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Abstract

With the elucidation of a myriad anabolic and catabolic enzyme-catalyzed cellular pathways
crisscrossing each other, an obvious question arose — how could these networks operate with
maximal catalytic efficiency and minimal interference? A logical answer was the postulate of
metabolic channeling, which in its simplest embodiment assumes that the product generated

by one enzyme passes directly to a second without diffusion into the surrounding medium.

This tight coupling of activities might increase a pathway’s metabolic flux and/ or serve to
sequester unstable/ toxic/ reactive intermediates as well as prevent their access to other networks.
Here we present evidence for this concept, commencing with enzymes that feature a physical
molecular tunnel, to multi-enzyme complexes that retain pathway substrates through electrostatics
or enclosures, and finally to metabolons that feature collections of enzymes assembled into
clusters with variable stoichiometric composition. Lastly, we discuss the advantages of reversibly
assembled metabolons in the context of the purinosome, the purine biosynthesis metabolon.

50 words Abstract:

The channeling of metabolic intermediates can increase pathway fluxes and protect metabolites.
Mechanisms of channeling include direct physical tunnels, electrostatic trapping and enclosures,
and membrane-less metabolic compartments or “metabolons”. We highlight examples of the above
classes, finally focusing on the purinosome to discuss the advantages of dynamically assembled
metabolons.
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Classical understanding of how enzymatic reactions proceed in cells was based on a simple
diffusive-mixing model. However, contemporary experimental evidence does not support
this view (Luby-Phelps, 2013; Saks et al., 2008). Instead of being a dilute homogeneous
mix of metabolites and the enzymes producing/ utilizing them, the cytosol appears to be

a crowded micro-compartmentalized volume with anomalous diffusive properties. Indeed,
completely diffusive mixing of metabolites and enzymes can potentially be detrimental

to cell proliferation and survival if the flux of a critical metabolic pathway is limited

by intermediate instability, toxicity, and/ or potential interference by competing metabolic
pathways (Zhang and Fernie, 2021). Under selective pressure to overcome such limitations
on biochemical pathways, metabolic channeling (Figure 1) has evolved in multiple
manifestations.

Metabolic channeling

Figure 2 shows the three different versions of metabolic channeling that circumvent free
diffusion of intermediates: direct, proximity, and via multi-enzyme clustering (Castellana et
al., 2014). These mechanisms increase retention of intermediates in the proximity of the
involved enzyme active sites by their 1) sequestration and queuing in molecular tunnels

and caged structures (Tsitkov et al., 2018), 2) electrostatic binding on the surface of the
enzyme (Earl and Calabrese Barton, 2017), 3) or by the increase in escape times in phase-
separated metabolons. It should be emphasized though that simple fusion of the enzymes of
a pathway to form a multi-functional enzyme may not impart Kinetic benefits, demonstrating
that proximity of cascade enzymes does not automatically imply metabolic channeling
(Castellana et al., 2014; Eun et al., 2014; Veraszto et al., 2020).

Direct transfer

Simulations of the direct transfer of intermediate between enzyme active sites predict that
direct metabolic channeling can affect both the transient time to reach the pathway steady
state (Heinrich and Schuster, 1991; Welch and Easterby, 1994; Wheeldon et al., 2016)

as well as the steady-state intermediate pool sizes, although the latter effect is generally
small (Easterby, 1989; Mendes et al., 1996; Poshyvailo et al., 2017) and a gain in flux at
steady state is only observed when the reactions are diffusion limited (Kuzmak et al., 2019).
Accordingly, the value of channeling contribution is generally not the overall pathway rate
enhancement, which is ultimately limited by the turnover number of the slowest enzyme,
but rather an increase in the metabolic yield by preventing the diffusive escape of the
intermediates produced between successive enzymes. However, such simulations do not
take into account the conformational plasticity of enzymes and the examples discussed
below highlight the benefits of protein-protein interactions beyond what’s anticipated from
simulations (Huang et al., 2001). Notably, direct channeling by engineering an intra/ inter-
molecular tunnel between two cascade active sites has not yet been reported.

a) Tryptophan synthase: indole tunnel—Tryptophan synthase (TS) has two subunits
(a and p) and catalyzes the last two reactions of tryptophan biosynthesis (Yanofsky and
Crawford, 1972). The a subunit catalyzes the formation of indole and glyceraldehyde-3-
phosphate (G3P) from indole-3-glycerol phosphate (IGP) and the g subunit uses the indole
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intermediate and serine to form tryptophan (Miles, 2001). The X-ray crystal structure of
Salmonella typhimurium TS was first determined in 1988 (Hyde et al., 1988), and its
structure-function relationship has been elucidated in the following years (Barends et al.,
2008; Miles et al., 1986; Raboni et al., 2007; Rhee et al., 1996; Weyand et al., 2002).

The tetrameric complex has a linear a/B/3/a arrangement, where two 8 subunits sit in the
center of the complex and two a subunits locate at the opposite sides of the 8, dimer.

