JO 2ImdNNS Areussienb oy T, s19qy 03Ul 9[qUIasse-§[as Jeyd SOWAzud orjoqesow jo Surdures y

9 231y

Y 005 wu oz wu ot

*Ajuo asn feucsiad 104 #2/2Z/T0 Uo uisny -sexa] jo Aisieaiun Aq papinoid sssooy
Bio'smaiAs. fenuue: mmm Woly papeoumod ‘TTT-68:82°2T0OZ “l01g *A8d RO "AdY nuuy

O’Connell et al.

104



Annu. Rev. Cell Dev. Biol. 2012.28:89-111. Downloaded from www.annualreviews.org
Access provided by University of Texas - Austin on 01/22/24. For personal use only.

regulatory functionality, as in the case of acetyl-
CoA carboxylase. CTP synthase remains a
tantalizing example of a higher-order structure
whose purpose either remains undiscovered
or is truly near neutrality, existing solely as a
decoration in the cell.

A case study in ambiguity: Are CTP syn-
thase fibers cytoskeletal elements or bac-
terial sickle-cell disease? The evolutionary
conservation of CTP synthase filaments sug-
gests that filament assembly of CTP synthase
may provide a biologically useful purpose for
cells, such as enhancing enzymatic regulation,
improving CTP synthesis efficiency via com-
partmentalization, or even forming new cy-

toskeletal elements. This hypothesis may be
supported (weakly) by the observation that
yeast CTP synthase isozymes Ura7p and Ura8p
colocalize to the same filaments (Noree et al.
2010). However, enzymatic activity has yet to
be shown for such filaments. Direct functional
evidence for CTP synthase filaments is limited
currently to the observation that CTP synthase
helps determine the C. crescentus cell curvature
(Figure 7) as well as to the observations that the
assembly and characteristics of CTP synthase
filaments seem to vary according to cell cycle or
nutrient availability. However, as other model
organisms in which CTP synthase filaments
are found do not exhibit curved cell structures,
the roles of filaments in those organisms are

Figure 7

An illustration of the analogous effects on cell morphology by cytidine triphosphate (CTP) synthase and sickle-cell mutant hemoglobin
(HDbS). () Bright field images of Caulobacter crescentus cells depleted of CTP synthase show severe bending, some to the point of
circularization. (b) Cells overexpressing CTP synthase are straightened markedly. (¢) Transmission electron micrograph of a

C. crescentus cell with CTP synthase fibers (#770ws) along the cell wall, altering cell morphology. Panels #—c adapted from
Ingerson-Mahar et al. (2010). () Analogous images of red blood cells showing their normal, round morphology when oxygenated, and
(e) their highly straightened morphology when the deoxygenated HbS forms into fibers. Adapted from Kaul et al. (1983). (f)
Transmission electron micrograph showing HbS fibers (#770ws) along the cell walls, altering cell morphology. Adapted from Débler &
Bertles (1968).
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unresolved. Notably, filament formation and
enzymatic roles are at least partially separable;
for example, Ingerson-Mahar et al. (2010) sep-
arated the filament-forming properties of CTP
synthase from one of its two enzymatic activi-
ties by showing that catalytically inactive syn-
thetase domain mutants retained the ability to
form filaments in C. crescentus. However, a mu-
tation to the glutamine amidotransferase ac-
tive site abolished filament formation, which
implicates this domain in quaternary structure
assembly.

Another protein oligomerization event
known to disrupt cell shape is interesting to
consider in this context—that of sickle-cell mu-
tant hemoglobin (HbS), which arises from nor-
mal hemoglobin via a single glutamatic acid—to-
valine substitution. Upon deoxygenation, HbS
tetramers polymerize into rigid fibers capa-
ble of distorting red blood cells (Figure 7),
which impedes their passage through capillar-
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