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Abstract

The focus of this review is the human de novo purine biosynthetic pathway. The pathway enzymes
are enumerated, as well as the reactions they catalyze and their physical properties. Early literature
evidence suggested that they might assemble into a multi-enzyme complex called a metabolon.
The finding that fluorescently-tagged chimeras of the pathway enzymes form discrete puncta, now
called purinosomes, is further elaborated in this review to include: a discussion of their assembly;
the role of ancillary proteins; their locus at the microtubule/mitochondria interface; the elucidation
that at endogenous levels, purinosomes function to channel intermediates from phosphoribosyl
pyrophosphate to AMP and GMP; and the evidence for the purinosomes to exist as a protein
condensate. The review concludes with a consideration of probable signaling pathways that might
promote the assembly and disassembly of the purinosome, in particular the identification of
candidate kinases given the extensive phosphorylation of the enzymes. These collective findings
substantiate our current view of the de novo purine biosynthetic metabolon whose properties will
be representative of how other metabolic pathways might be organized for their function.
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Purines are ubiquitous biomolecules that sustain life. Purines are incorporated into DNA and
RNA, found as the energy currency of cells (ATP and GTP), used as signaling molecules
(ATP, cAMP, and cGMP), and integrated into coenzymes (FAD, NAD*, NADP™, and
coenzyme A). These purines are generated by either or both of the two pathways: de novo
purine biosynthesis (DNPB) or purine salvage (Lane and Fan, 2015; Pedley and Benkovic,
2017) (Fig 1A). The demand for purines oftentimes exceeds the capacity of the
complementary salvage pathway and might result in activating DNPB. Dysregulation of
purine metabolism has been associated with many cancers, gout, neuropathologies, and
immunological defects (Garcia-Gil et al., 2018; Jinnah, 2009; Jurecka et al., 2015; Marie et
al., 2004; Vander Heiden and DeBerardinis, 2017; Villa et al., 2019); thus, propelling the
development of effective anti-cancer (Christopherson, Lyons, and Wilson, 2002; Parker,
2009; Yin et al., 2018), anti-infective (Hanrahan and Hutchinson, 1992; Thomson and
Lamont, 2019), and anti-inflammatory therapeutics (Hartsel et al., 1997). Rather than a
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broad overview of the many aspects of purine biochemistry, we will narrow the focus of this
review to the human de novo biosynthesis of purines and eschew discussion of the
complementary salvage pathway that draws on the recycling of degraded DNA/RNA to
regenerate purines.

Human de novo Purine Biosynthesis

In humans, the de novo synthesis of inosine 5’-monophosphate (IMP) is catalyzed by six
enzymes that sequentially assemble a purine base onto phosphoribosyl pyrophosphate
(PRPP) in ten steps (Fig 1B). This process is referred to as DNPB. IMP is a branch point
purine intermediate that then is readily converted to either adenosine 5’ -monophosphate
(AMP) or guanosine 5’-monophosphate (GMP) by four enzymes. These enzymes are not
exclusive to the DNPB pathway as the salvage synthesis of purine monophosphates also
relies on their activities. DNPB is an energy intensive process and requires many of its
substrates and cofactors to be generated from other metabolic pathways such as the
glycolytic and pentose phosphate pathways (PRPP), serine biosynthesis (glycine), one
carbon metabolism (formate), the tricarboxylic acid cycle coupled with amino acid
metabolism (aspartate, glutamine). For glycine (Gly), aspartate (Asp), and formate,
mitochondria are the primary production site, and their utilization in the DNPB pathway
requires their transport to the cytoplasm where DNPB is performed (Palmieri, 2013; \ettore,
Westbrook, and Tennant, 2020; Tibbetts and Appling, 2010; Ducker and Rabinowitz, 2017;
Kory et al., 2018). Shuttling of these critical biomolecules out of the mitochondria is aided
by several mitochondrial transporters. Transporters for Gly and Asp are known (Amoedo et
al., 2016; Lunetti et al., 2016); however the presence of mitochondrial formate transporters
have not yet been confirmed. One recent study suggests that the mitochondrial inner
membrane anion channels have some formate transport functionality (Misak et al., 2013).
Once in the cytoplasm, formate is converted into M0-formyltetrahydrofolate by
methylenetetrahydrofolate dehydrogenase 1 (MTHFD1) and used as a cofactor in DNPB.