The active site of the a subunit is located near the af interface, whereas that of the g
subunit is buried in the center of the 8- dimer, with a closest distance between a pair

of a and B subunit active sites around 25-30 A (Hyde et al., 1988). Structural analysis
revealed allosteric communication between a and g subunits resulting in the formation of a
hydrophobic “indole tunnel’ that can accommodate up to four indole molecules and delivers
indole from its site of production (subunit a) to its site of utilization (subunit £) preventing
indole solvation and leakage (Figure 3a) (Hyde et al., 1988; Rhee et al., 1996). Furthermore,
loop closure over the active site cavity and conformational changes in the tunnel domain
residues are coordinated in the catalytic cycle to promote the entry of indole into the tunnel
without loss to the bulk cytosol (Ahmed et al., 1991; Miles et al., 1986; Rhee et al., 1997).

In vitro kinetic studies (Anderson et al., 1995; Anderson et al., 1991) failed to trap indole

in a steady-state experiment, supporting a direct indole transfer mechanism. Rapid quench
flow and stopped flow analysis of the a and g reactions in isolation versus the mixture of the
two enzymes revealed that when mixed, the a and S reactions show a 150- and a 250-fold
rate enhancement, respectively, compared to each isolated reaction. This rate difference
was attributed to a reciprocal conformational communication between the two subunits as
they bind the substrate and perform catalysis. Furthermore, based on structural analysis
(Anderson et al., 1995; Anderson et al., 1991), residues critical for indole tunnel formation
and inter-subunit communication were identified. Replacement of these residues by site-
directed mutagenesis showed: a) impaired indole channeling resulting in equilibration of
indole with the bulk solvent and detection in a single turnover reaction, b) disruption of
inter-subunit conformational communication, and c) a significant reduction (up to 300-fold)
in the rate of tryptophan synthesis compared to the wild type enzyme.

b) GMP synthetase: ammonia tunnel—Guanosine monophosphate synthetase
(GMPS) catalyzes the reaction of xanthosine monophosphate (XMP) with ammonia (NHz)
to form GMP, the last step in guanosine nucleotide synthesis (Buchanan, 1973). The
enzyme’s glutamine amidotransferase (GAT) activity hydrolyses glutamine to produce
ammonia, which is then utilized by the ATP pyrophosphatase (ATPPase) for GMP synthesis.
The two activities are either located on two domains of a single polypeptide or on

different subunits that interact for coordinated catalysis (Grimaldi et al., 2000; Maruoka

et al., 2010; Tesmer et al., 1996). Interestingly, the binding of substrate XMP and its
activation by adenylylation in the ATPPase domain triggers a series of loop movements and
conformational changes leading to GAT activation and establishment of a molecular tunnel
(30 A) between the two active sites (Bhat et al., 2011; Patel et al., 1977; Raushel et al.,
2003; Tesmer et al., 1996; \Vetter and Wittinghofer, 1999; Zalkin and Smith, 1998; Zyk et
al., 1969). At physiological pH ~7.5, hydration of ammonia to ammonium is highly favored,
but the pH dependence of the ATPPase activity shows that, in this reaction, ammonia is the
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reactive species and not the ammonium ion (Bhat et al., 2011). This observation highlights
the importance of NH3 sequestration for GMPS activity. Extensive structural (Amaro et al.,
2007; Myers et al., 2005; Tesmer et al., 1996; von der Saal et al., 1985; Welin et al., 2013)
and kinetic examination (Oliver et al., 2013) of the enzyme reveals that the interdomain/
subunit communication not only ensures that the GAT domain only produces ammonia upon
interaction with the catalytically competent state of the ATPPase active site, but it also
ensures sequestration of ammonia from the bulk solvent and undesirable reactions. A similar
direct metabolite channeling has also been observed in other amidotransferases, including
the two de novo purine biosynthesis (DNPB) enzymes, amidophosphoribosyl transferase
(PPAT) and phosphoribosylamine glycinamide synthetase (PFAS), discussed later in the
article (Buchanan, 1973).

Proximity channeling

While several examples of natural and artificial enzyme systems show proximity channeling
(PC), i.e., high probability of intermediate processing by a proximal active site in the
absence of a physical tunnel, proximity in space alone is insufficient to ensure metabolic
channeling. This distinction is exemplified by the fungal aromatic complex (AROM
complex) (Hawkins et al., 1993; Veraszto et al., 2020). This polyfunctional complex is
formed by natural fusion of enzymes and catalyzes five consecutive reaction steps in the
aromatic amino acid synthesis pathway. Despite proximity of the active sites, both /n

vivo and in vitro kinetics on Neurospora crassaand Chaetomium thermophilum AROM
complex shows no evidence of metabolic channeling. In contrast, there are notable natural
and engineered examples when additional biochemical and biophysical features of the
participating enzymes facilitate proximity channeling and increase the pathway throughput
(Bugada et al., 2018; Dubey and Tripathi, 2021). The first PC class is based on electrostatic
interactions between the intermediate and protein surface (Figure 2). The second one
features molecular tethers that enable transfer of intermediates between the participating
proteins. Finally, a third class features entrapment of intermediates by a multi-enzyme
assembly acting as a cage.

