
Filament formation by metabolic enzymes - a new twist on 
regulation

Eric Lynch1, Justin Kollman1, Bradley A. Webb2

1University of Washington, Department of Biochemistry

2West Virginia University, Department of Biochemistry

Abstract

Compartmentalization of metabolic enzymes through protein-protein interactions is an emerging 

mechanism for localizing and regulating metabolic activity. Self-assembly into linear filaments is a 

common strategy for cellular compartmentalization of enzymes. Polymerization is often driven by 

changes in the metabolic state of the cell, suggesting it is a strategy for shifting metabolic flux in 

response to cellular demand. While polymerization of metabolic enzymes is widespread, observed 

from bacteria to humans, we are just beginning to appreciate their role in regulating cellular 

metabolism. In most cases, one functional role of metabolic enzyme filaments is allosteric control 

of enzyme activity. Here, we highlight recent findings providing insight into the structural and 

functional significance of filamentation of metabolic enzymes in cells.

Introduction

Metabolic processes in the cytosol have traditionally been viewed as a disordered mixture of 

freely diffusing molecules and proteins. Compartmentalization into classical membrane-

bound organelles has long been understood to play a central role in organizing metabolic 

activity. However, recent cellular, biochemical, and structural studies are driving a new 

appreciation that cellular metabolism is localized and controlled to a surprising degree by 

protein-protein interactions. In many different pathways, single or multiple enzymes 

assemble into cellular ultrastructures that are distinct from phase-separated structures like 

stress granules or P-bodies. Many self-assembling enzymes have punctate localization, but 

several dozen have have filamentous localization patterns that suggest a high degree of order.

The discovery that metabolic enzymes reversibly form filaments and other supramolecular 

complexes in response to nutrient availability suggests the formation of higher order 

structures is essential for their cellular function. High-throughput imaging screens of GFP-
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labeled libraries have enabled the identification of self-associating proteins in live cells. For 

example, recent studies in yeast have shown that approximately 100 proteins, including 60 

metabolic enzymes, formed micrometer-sized assemblies, including many that dynamically 

and reversibly assembled depending on the metabolic state of the cell [1–4]. These results 

suggest self-association of metabolic enzymes is an important mechanism regulating cellular 

metabolic networks. However, in many cases the functional significance of self-associating 

metabolic enzymes is unknown. Filamentous enzymes have been identified from most major 

metabolic pathways, such as nucleotide, fatty acid, and glucose metabolism, and have been 

described in prokaryotic to eukaryotic organisms. These filament-forming enzymes are 

structurally diverse, often adopt various conformations, and consequently give rise to a 

variety of 3-dimensional filament architectures. This review focuses on recent structural, 

biochemical, and cell biological characterization of a selection of enzyme filaments that 

highlight principles of metabolic control by enzyme self-assembly.

Structural analysis of metabolic enzyme filaments

Filaments of a variety of metabolic enzymes have been reconstituted in vitro from purified 

protein. Importantly, this provides opportunities to study the direct effects of polymerization 

on enzyme function outside of the complex metabolic environment of the cell. Such studies 

with isolated protein make it possible to unambiguously identify, for example, the 

determinants for enzyme polymerization, as well as the effects of polymerization on enzyme 

kinetics. In a number of recent studies, cryo-electron microscopy has been used to determine 

the structures of enzyme filaments, providing insight into the molecular mechanisms of 

polymerization-based allosteric regulation. These studies have found a surprising diversity 

of mechanisms by which enzyme activity can be controlled in the filament, including 

conformational selection, increased cooperativity, and channeling of intermediates.

Many enzymes must undergo a series of conformational changes in order to catalyze their 

reactions; locking such enzymes in a single conformation within a filament therefore results 

in inhibition. For instance, hexokinases switch between an open and closed conformation 

during their catalytic cycles, and filaments of the yeast hexokinase glucokinase 1 (Glk1) 

inhibit activity by selectively stabilizing the closed conformation of the enzyme (Fig. 1A) 

[5]. In this manner, filament formation tends to build upon existing regulatory mechanisms 

by altering the conformational dynamics of the enzyme in the polymerized versus non-

polymerized state. One might also imagine that polymerization might act to produce novel 

enzyme conformations, or to generate new regulatory sites at filament interfaces, but 

mechanisms like these have not yet been described for any enzyme filaments.

Remarkably, a number of enzymes have been shown to assemble into multiple filament 

forms with unique 3-dimensional architectures, depending on their ligand-binding state. 