In the first committed step of DNPB, 5-phosphoribosylamine (5-PRA) is produced by the
addition of a glutamine (GIn)-derived amine group onto PRPP (Zalkin and Dixon, 1992;
Zhang, Morar, and Ealick, 2008; Hove-Jensen et al., 2017). This reaction is catalyzed by
glutamine phosphoribosyl amidotransferase (PPAT/GPAT/PRAT). This enzyme has a
glutaminase domain, where Gln is hydrolyzed to produce ammonia, and a phosphoribosyl
transferase domain, where ammonia is added to PRPP. As inferred from the bacterial
enzymes, substrate binding to the first domain leads to conformational changes priming the
second domain for the binding of PRPP and subsequent 5-PRA production (Kim et al.,
1996; Bera et al., 1999; Bera, Smith, and Zalkin, 2000; Krahn et al., 1997). Given the
sequence and structural similarities between the human and the Bacillus subtilis enzyme, a
similar behavior may be expected (Zhang, Morar, and Ealick, 2008; Batool, Nawaz, and
Kamal, 2013). PPAT exists in a dynamic equilibrium between dimeric and tetrameric states
and subject to feedback inhibition by AMP when in its proposed active tetrameric state
(Smith et al., 1994; Wong et al., 1981). For mammalian PPAT to attain and stabilize its
active structure, cleavage of an N-terminal propeptide and formation of an iron sulfur cluster
[4Fe-4S] are required (Smith et al., 1994; Zhou et al., 1992). The effect of prolonged
oxidative stress on the stability of PPAT’s iron-sulfur cluster was revealed in the human
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neuroblastoma cell line SH-SY5Y, where mitochondrial complex | inhibition by rotenone
significantly reduced the fraction of mature enzyme (Mena et al., 2011).

The second enzyme in the DNPB pathway is trifunctional GART (TGART), whose domains
and activities include: glycinamide ribonucleotide synthase (GARS) that catalyzes the ATP-
dependent process that uses 5-PRA and Gly to make glycinamide ribonucleotide (GAR);
glycinamide ribonucleotide transformylase (GART) that transfers the formyl group of AA0-
formyltetrahydrofolate to GAR, generating formylglycinamide ribonucleotide (FGAR); and
aminoimidazole ribonucleotide synthase (AIRS) that converts formylglycinamidine
ribonucleotide (FGAM) to aminoimidazole ribonucleotide (AIR) in an ATP-dependent
manner. The first two reactions catalyzed by TGART are sequential and produce FGAR,
which is then acted upon by the third enzyme in the pathway, formylglycinamidine synthase
(PFAS/FGAMS). Similar to PPAT (Batool, Nawaz, and Kamal, 2013), FGAMS also has a
glutaminase domain and based on structure and sequence similarity to bacterial enzymes, is
inferred to form a channel that directly transfers ammonia produced in its active site to the
amidotransferase domain (Sharma et al., 2020). Due to this, the ammonia produced by the
glutaminase domain does not equilibrate with the bulk aqueous cytosolic volume and
remains available for the next reaction in its neutral form. The transferred ammonia is then
used to convert FGAR to FGAM. The FGAMS protein exhibits interesting biophysical
properties and will be covered later in this review. The FGAM produced by FGAMS is then
converted into AIR by the AIRS domain of TGART, resulting in a five membered ring
closure.