To clarify the requirements for proximity channeling, McCammon and coworkers performed
a Brownian dynamics simulation on a hypothetical two enzyme model and assessed the
effect of distance and orientation of the subsequent active sites on proximity channeling.
The model incorporated electrostatic binding in an “active zone’ close to the active site of
the recipient enzyme. Distance between the active zones was varied from 5-50 A and their
orientation angle from 0-180°. Active zone orientation had a marked effect on channeling
and reaction probability. As the distance between active zones reached 25 A, electrostatic
binding of the intermediate failed to accrue any metabolic benefits (Bauler et al., 2010).
Importantly, retention mechanisms for the intermediate become necessary as the distance
between consecutive active site increases beyond ~10 A (Wheeldon et al., 2016).

a) Intermediate sequestration by electrostatic surfaces—To explain the
discrepancies between the /n vivo abundance of oxaloacetic acid (OAA) and the observed
TCA cycle flux, a mechanism involving direct interaction of the enzyme’s malate
dehydrogenase (MDH, converts malate to OAA) and citrate synthase (CS, converts OAA
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to citrate) was proposed (Noor et al., 2014; Srere et al., 1973). Srere and coworkers observed
that the immobilization of malate dehydrogenase (MDH) and citrate synthase (CS) promoted
inter-protein interaction and, furthermore, their immobilization in close proximity led to a
slight kinetic advantage (Srere et al., 1973). This MDH-CS inter-protein interaction and
channeled uptake of OAA was promoted in the presence of polyethylene glycol (PEG)
(Datta et al., 1985; Halper and Srere, 1977). If the two enzymes were genetically fused
(Lindbladh et al., 1994), the lag time for the reaction was reduced and the competition by
aspartate aminotransferase (AAT), an alternate OAA utilizing enzyme, was curtailed, thus
providing further support for a channeling mechanism.

In a Brownian dynamics simulation of the MDH-CS complex by Elcock et al. electrostatic
binding acted to increase the transport efficiency of the intermediate OAA between the
MDH dimer and CS dimer (Elcock and McCammon, 1996). The active sites of MDH and
CS are about 60 A apart, but without a continuous molecular tunnel connecting the two.
Instead, positively charged residues from the two enzymes form a partly solvent-exposed
electrostatic surface that aids preferential binding of the negatively charged intermediate
OAA (Figure 3b). Recent studies have confirmed these findings and provided further proof
for the cytosolic MDH-CS complex through /in vivo and in vitro chemical cross-linking.
Their work further suggests that the presence of OAA promotes MDH-CS complexation,
upon which the two enzymes undergo significant conformational rearrangement and charge
redistribution to promote OAA binding and transport (Bulutoglu et al., 2016; Wiegand and
Remington, 1986; Wu et al., 2015).

b) Proximity channeling by engineered electrostatic bridge—Informed by the
aforementioned publications, Liu et al. synthesized a putative channeling complex featuring
the enzyme hexokinase (HK) that catalyzes the phosphorylation of glucose to glucose-6-
phosphate (G6P) and the enzyme glucose-6-phosphate dehydrogenase (G6PDH) that
catalyzes G6P oxidation (Liu et al., 2017). The two enzymes were linked by a cationic
poly-lysine bridge to shuttle the negatively charged intermediate, G6P. From molecular
dynamics simulations, lysine was chosen over arginine and histidine, and the peptide length
and composition were optimized based on the adsorption time and surface mobility of G6P
on the bridge surface. An optimal balance between adsorption and mobility enables the
shuttling of G6P by minimizing its diffusion into bulk solvent but retaining its mobility on
the linkage surface. HK and G6PDH were joined by two sets of peptide bridges, penta-lysine
(Ks) as an electrostatic pathway and penta-glycine (Gs) — the neutral bridge as the control
to differentiate surface channeling from a pure proximity effect. After injection of glucose,
the lag time () to attain the steady state for Kg (t =70 % 6 s) was shorter than the control
Gs (t =105 £ 1 s) and the two uncoupled enzymes (T =103 + 10 s). The effect on the
reaction lag time attained by Ksg bridging was lost in the presence of high ionic strength salt
solution, confirming that metabolic channeling aided by weak electrostatic interaction could
be disrupted.

c) Proximity channeling by artificial swing arm and molecular tethering—In

another notable example, Fu et al. built a two-enzyme system, tethering GGPDH and MDH
to a DNA scaffold with a poly(T),g oligonucleotide linked NAD* at its center point to mimic
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a mobile swing arm (Fu et al., 2014; Perham, 2000). G6PDH oxidizes G6P, simultaneously
reducing NAD* to NADH, which is then used as a cofactor by MDH. The distance from
these two enzymes to the NAD+ arm was optimized at 7 nm. The complete swing arm
assembly G6PDH-NAD*-MDH shows a 90 fold increase in specific activity for the two-step
reaction relative to a system where tethered enzymes receive freely diffusive NAD* at the
same concentration. Since G6PDH has higher activity than MDH, expansion of the model
to surround each G6PDH by two or four MDH enzymes (NAD*-MDH),/ (NAD*-MDH),
provided additional 2-3 fold kinetic advantage compared to the initial model with equimolar
abundance of each enzyme. Additionally, the tethered cofactor was less available to lactate
dehydrogenase (LDH), which competes with MDH for access to NADH, relative to the
untethered cofactor, underscoring the beneficial characteristics of metabolic channeling.