Perhaps the most striking example of this is seen in filaments of human acetyl-CoA 

carboxylase (ACC1), which forms two distinct filaments: In the presence of its allosteric 

regulator citrate, ACC1 assembles into single-stranded filaments with increased activity. By 

contrast, ACC1 forms inactive, double-stranded filaments when bound to the C-terminal 

domain of the breast cancer type 1 susceptibility protein [6]. In other cases, enzyme 

filaments are much more conformationally plastic, comprising enzyme subunits in multiple, 
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dynamic conformations. For instance, human Inosine Monophosphate Dehydrogenase 2 

(IMPDH2) filaments can simultaneously accommodate enzymes in a range of active and 

inactive conformations [7,8]. IMPDH2 adopts a characteristic “compressed” conformation 

upon binding its downstream feedback inhibitor GTP. When incorporated into a filament, 

IMPDH2 resists this compression, allowing it to remain active under conditions where the 

free enzyme would otherwise be inhibited [8]. Similarly, the bifunctional bacterial enzyme 

aldehyde-alcohol dehydrogenase (AdhE) forms compressed filaments that adopt an extended 

conformation upon addition of cofactors NAD+ and Fe2+ (Fig. 1B). Polymerization is 

critical to AdhE activity, with the extended filaments likely representing the active form of 

the enzyme [9,10]. In the case of AdhE, enzyme assembly allows for direct channeling of 

the acetaldehyde intermediate between active sites, providing a mechanism for increased 

flux.

CTP synthase (CTPS) highlights the diversity of mechanisms by which filament formation 

regulates enzyme activity. The cellular phenomenon of CTPS polymerization is broadly 

conserved across kingdoms, but surprisingly polymerization leads to dramatically different 

functional outcomes in bacteria and in humans, and even regulatory differences between 

isoforms of the human enzyme. CTPS undergoes a conserved active-inactive conformational 

cycle controlled by substrate and product binding. E. coli CTPS forms inhibited filaments 

composed of the enzyme in the product-bound, inactive conformation, while human CTPS1 

behaves in essentially the opposite manner, forming hyper-active filaments composed of 

enzyme in the substrate-bound conformation [11]. The second human CTPS isoform, 

CTPS2, assembles into filaments in either the active or inactive conformation, but unlike 

IMPDH2, does not appear to form filaments composed of enzyme in mixed conformations. 

Rather, entire CTPS2 filaments dynamically switch between the active and inactive 

conformation in response to changes in levels of substrate and product. CTPS2 filaments 

therefore link the conformational-and thus activity-state of many subunits within a filament, 

resulting in highly cooperative regulation (Fig. 1C) [12]. One can compare this to more 

canonical examples of cooperativity, such as the hemoglobin tetramer where the coupling of 

conformational states is restricted to four subunits by a closed symmetry; theoretically 

unbounded, linear polymers can couple the conformational state of potentially thousands of 

enzyme subunits. This could allow, for example, a more rapid inactivation of enzyme in 

response to accumulation of a feedback inhibitor. Similar models of “conformational 

spread” have previously been used to describe the propagation of conformational changes 

across large-scale 2-dimensional arrays of membrane proteins, which also produce 

ultrasensitive regulation [13–15].

Importantly, E. coli and human CTPS polymerize via entirely different filament contact 

sites, producing filaments with distinct structures [11,12]. This may suggest that the 

importance of enzyme polymerization lies primarily in the integration of regulatory 

information across many subunits of the same enzyme, rather than the emergent 3-

dimensional architecture of the filaments themselves. A recent study revealed that many 

proteins are poised to evolve the ability to form polymers; single point mutations on the 

surfaces of various E. coli proteins were sufficient to cause them to self-assemble into 

homomeric filaments [16]. Polymerization into filaments may therefore provide a relatively 

simple, easy to evolve mechanism for enhancing the regulation of metabolic enzymes.
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Cellular functions and dynamics

While a number of metabolic enzymes have been shown to assemble into filaments or 

micrometer-sized structures, in many cases the functional and regulatory significance of this 

phenomena on cellular metabolism is unknown. Proposed roles of filament formation have 

been discussed in detail in recent reviews [17–20]. We briefly discuss the potential cellular 

functions of filament formation, focusing on recent publications.