The next two reactions (steps 6 and 7) involve carboxylation of AIR to 4-carboxy-5-
aminoimidazole ribonucleotide (CAIR) and ligation of the carboxy group of CAIR with an
amide group derived from Asp in an ATP-dependent reaction forming 4-(N-
succinylcarboxamide)-5-aminoimidazole ribonucleotide (SAICAR). These reactions are
catalyzed by the bifunctional enzyme phosphoribosylaminoimidazole carboxylase/
phosphoribosylaminoimidazole succinocarboxamide synthetase (PAICS). PAICS has an N-
terminal 4-(N-succinylcarboxamide)-5-aminoimidazole ribonucleotide synthetase
(SAICARS) domain and a C-terminal 5-aminoimidazole ribonucleotide carboxylase (AIRC)
domain. This enzyme has been shown to form homo-octamers by gel filtration and X-ray
crystallography (Li et al., 2007; Skerlova et al., 2020). Crystal structure analysis also
revealed a tunnel system in the octamer, leading to the hypothesis that this might act to
channel CAIR from the AIRC domain to the SAICARS domain and restrict the diffusion of
CAIR into the bulk cytosol (Li et al., 2007). These structural details have recently been
confirmed in a pair of substrate bound octameric structures for the human enzyme (Skerlova
et al., 2020).

The eighth step in the DNPB pathway is catalyzed by adenylosuccinate lyase (ADSL) and
involves a B-elimination reaction on SAICAR that releases fumarate and aminoimidazole-4-
carboxamide ribonucleotide (AICAR). ADSL can also catalyze the reverse reaction. The
active site of this homotetrameric enzyme is constituted by residues from the three other
subunits (Ray et al., 2012). The last two steps in the pathway are catalyzed by the
bifunctional AICAR transformylase/IMP cyclohydrolase (ATIC). The transformylase
domain of the enzyme first catalyzes the conversion of AICAR to formylaminoimidazole-4-
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carboxamide ribonucleotide (FAICAR) using the ALO-formyltetrahydrofolate. Then, the
cyclohydrolase domain closes the purine ring to form IMP. The first reaction is reversible;
however, action of the cyclohydrolase domain promotes an overall forward reaction (Wall,
Shim, and Benkovic, 2000). ATIC has been crystallized as a dimer, and a dimer:monomer
equilibrium was observed in solution (Greasley et al., 2001; Vergis et al., 2001). While the
presence of a molecular tunnel for direct transfer of the intermediate between the two
domains was anticipated, kinetic and structural analysis of the enzyme did not reveal
channeling in the isolated enzyme in vitro (Greasley et al., 2001; Bulock, Beardsley, and
Anderson, 2002).

In summary, human DNPB requires the coordinated actions of six enzymes to catalyze ten
sequential reactions converting PRPP into IMP. Many of these enzymes have multiple
activities: TGART is trifunctional and PAICS and ATIC are bifunctional, while PPAT,
FGAMS and ADSL each catalyze a single DNPB step. These reactions require the use of
numerous substrates and cofactors that are generated by other metabolic processes, many of
which are synthesized in and transported from mitochondria. More detailed discussion on
the structural information, allosteric regulation, and changes in expression of these enzymes
has previously been reviewed by Zhang, Morar, and Ealick (Zhang, Morar, and Ealick,
2008), Hartman and Buchanan (Hartman and Buchanan, 1959), and Lane and Fan (Lane and
Fan, 2015; Villa et al., 2019), respectively.