d) Intermediate sequestration by structural cages—3-hydroxypropionate (3-
OHP) is converted to propionyl-CoA (PC) by the enzyme propionyl-CoA synthase as

a part of the 3-hydroxypropionate cycle, an autotrophic CO,, fixation pathway in some
phototrophic eubacteria and chemotrophic archaebacteria (Alber and Fuchs, 2002). The
multifunctional homodimeric enzyme consists of three domains- acyl-CoA synthase (ACS),
enoyl-CoA hydratase (ECH), and enoyl- CoA reductase (ECR). It was proposed that the
enzyme might carry out the reactions in a channeled manner given that the one of the
pathway intermediates, acrylyl-CoA, is highly toxic. X-ray structure analysis revealed that
at the center of each monomer is a ~33 nm3 cavity that connects the three active centers

in each monomer (Figure 3c) (Bernhardsgrutter et al., 2018). The cavity is lined by
positively charged residues, increasing the CoA-ester intermediate retention in the cavity
and the negatively charged residues surrounding the openings minimize their loss to the
bulk solvent. Reaction time course measurements found acrylyl-CoA to be undetectable or
very low, indicating sequestration of acrylyl-CoA. Furthermore, isotope labeling competition
assays showed that at steady state, the enzyme preferentially processed the internally-
generated intermediates to form the product over the intermediates supplemented in the bulk
solvent. The inaccessibility of the externally supplemented intermediates was attributed to
inter-domain communication which triggers a “closed’ conformation of the enzyme during
the catalytic cycle. This restricts loss of the internally generated intermediates and prevents
the externally available intermediates from binding the enzyme.

Interestingly, in other examples of acyl-CoA ester processing enzymes, molecular cage
formation is accompanied with covalent tethering of the intermediate to promote the
intermediate sequestration. FAS is a large multifunctional enzyme that catalyzes the
synthesis and elongation of fatty acids facilitated by a prosthetic group derived from CoA.
Fungal and mammalian FAS are giant complexes containing eight functional domains.
Fungal FAS (Jenni et al., 2007; Lomakin et al., 2007) is a 2.6 MDa “barrel shape” complex
consisting of two different subunits: both a and B subunit contains four functional domains
each. These eight functional domains carry out all of the fatty acid biosynthesis steps
including activation, priming, multiple cycles of elongation, and termination, generating
fatty acid chains with 16 or 18 carbons (Lynen et al., 1980). While channeling and its
metabolic consequences have not been directly demonstrated, the FAS complex structure
shows a molecular cage-like cavity, which has been proposed to restrict free diffusion of the
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intermediates and to aid channeled synthesis by creation of a reaction chamber. Based on the
crystal structure of yeast FAS, six a-subunits form a ring/ wheel shape in the center with
two B-trimers sitting on the top and bottom surfaces and creating six reaction chambers. A
key feature in FAS is the covalent tethering of the activated thiol ester intermediates to the
acyl carrier protein (ACP), arguably to avoid premature product release due to hydrolysis of
the thioester linkage (Beld et al., 2015). Intermediate sequestration also limits side-reactions,
and the size of the reaction chamber controls the fatty acid chain length. In each reaction
chamber, the mobile ACP domain, part of the a-subunit, is able to reach the active sites

of all the functional domains through a swinging movement and trigger inter-domain
communication (Lomakin et al., 2007). Such inter-domain communication and tethering of
the intermediate that results in metabolic channeling is also observed in polyketide synthase
(Khosla et al., 2014; Robbins et al., 2016). Different from the fungal FAS, mammalian FAS
only has one 270 kDa polypeptide with all the functional domains on it and a different
structural arrangement of the domains (Smith and Tsai, 2007). Similarly, the structure of the
pyruvate dehydrogenase complex, comprised of multiple copies of pyruvate dehydrogenase,
dihydrolipoamide transacetylase, and dihydrolipoamide dehydrogenase also harbors a large
molecular cage-like cavity that is proposed to trap the intermediates and disallow their
equilibration with the bulk cytosol (Patel and Roche, 1990).

These examples highlight the different intermediate retention mechanisms for achieving
proximity channeling.