Consistent with the biochemical effects observed in vitro, filament formation is likely a 

mechanism to control enzymatic activity in the more complex environment of the cell. A 

majority of filamentous metabolic enzymes detailed to date assemble in the active 

conformation [5], suggesting that filament formation could increase pathway flux under 

conditions of high metabolic demand. For enzymes that assemble into multiple filament 

forms, such as IMPDH2 [8], filament assembly could be a mechanism to increase 

cooperativity and reduce feedback inhibition of enzyme activity, buffering the activity 

against transient changes in metabolite concentrations. Alternatively, the reversible 

sequestering of metabolic enzymes by filament formation is a mechanism to decrease the 

flux of metabolites through the pathway. This has been observed for bacterial CTPS, where 

the enzyme assembles into filaments of stacked tetramers held in an inactive conformation in 

high cellular levels of CTP [21]. In periods of low CTP levels in the cell, CTPS can be 

rapidly reactivated upon release of tetramers from the filaments. A second example is yeast 

Glk1, which forms inactive filaments upon glucose addition that disassemble upon glucose 

removal (Fig. 1A) [5]. Filamentation of Glk1 has been proposed to buffer the level of active 

enzyme, thus setting a maximal rate of glucose phosphorylation. Consistent with this 

hypothesis, cells expressing filament-incompetent Glk1 display decreased fitness.

Filament formation can also allow for increased catalytic efficiency by substrate channeling, 

the facilitated transfer of the metabolic product of one enzyme to the next without release of 

the metabolite into the bulk cytosol. Substrate channeling can occur between the active sites 

of bifunctional enzymes that catalyze sequential steps of the metabolic pathway, such as 

CTPS where ammonium passes from the glutamine hydrolysis and amidoligase active sites 

[22]. Channeling can also occur between two or more individual, sequential metabolic 

enzymes of a pathway. Theoretical and experimental data have demonstrated that these 

enzymes do not have to physically interact as the proximity of consecutive enzymes is 

sufficient to increase catalytic efficiency by increased local concentration of intermediates 

[23]. Additionally, it can be a mechanism to sequester toxic byproducts, preventing their 

release into the cytosol. For example, bacterial AdhE catalyzes consecutive steps converting 

acetyl-CoA to ethanol. In the first step, acetyl-CoA is converted to a toxic intermediate, 

acetaldehyde, by the aldehyde dehydrogenase domain followed by its conversion to ethanol 

by the alcohol dehydrogenase domain. Within the AdhE filament, a tunnel is formed 

allowing acetaldehyde to be transported to the alcohol dehydrogenase domain without being 

released into the cytoplasm (Fig. 1B)[10].

The dynamics and regulation of filament formation is critically important to understand their 

functions in cell physiology. CTPS and IMPDH2 catalyze rate-limiting steps in the de novo 
synthesis of pyrimidine and purine nucleotides, respectively. Both enzymes form 
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cytoplasmic and nuclear filamentous assemblies, termed ‘cytoophidia’ or ‘rods and rings’, in 

cells and tissues [24–26]. The physiological roles of these assemblies are incompletely 

understood but are thought to reduce feedback inhibition of enzyme activity, increasing the 

production of de novo nucleotide synthesis in response to proliferative signals [8]. Treatment 

of cells with the glutamine analog 6-diazo-5-oxo-L-norleucine (DON), an inhibitor of both 

purine and pyrimidine biosynthesis, induces the formation of both CTPS and IMPDH2 

assemblies. While both IMPDH2 and CTPS form dynamic assemblies, unexpectedly, they 

were observed to co-assemble in HeLa cervical adenocarcinoma cells [27]. The filaments 

were intertwined with but distinct from one another, suggesting the involvement of an 

additional factor to tether the filaments together. These observations raise the possibility that 

the mixed filaments represent a mechanism to coordinate the regulation of nucleotide 

metabolic pathways.

A second example of dynamic regulation of filament formation in cells is enzymes in the 

glycolytic pathway. Glycolytic enzymes from yeast to human cells have been shown to 

assemble into filaments or micrometer-sized assemblies. In S. cerevisiae, six of the ten 

enzymes in the glycolytic pathway have been shown to coalesce [2,4,5]. However, different 

cellular stresses appear to differentially regulate their clustering. Alterations in nutrient 

availability induced S. cerevisiae glycolytic enzymes to form independent assemblies of 

undetermined function [2]. Conversely, in response to hypoxia glycolytic enzymes co-cluster 

and are thought to represent glycolytic metabolons, functioning to increase glycolytic flux 

during times of metabolic demand [29]. Similarly, several glycolytic enzymes in C. elegans 
neurons clustered in micrometer-sized assemblies in response to hypoxic stress, suggesting 

the formation of a metabolon to support the energetic demands of synaptic transmission 