Metabolons: The Supramolecular Metabolic Enzyme Assemblies

In the simplest terms, enzymes are viewed as chemical catalysts that bring down activation
barriers to speed up a biochemical reaction, sometimes by a factor of 1012-1023 compared to
the uncatalyzed reaction (Miller and Wolfenden, 2002). Application of sophisticated in vitro
kinetic analyses, high resolution structure determination, and high resolution imaging has
led to the discovery of intra- and inter-enzyme substrate channeling (Schmitt and An, 2017;
Sweetlove and Fernie, 2018; Kastritis and Gavin, 2018; Lynch, Kollman, and Webb, 2020;
Raushel, Thoden, and Holden, 2003). Based on the evidence gathered on the organization of
Krebs cycle enzymes in the mitochondrial matrix, Paul Srere first coined the term
“metabolon” and defined it as a “supramolecular complex of sequential metabolic enzymes
and cellular structural elements” (Srere, 1985). He envisaged metabolons to arise as a result
of interactions between sequential enzymes of a metabolic pathway and between different
cellular structural elements that guide their subcellular localization. Therefore, metabolons
can conceivably provide conditions for substrate channeling and pathway flux enhancement
and regulation by their assembly/disassembly (Ovadi and Saks, 2004; Srere, 1987).

On the Trail of a DNPB Metabolon: Searching for Clues

Extensive work on the DNPB pathway enzymes over the last 50 years has not only revealed
regulation of the pathway at the level of transcription, translation, and allostery (Lane and
Fan, 2015; Villa et al., 2019; Zalkin and Dixon, 1992; Gassmann, Stanzel, and Werner,
1999), but also has hinted at the possibility of a purine biosynthetic metabolon. The
economy of product formation as the advantage of physical proximity of sequential reactions
of a pathway can be inferred from the evolution of large multi-domain DNPB enzymes in
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several organisms. For example, TGART harbors three catalytic domains in a single
polypeptide chain; however, in bacteria, each of those domains are separate gene products.
The same holds true for the bifunctional enzymes PAICS and ATIC. In addition, TGART
catalyzes two sequential steps and a third non-sequential step, which requires the action of
another enzyme, FGAMS. This argument raises the possibility for the coevolution of an
interaction between the two enzymes for efficient metabolite processing.

A metabolon also would mitigate the loss of unstable substrates. The product of the first
committed step for the DNPB pathway, 5-PRA, under physiological conditions has a half-
life of 5 seconds (Mueller et al., 1994). Kinetic analyses of the first two steps in the DNPB
pathway, using £. coli PPAT and GART, found a direct uptake of 5-PRA by GART, limiting
its complete equilibration with the bulk solvent (Rudolph and Stubbe, 1995). Although a
physical interaction between the two enzymes was not established. The instability of 5-PRA
was also evident from a recent metabolic profiling of a HeLa mutant cell line lacking the
expression of GART (Mazzarino et al., 2020). Unlike the substrate accumulation observed
when ADSL or ATIC were knocked out in HeLa cells (Mazzarino et al., 2019; Mazzarino et
al., 2020), the GART knockout HeLa cell line showed no accumulation of the 5-PRA
substrate.

In addition to their roles in DNPB, two key regulatory molecules, SAICAR and AICAR,
signal nutrient and energy imbalances in cancer cells by allosterically modulating other
metabolic enzymes. SAICAR has been identified as an allosteric activator of the inactive
cancer-specific pyruvate kinase isoform M2 (PKM2) dimer under glucose starvation
conditions (Keller, Tan, and Lee, 2012; Keller et al., 2014; Yan et al., 2016). The SAICAR-
induced activity of PKM2 has been linked to the promotion of the pentose phosphate
pathway needed for sustained tumor growth (Keller et al., 2014; Zahra et al., 2020).
Additionally, elevated AICAR levels lead to allosteric activation of AMP-activated protein
kinase (AMPK) to regulate the intracellular AMP:ATP ratio (Asby et al., 2015). AICAR
levels can also inhibit mTOR activity and block cell cycle progression via degradation of the
G2/M phosphatase, cdc25 (Liu et al., 2014; Racanelli et al., 2009). Through sequestration of
pathway intermediates, a metabolon might adjust the levels of these molecules
commensurate with cellular demands.