Metabolons

A different mode of metabolic channeling called cluster channeling was suggested based on
the early research on mitochondrial respiratory chain enzyme complexation and localization
in the mitochondrial membrane fraction and similar observations on complexation of
enzymes involved in other central metabolic pathways (Ernster and Schatz, 1981; L J Reed
and Cox, 1966). The aggregates of enzymes catalyzing two or more steps of a pathway
were termed ‘multienzyme complexes’ by Reed (Reed, 1974); Wilson coined the term
‘ambiquitous enzymes’ to describe kinetically distinct pools of enzymes that reversibly
partition between soluble and membrane- bound forms (Wilson, 1978); McConkey called
the transient macromolecular interactions in vivo ‘quinary complexs’ (McConkey, 1982);
and Srere, defined ‘metabolon’ as the “supramolecular complex of sequential metabolic
enzymes and cellular structural elements” (Srere, 1985; Srere, 1987). Building on these
concepts, we define a metabolon as a dynamic enzyme complex carrying out the sequential
steps of a metabolic pathway by cluster channeling, where an intermediate can be
processed by any of the multiple copies of each enzyme instead of dependence on

the nearest one. Metabolons involve multivalent interactions between protein surfaces,
probably accompanied with liquid-liquid phase separation, leading to membrane-less
microcompartments. The assembly may further be stabilized by non-enzymatic components-
accessory proteins and chaperone machinery; interaction with cellular structural elements
(membranes and cytoskeleton); and non-membranous compartmentalization by liquid-liquid
phase separation (Kastritis and Gavin, 2018; Lynch et al., 2020; Lyon et al., 2021; Prouteau
and Loewith, 2018; Schmitt and An, 2017; Strom and Brangwynne, 2019; Sweetlove and
Fernie, 2018; Zhang et al., 2021).
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The ability of metabolons consisting of clusters of subsequent pathway enzymes (Figure

2) to protect intermediates and increase pathway flux has been modeled using reaction-
diffusion equations (Buchner et al., 2013; Castellana et al., 2014; Hinzpeter et al., 2017,
Hinzpeter et al., 2019) and by multiple scattering theory (Gopich, 2021). These models have
become especially pertinent in view of the increased recognition of liquid condensates in
cells. From such models, one can calculate the metabolic pathway efficiency as a function
of enzyme numbers, kinetic rates, and condensate size, including the relative enzyme
stoichiometries required for optimal efficiency (maximum pathway output flux). All models
consider the trade-off between the effective channeling of reaction intermediates (favored by
larger condensates) and access to substrates (favored by smaller condensates).

Purinosome: the de novo purine biosynthesis metabolon

The prime example to date of a cellular metabolon is the purinosome, which catalyzes de
novo purine biosynthesis (DNPB) (Figure 4). Commencing with the substrate 5-ribosyl-1-
pyrophosphate (PRPP), the pathway produces inosine monophosphate (IMP), which is
partitioned to adenosine monophosphate (AMP) and guanosine monophosphate (GMP)
(Pareek et al., 2021). The biosynthesis to IMP proceeds through ten intermediates and is
catalyzed by six enzymes, some of which are multifunctional (Figure 4a). The pathway
requires substrates such as glycine, aspartic acid, and formate (for production of the folate
cofactor, formyl-THF), which are furnished by the mitochondria. Preliminary data also
implicates the cytosolic methylene tetrahydrofolate dehydrogenase (MTHFD1) needed to
produce the folate cofactor as a member of the purinosome (Pareek et al., 2020; Smith et
al., 1980). DNPB also proceeds by a parallel diffusive pathway, albeit with low efficiency
(Figure 4b) (Pareek et al., 2020).

Fluorescence imaging shows purinosomes localize at the microtubule/mitochondria
interface, a result supported by a proximity-ligation assay, and an isotopically-labeled
substrate-incorporation assay, both performed in unmanipulated HelLa cells expressing
proteins at endogenous level (Pareek et al., 2021) (Figure 4c). High resolution-gas cluster
ion beam secondary-ion mass spectrometry (GCIB SIMS) imaging following isotopically
labeled metabolite labeling in HeLa cells showed that all the intermediates from the initial
PRPP substrate to IMP are sequestered within the purinosome (Doigneaux et al., 2020;
Pareek et al., 2021; Pareek et al., 2020; Pedley and Benkovic, 2017). The biosynthesis is
accelerated at least seven-fold relative to a cytosolic diffusive mechanism. Moreover, the
partitioning of IMP is directed towards AMP in the purinosome, whereas the competing
enzymes are expected to favor GMP in the diffusive mechanism (Pareek et al., 2020).
Thus, purinosomes possess all the properties anticipated for a channeled enzyme cluster.
It is notable that so far, the attempts to purify the native complex or reconstitute it /n

vitro have not been successful, implying the weak and dynamic nature of interactions

that hold these enzymes together. The inherent dynamics of the complex is proposed to
be controlled by post-translation modifications that alter the surface properties and protein-
protein interactions of these enzymes (Pareek et al., 2021).