[28]. In mammalian cells, the liver isoform of the glycolytic enzyme phosphofructokinase-1 

(PFKL), which catalyzes the rate-limiting step committing glucose to breakdown, assembles 

into elongated filaments of stacked tetramers in vitro [28–32] and dynamic punctae less than 

200 nanometers in size in MTLn3 rat mammary adenocarcinoma cells [28]. A small subset 

of these PFKL punctae docked at or near the plasma membrane, where we hypothesize 

PFKL particles interact with transmembrane ion transport proteins to provide localized ATP 

for ion homeostasis. Upon stimulation of cells with extracellular citrate, PFKL forms 

micrometer-sized assemblies of unknown function. However, the ability of PFKL to form 

filaments is required for its recruitment (unpublished) suggests that these represent a form of 

filamentous PFKL in cells. PFKL also assembles into micrometer-sized complexes in 

HepG2 human hepatocarcinoma cells under hypoxic stress [29] and in HeLa and Hs578T 

human triple negative breast cancer cells, where it colocalizes with other rate-limiting 

glycolytic and gluconeogenic enzymes [30]. The significance of these findings on cellular 

metabolism and glycolytic flux is an area of current inquiry.

Conclusions and future perspectives

A growing list of metabolic enzymes have been discovered to form filaments in vitro and in 

micrometer-sized assemblies in cells. Future research will provide insight into why 

metabolic enzymes have evolved the ability to form filaments and how filament formation 

contributes to the metabolic regulation of the cell. One potential way in which filamentation 

of metabolic enzymes may be exploited is for the treatment of diseases in which 
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dysregulation of metabolic enzymes and pathways contributes to their initiation and 

pathogenesis. As filamentation of metabolic enzymes is important for the activity and 

allosteric regulation it raises the possibility that pharmaceuticals can be designed to enhance 

or inhibit filament formation as a mechanism to specifically control enzyme activity. This 

has been successfully achieved for glutaminase C (GAC). GAC converts glutamine to 

glutamate and ammonia and its expression is positively correlated with malignancy in 

cancers [32]. GAC self-assembles into helical, double-stranded oligomers that are 

catalytically active [33]. The GAC inhibitor bis-2-(5-phenylacetamido-1,3,4-thiadiazol-2-yl) 

ethyl sulfide (BPTES) locks GAC into an inactive tetrameric confirmation, inhibiting 

filament formation and decreasing the rate of cancer cell proliferation. Future research will 

reveal if this strategy is a specific and effective method for targeting other filament forming 

enzymes.
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Figure 1. Filament formation has diverse effects on metabolic enzyme regulation.
(A) Yeast glucokinase 1 (Glk1) assembles into inactive filaments. Glk1 forms two-stranded 

filaments that selectively stabilize the closed conformation, inhibiting the enzyme by 

preventing conformational cycling. (B) Filament formation is essential to the activity of 

bacterial alcohol-aldehyde dehydrogenase (AdhE). The two AdhE active sites are in separate 

domains connected by a linker (pink). AdhE assembles into compressed filaments, which 

cooperatively extend into active filaments upon addition of cofactors. Two adjacent 

monomers are colored within each filament (monomer n; blue and monomer n+1; light 

blue), with the remainder of the filament in grey. In the active filament a tunnel connects 

sequential active sites, allowing efficient transfer of reaction intermediates. (C) Human CTP 

synthase 2 (CTPS2) filaments enable highly cooperative regulation. CTPS2 forms tetramers, 

which switch from an active to an inactive conformation upon binding their product, a 

feedback inhibitor. In the tetramer cooperative inhibition is limited to four protomers, while 

polymerization expands cooperativity by linking the conformational state of many tetramers, 

producing ultrasensitive regulation.
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Table 1.

Functional consequences of polymerization for some metabolic enzymes

Enzyme Species Biochemical function Allosteric effect

CTPS1 human increased activity stabilize active conformation

CTPS2 human increased cooperativity couple structural transitions among protomers

CTPS E. coli decreased activity stabilize inactive conformation

IMPDH2 human reduced sensitivity to inhibitors stabilize conformation with low affinity for inhibitor

Glk1 yeast decreased activity stabilize inactive conformation

AdhE E. coli increased activity substrate channeling

ACC1 human increased activity stabilize active conformation

ACC1-BRCA1 human decreased activity stabilize inactive conformation
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