The Case for a DNPB Metabolon

The lack of experimental evidence for complexation by enzyme copurification or in vitro
reconstitution was not overcome until the spatial arrangement of the enzymes inside of
human cancer cells was explored by confocal microscopy. Plasmids encoding the DNPB
enzymes as fluorescent protein chimeras were transfected and expressed in HeLa cells, and
their intracellular localizations determined (An et al., 2008). Under pathway activating
conditions assisted by purine-depletion, FGAMS showed non-homogenous cytosolic
distribution, marked by discrete punctate structures. FGAMS also showed colocalization
with other DNPB enzymes upon cotransfection with the respective fluorescently tagged
chimeras (Fig 2A). This coclustering of pathway enzymes was designated as purinosome
and interpreted to represent a metabolon (An et al., 2008). Purinosome formation has been
further confirmed on the endogenous protein level by visualizing DNPB enzymes in fixed

Crit Rev Biochem Mol Biol. Author manuscript; available in PMC 2022 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pareek et al.

Page 6

cells by immunofluorescence (Baresova et al., 2016; Baresova et al., 2012; Baresova et al.,
2018; Chan et al., 2015; Zhao et al., 2015) and more recently, by proximity ligation assays
(Doigneaux et al., 2020) (Fig 2B). Since its discovery, assemblies of FGAMS, ATIC, and
PAICS have also been observed in neuronal cell body and axons and implicated in neuronal
differentiation and signaling (Williamson et al., 2017; Mangold et al., 2018; Yamada, Sato,
and Sakakibara, 2020). Additionally, PPAT, GART, FGAMS, ADSL and ATIC puncta and/or
their pairwise colocalizations have been observed in breast cancer cells (An et al., 2008;
Doigneaux et al., 2020; Schmitt et al., 2018), hepatocarcinoma liver cancer cells (Baresova
et al., 2012; French et al., 2013), and primary dermal fibroblasts from patients diagnosed
with Lesch-Nyhan Syndrome (Chan et al., 2015; Chan et al., 2018; Fu et al., 2015).

The Properties of Purinosomes

The formation of purinosomes is a dynamic and reversible process driven by an imbalance in
purine supply and demand triggered by the unavailability of extracellular purines or by a
defective purine salvage (An et al., 2008; Chan et al., 2015; Fu et al., 2015). Purinosomes, as
denoted by cytosolic FGAMS clusters that quickly dissolve upon supplementation of purines
to the culturing medium and re-emerge within a few hours after purine depletion (An et al.,
2008). Early studies challenged the nature of the purinosome by prescribing it as a non-
functional stress body (Zhao et al., 2014; Zhao et al., 2013). Since then, its functional
organization has been inferred from a combination of subcellular proteomic fractionations,
protein proximity assays, diffusion coefficients of the individual enzymes, and activity
assays (Deng et al., 2012; Kyoung et al., 2015; Wan et al., 2015; Pareek et al., 2020). The
latter were based on fluorescence recovery after photobleaching of fluorescently-tagged
enzymes in human breast carcinoma Hs578T cells (Kyoung et al., 2015). The diffusion
coefficients for each of the six pathway enzymes analyzed were derived from their
respective fluorescent recovery curves. The first three enzymes of the pathway (PPAT,
GART, and FGAMS) showed similar, slow diffusion rates, whereas PAICS and ADSL were
found to diffuse twice as fast, and ATIC faster yet. Overall, a significant reduction in the
diffusion of the DNPB enzymes under purine-depleted conditions was observed when
compared to non-purinosome forming (purine supplemented) growth conditions. Combined
with protein proximity assays, a model was generated suggesting a stepwise assembly
mechanism where PPAT, GART, and FGAMS establish the core scaffold and PAICS, ADSL
and ATIC act as more peripheral partners (Pedley and Benkovic, 2017; Deng et al., 2012;
Kyoung et al., 2015).