In a transient transfection model, DNPB enzyme cluster size ranges from 100 nm- 1.5
pum in diameter, and the numbers per cell reach to 100 or more, although, given the
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complexities associated with such models, such estimates are only tentative (Chan et al.,
2018; Chan et al., 2015; Doigneaux et al., 2020). The difficulty in visualizing these clusters
at endogenous protein level implies that the size of functional purinosomes may be much
smaller than these estimates; larger puncta may represent aggregates and non-functional
storage bodies, an artifact of protein overexpression of the tagged proteins (Schmitt et al.,
2016; Zhao et al., 2014); and PLA and mass spectrometry imaging of HeLa cells estimates
10-30 purinosomes/ cell at endogenous protein levels (Doigneaux et al., 2020; Pareek et

al., 2020). To understand the distribution of DNPB enzymes at endogenous level in HeLa
cells, we theoretically examined the partitioning of PPAT, the rate limiting enzyme in

the pathway (Box 1). PPAT is the least abundant DNPB enzyme and catalyzes the first
committed step of PRPP to 5-PRA conversion, albeit with a low A5/ K\, and produces an
unstable reaction product (5-PRA half-life ~5 sec at 37 °C), a clear pathway bottleneck that
purinosomes-mediated metabolic channeling must overcome (ltzhak et al., 2016; Mueller
etal., 1994; Nagaraj et al., 2011). From the estimation in Box 1, the size of purinosomes
may only reach < 200-300 nm, and the number of enzyme molecules/ purinosome may
range from ~103 to 10%/purinosome, assuming equimolar distribution of all 10 enzymes
constituting the purinosome. In line with the cluster channeling model, our estimation of
the metabolite abundance (=108/ purinosome) appears to be significantly higher than the
estimated enzyme abundance/ purinosome (Pareek et al., 2020). The exact mechanisms
underpinning the sizes and abundances of purinosomes in different cells remains unclear,
although the data so far suggests heterogeneity in size and constitution of the complex.

One can anticipate purinosome size control by variations in the stoichiometric abundance of
different enzymes and/ or the number of copies of each enzyme/ purinosome while keeping
stoichiometry constant. Additionally, interaction of two of the DNPB enzymes, PPAT and
PFAS, with HSP90/70, post-translation modifications of DNPB enzymes, and different
signaling pathways are thought to involved in controlling the spatial and temporal dynamics
of the purinosome assembly, although the exact mechanism has not been elucidated (Pareek
et al., 2021; Pedley and Benkovic, 2017).

Several important issues remain unresolved. How are purinosomes formed and maintained?
What is the complete composition and stoichiometry of the enzymes within purinosomes?
What is the precise role of the Hsp90/70 chaperone system — does it assist in protein
folding and/or in assembly and maintenance of purinosomes? In the absence of a lipid

or protein/RNA shell, is a diffusion barrier achieved to prevent loss of the metabolic
intermediates, yet allow entrance of needed cofactors? The determinants of branch-point
processing of IMP to favor AMP over GMP formation by purinosomes are not known:

do they derive from the ratio of the partitioning enzymes or regulation of their respective
activities in the purinosome? We note that all of the enzymes in the pathway are multimeric
— what role does oligomerization play in the assembly of purinosomes? We speculate

that inter-molecular signaling and conformational changes induced by protein-protein
interactions between different DNPB enzymes may introduce another level of pathway flux
control. Answers to such questions will greatly facilitate the understanding of metabolon-
based metabolic regulation in cells and the design of artificial systems.
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Perspective

A general consensus exists that channeling provides a means of sequestering metabolic
intermediates, protecting them from degradation or undesirable processing. Sequestering
may also prevent damage from the toxicity of some intermediates. Since multiple forms of
channeling are possible — direct, proximity, and metabolon — it is reasonable to ask what
distinct advantages might each form provide? These advantages could relate to more direct
aspects of metabolism including speed, yield, and pool sizes, as well as considerations of
regulation and evolvability. Here we briefly consider the distinct types of channeling from
this point of view and highlight some open questions.

Direct channeling.

Intuitively, direct channels may provide the least “leaky” form of channeling. By confining
intermediates in a physical tunnel, the mixing of intermediates with the rest of the cytoplasm
may be reduced to negligible levels. Similarly, the close proximity of the two active

sites can lead to extremely fast processing of intermediates. Hence, direct channeling

may be particularly advantageous for unstable or highly reactive intermediates. Another
interesting possible advantage is highlighted by the case of tryptophan synthase and
several amidotransferases: the physical contact between enzymes required to form a tunnel
allows allosteric enhancement of catalytic rates, preventing production of intermediates

in the absence of the tunnel. One obvious disadvantage of direct channeling is the fixed
stoichiometry of active sites, typically 1:1. This means that whichever process is slower
will be rate limiting, with no option to balance rates by adjusting enzyme stoichiometry. A
second limitation is that direct channeling does not readily generalize to longer pathways
— multistep pathways would not only require multiple connected tunnels but also some
means of avoiding “clogging” by a backward flux of intermediates. From an evolutionary
perspective, direct channels may be “hard” to evolve — requiring extensive close-fitting
protein-protein interfaces, a protected tunnel of the right radius and surface properties
(including the need to exclude undesirable molecules), and dedicated routes for access to
substrates and escape of products. For the same reasons, direct channels may also be hard
for evolution to co-opt to different pathways or modify. For example, even in the case of
direct channeling of the same intermediate molecule, ammonia, in each case, the molecular
tunnel seems to have evolved independently (Raushel et al., 1999).

Proximity channeling.

As presented in the examples above, electrostatic or covalent “tethering” of intermediates
enables high probability transfer of an intermediate between two active sites, even in

the absence of a dedicated tunnel. Thus, proximity channeling offers many of the same
advantages as direct channeling. Moreover, the lack of a tunnel may allow different
stoichiometries than 1:1, particularly in the case of a flexible covalent tether, which can
also facilitate multistep pathways (Fu et al., 2014; Jenni et al., 2007; Perham, 2000). That
said, proximity channeling is likely to be more leaky than direct channeling, particularly
in the case of electrostatic tethering where intermediates must compete with other charged
metabolites/ions occupying the path between active sites (Huang et al., 2018; Liu et al.,
2017). Covalent tethering overcomes these limitations but requires additional chemistry to
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attach metabolites to the tether and release them as final products. From an evolutionary
perspective, proximity channeling also faces many of the same challenges as direct
channeling.

The formation of clusters of pathway enzymes offers a qualitatively distinct form of
channeling and, correspondingly, a distinct set of advantages. The main distinction is

that, in a metabolon, intermediates are no longer likely to be processed by the nearest
downstream enzyme to their point of production, but rather may be processed by any such
enzyme within the cluster. This immediately relieves the burden of fixed stoichiometry:
differences in catalytic rates can be simply compensated by including different ratios of
enzymes in the cluster. Moreover, clustering naturally extends to multistep pathways, as
adding additional steps simply requires adding additional enzymes to the cluster. The ability
to dynamically form and dissolve clusters, as observed for the purinosome, also offers a
strong regulatory handle on processing, including shunting of fluxes at metabolic branch
points (Castellana et al., 2014; Hinzpeter et al., 2019). Insofar as metabolons may form

via LLPS, this regulation can be quite sensitive, i.e., a small change in the “stickiness”

of components due to post-translational modification, oligomerization, temperature change,
etc. can lead to rapid formation or dissolution of condensates, without change in overall
protein levels (Kastritis and Gavin, 2018; Lyon et al., 2021; Prouteau and Loewith, 2018;
Soding et al., 2020). Finally, the formation of clusters also facilitates localization of enzyme
activity within the cell — the observed proximity of purinosomes to mitochondria, which

are the sources of purine building blocks, can be orchestrated by relatively weak, but
high-avidity interactions. The most notable disadvantage of metabolons may be the leakage
of intermediates. Since these are free to diffuse within a cluster they can also diffuse out

of the cluster, where they are subject to degradation or misprocessing. This diffusive loss

of flux is exacerbated for long pathways, since each intermediate in the pathway has its
own chance to escape the cluster. This loss of flux by diffusive escape may limit the use

of metabolons to cases where enzyme density can be high, enzyme activity rapid, diffusion
of intermediates slow, and/or clusters large — all of which can help prevent the diffusive
escape of intermediates. From an evolutionary perspective, metabolons may be relatively
easier to evolve than direct or proximity channels. Indeed, the ubiquity of condensates in
cells highlights the multiplicity of possible evolutionary routes that lead to phase separation.
That said, while low affinity multivalent interactions may be easier to evolve, a functional
metabolon can only be achieved by enriching specific enzymes while excluding others.

A lot of central and secondary metabolic pathways are anticipated to be organized in

the form of metabolons and untargeted in situ proximity detection techniques as well as
computational approaches to predict molecular interactions can uncover these (Gingras

et al., 2019; Kerbler et al., 2021; Li et al., 2010; Mateus et al., 2020; Xu et al.,

2021). However, given the heterogeneity in the size, abundance, composition, subcellular
localization, strength of the involved protein-protein interactions, the functional and
structural characterization of such complexes will further require application of a slew of
targeted in vitro, in vivo and in situ characterization techniques (Bassard and Halkier, 2018;
Laursen et al., 2016; Pareek et al., 2020).
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Open questions.

While interesting questions remain concerning the detailed operation of direct and proximity
channels, including the optimal design of the latter, we focus here on some of the many
questions concerning the prevalence, operation, and governing principles of metabolons. A
central question regarding metabolons is what drives clustering? In many cases of LLPS,
post-translational modifications such as phosphorylation/dephosphorylation, acetylation/
deacetylation regulate phase separation (Liu et al., 2019; Sang et al., 2021; Soding et

al., 2020). This is a natural possibility for metabolons, but not the only possibility —
conformational changes of the enzymes themselves upon substrate binding could also
induce clustering. A related question is how the enzyme stoichiometry within metabolons

is determined. Proper stoichiometry can optimize total flux, but are the correct ratios hard-
coded into protein levels and modifications, or are relative enzyme levels tuned by feedback,
e.g. based on the degree of saturation of each enzyme type? Insofar as diffusive escape of
intermediates may be a limiting factor in metabolon operation, it is natural to ask whether
diffusive barriers around metabolons can limit this escape. Even in the absence of lipid
membranes, diffusive barriers to trap metabolites can be constructed from protein shells, as
in the carboxysome (Long et al., 2018), as well as other materials such as starch granules
(Toyokawa et al., 2020). However, in some cases, such diffusion barriers can be a “double-
edged sword” because they may also slow access to substrates (Mangan et al., 2016). We
noted above that direct and proximity channeling allow for allosteric catalytic activation, e.g.
the mutual activation of the a and g subunits of tryptophan synthase. An open question is
whether the activity of enzymes within metabolons can be similarly stimulated even in the
absence of strong, stable interactions? Such stimulation could in principle occur even due