Although the free exchange of pathway enzymes between the purinosome and the bulk
solvent is greatest for the peripheral enzymes, impairment in their expression, activity,
and/or oligomerization of those enzymes greatly hinders purinosome formation. HeLa cells
deficient in a single pathway enzyme greatly reduced or completely eliminated purinosome
formation relative to normal Hel a cells (Baresova et al., 2016). Similarly, primary dermal
fibroblasts derived from patients with rare metabolic disorders associated with mutations in
PAICS, ADSL, or AT/C showed reduced purinosome formation consistent with a decrease
or loss in enzymatic activity (Baresova et al., 2012; Pelet et al., 2019). The oligomerization
and activity of ATIC can also be disrupted by the use of Cpd14, a cyclic peptide-derived
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inhibitor, concomitantly affecting purinosome formation (Spurr et al., 2012; Tavassoli and
Benkovic, 2005).

The Identification and Roles of Ancillary Interactions

Attempts at identifying the ancillary proteins that regulate purinosome formation have
remained a challenge. Immunoprecipitation of FGAMS under purine-depleted growth
conditions, in the presence or absence of chemical crosslinkers, confirmed interactions with
pathway enzymes, ADSL and PAICS, and revealed potential interactions with glycolytic
enzymes, pyruvate kinase isozymes M1/M2 and transketolase, and components of molecular
chaperone complexes (French et al., 2013). Molecular chaperones HSP90 and HSP70 were
shown to colocalize with purinosomes in purine-depleted HeL a cells (French et al., 2013),
and their direct interactions were validated biochemically in an HSP90-client interaction
assay (Pedley et al., 2018). Two of the pathway enzymes, PPAT and FGAMS, were
identified as clients of HSP90. Inhibition of HSP90 activity by STA9090 decreased its
interactions with the client proteins and resulted in reduced levels of soluble protein to
sustain purinosome formation (Pedley et al., 2018). More recently, Nwd1, a member of the
signal transduction ATPases with numerous domains (STAND) protein superfamily, was
shown to interact with FGAMS, PAICS, and HSP90 in neurons, and these interactions have
been proposed to be involved in purinosome assembly (Yamada, Sato, and Sakakibara,
2020).

By super-resolution fluorescence microscopy, purinosomes were shown to colocalize with
both microtubules and mitochondria in purine-depleted and HPRT-deficient dermal
fibroblasts (Chan et al., 2018; French et al., 2016). In HPRT-deficient fibroblasts, 91% of
purinosomes colocalized with microtubules (Chan et al., 2018). Disruption of microtubule
polymerization with nocodazole in purine-depleted HeLa cells reduced the number of
purinosome-positive cells and decreased purine production by 36%, suggesting that
microtubules likely have a role in the stability of the purinosome (An et al., 2010). Two-
color imaging of purinosomes (FGAMS as the marker) and mitochondria also showed that
65% and 81% of purinosomes colocalized with mitochondria in purine-depleted HeLa cells
and HPRT-deficient fibroblasts, respectively (Chan et al., 2018; French et al., 2016).
Recently, three-color spatiotemporal analyses were performed to investigate purinosome
(FGAMS) dynamics with respect to microtubules and mitochondria (Fig 3) (Chan et al.,
2018). These studies concluded that purinosomes traffic along microtubules in a directed
manner, suggestive of active transport towards mitochondria. Nocodazole treatment reduced
the number of purinosomes displaying directed motion by about 65% with a 30% reduction
in the number of purinosomes colocalized with mitochondria (Chan et al., 2018). Taken
together, these studies show the importance of an intact microtubular network and the
interplay between microtubules and mitochondria for purinosome dynamics.