to weak transient interactions, e.g. with intrinsically disordered domains as are commonly
associated with LLPS. Finally, the formation and localization of metabolons may not be
unrelated. Recent studies of LLPS in proximity to membranes and cytoskeletal elements
invoke the idea of “prewetting” (Fries et al., 2020; Wiegand and Hyman, 2020), i.e. even
when a bulk dense phase is unstable, a favorable surface can nucleate and stabilize finite
clusters, perhaps simultaneously providing localization and size control of metabolons.
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Metabolic channeling
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Figure 1. Metabolic channeling in cascade reactions.
Unlike diffusive metabolism, metabolic channeling leads to intermediate sequestration, thus

preventing accumulation of toxic, unstable, reactive intermediates, and /or depletion of
intermediates by utilization in alternative pathways (P’). For intermediates with a signaling
function, metabolic channeling could modulate such functions by regulating the abundance
of free intermediates. Channeling leads to effective utilization of intermediates and higher
pathway fluxes in response to cellular metabolic requirements. Abbreviation: E, enzymes,
with successive enzymes in a pathway cascade numbered from E; to E,,.
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Figure 2. Different modes of metabolic channeling.
(1) Channeling via direct transfer by formation of contiguous molecular tunnels connecting

two active sites. (2) Proximity channeling aided by (a) electrostatic interactions of the
intermediate with the protein surfaces; (b) tethering the enzymes and a shared cofactor,
such that the co-factor can swing back and forth and be effectively shared between the

two active sites; and (c) formation of homo/ hetero oligomeric structures with a cavity that
acts to increase the intermediate retention and accessibility for the cascade reactions. (3)
Cluster channeling by formation of a metabolon. Abbreviations: S, substrate, P, product, E,
enzymes, with successive enzymes in a pathway cascade numbered from E; to E,.
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Figure 3. Examples of direct and proximity channeling.
Illustrations showing (a) indole tunnel in tryptophan synthase (adapted from (Fleming,

Schupfner et al. 2018)). Indole is produced in the a-subunits and is directly channeled

to the B-subunits by sequestration and the indole tunnel; (b) the charged surface of the
MDH-CS complex enables electrostatic binding of the intermediate, OAA, and its delivery
to the CS active site (adapted from (Bulutoglu, Garcia et al. 2016)). Yellow arrows indicate
the location of the two active sites; (c) molecular cage-like cavity in the propionyl-CoA
synthase (PDB ID 6EQO) connecting the active sites of acyl-CoA synthetase (ACS, teal),
enoyl-CoA hydratase (ECH, limegreen) enoyl-CoA reductase (ECR, wheat) domains of
A-subunit are shown. B-subunit is shown in lightcyan. Figure created in PyMOL 1.7.4.5
and cavity dimensions were determined by PCASA 1.1 (http://g6altair.sci.hokudai.ac.jp/g6/
service/pocasa/).
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Figure 4. Purine synthesis and its dependency on mitochondrial metabolism.
(a) De novo purine biosynthesis (DNPB) converts phosphoribosyl pyrophosphate (PRPP)

to inosine monophosphate (IMP) which is bifurcated into the products adenosine
monophosphate (AMP) and guanosine monophosphate (GMP) employing nine enzymes:
amidophosphoribosyl transferase (PPAT), trifunctional phosphoribosylglycinamide
formyltransferase (GART), phoshoribosylformylglycinimidine transferase (PFAS/
FGAMYS), bifunctional phosphoribosylaminoimidazole carboxylase and phosphoribosyl
aminoimidazole succinocarboxamide synthase (PAICS), bifunctional adenylosuccinate

lyase (ADSL), bifunctional 5-aminoimidazole-4-carboxamide nucleotide formyltransferase/

IMP cyclohydroxylase (ATIC), adenylosuccinate synthetase (ADSS), IMP dehydrogenase
(IMPDH), GMP synthetase (GMPS). Generation of the pathway substrates glycine (Gly),

aspartic acid (Asp), and cofactor N 10formyI-tetrahydrofolate (N10 formyl THF) depends on
mitochondrial metabolism. Solid arrows: single reaction step, dashed arrows: multiple steps

in the cascade. (b) Under purine depletion, HeLa cells perform diffusive DNPB with only
a low flux contribution. Abbreviations: 5-phosphoribosylamine (5-PRA) and glycinamide
ribonucleotide (GAR). (c) Channeled synthesis utilizing mitochondria (labeled in red)

associated purinosomes (labeled in green) visualized by fluorescence imaging in HeLa cells

is the major contributor to the overall DNPB flux. Note the inclusion in the purinosome

of methylenetetrahydrofolate dehydrogenase/cyclohydrolase (cytosolic isoform MTHFD1).

Mol Cell. Author manuscript; available in PMC 2022 September 16.

T
9 =

Aemyied psjauueyo
xnj} ybIH

PRPP



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Pareek et al.

Page 23

The factors responsible for stabilizing purinosomes on mitochondrial membranes are not yet
known.
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