Many studies have used cytosolic FGAMS puncta as the marker for identifying
purinosomes. Characterization of these puncta with fluorescence microscopy revealed broad
distributions in size (sub-micron diameters), heterogeneity in subcellular location, and
varying degrees of colocalization with other DNPB enzymes (An et al., 2008; Chan et al.,
2015; Chan et al., 2018; French et al., 2016; Schmitt et al., 2016). An accurate identification
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and characterization of purinosomes is also complicated by the observation that FGAMS can
self-assemble upon AMPK activation and over-expression (Schmitt et al., 2018; Schmitt et
al., 2016). Such complexities are not unique to the study of purinosomes but are a recurring
feature in studies involving ectopic overexpression of proteins. Thus, formation of punctate
by enzymes, or multi-enzyme colocalization does not provide unequivocal evidence of
functionality. Mathews has warned against these misinterpretations clouding the research in
this field and argues for the merits of application of multiple experimental approaches to
overcome the limitations (Mathews, 1993).

The Purinosome as a Biomolecular Condensate

Recent research suggests a liquid-liquid phase separation ensues upon the condensation of
proteins involved in metabolon formation and represents a means of cytosolic protein
organization (Kastritis and Gavin, 2018; Prouteau and Loewith, 2018; Strom and
Brangwynne, 2019; Banani et al., 2017). Due to technical limitations, simultaneous
biophysical and biochemical characterization of metabolites and enzymes in their
endogenous intracellular state has not been achieved. However, the observation of distinct
purinosome puncta under purine-depleted conditions fits the literature criteria of a liquid
condensate (Prouteau and Loewith, 2018; Bracha, Walls, and Brangwynne, 2019). The
purinosome has repeatedly been shown to be distinct from other well characterized
cytoplasm-localized RNA-containing condensates, namely stress granules and processing
bodies (Chan et al., 2015; French et al., 2013). Owing to the fact that most of the DNPB
enzymes exist as oligomers in their catalytically competent state, we hypothesize that
oligomerization might play a role in DNPB enzyme condensation into the purinosomes.
Disruption of the purinosome assembly by an ATIC oligomerization inhibitor, Cmpd14,
supports this view (Doigneaux et al., 2020).

Biomolecular condensates exist in a continuum from transient, reversible interactions to
stronger, irreversible interactions. Oftentimes, protein nucleation, leading to condensate
formation, has been observed upon upregulation of the target protein expression and/or the
participation of various protein modifying enzymes such as kinases or heat shock proteins
resulting in altered surface properties of the modified protein(s) (Soding et al., 2020; Mateju
etal., 2017; Rai et al., 2018; Wippich et al., 2013). The collection of weak and transient
interactions between the DNPB pathway enzymes and requisite ancillary proteins likely play
a role in condensate formation (Banani et al., 2017; Bracha, Walls, and Brangwynne, 2019;
Alberti, Gladfelter, and Mittag, 2019) and could justify the difficulties in isolating intact
purinosomes from cells. Recently, purinosomes, as marked by FGAMS puncta, are shown to
be spherical and tend to coalesce to form larger liquid droplet-like structures (Pedley et al.,
to be submitted) (Movie 1). To maintain these liquid-like properties, the heat shock proteins,
HSP90 and HSP70, have been assigned a role in the process through the refolding of client
proteins, PPAT and FGAMS (Pedley et al., 2018). Thus, disruption of HSP90 activity
induced intracellular FGAMS aggregates, distinct from purinosomes, suggesting that the
purinosomes might have transitioned from a liquid-like state to a more solid, rigid
intracellular body (Pedley et al., to be submitted). Other alterations to DNPB enzymes such
as post-translational modifications might also contribute to condensate formation and active
regulation of its liquid-like properties.
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Catching a Metabolon in Action

For the functional characterization of purinosomes and to test the hypothesis that the DNPB
pathway is carried out by the mitochondria-associated purinosomes, metabolomics and mass
spectrometry imaging were performed (Pareek et al., 2020). Taking advantage of the
mitochondria-compartmentalized serine (Ser) to Gly conversion and formate production by
one-carbon metabolism (Ducker and Rabinowitz, 2017; Labuschagne et al., 2014), an
isotope incorporation study was designed to trace the flow of labeled Gly and formate into
DNPB intermediates and product nucleotides after [13C3,1°N]Ser supplementation in the
media (Pareek et al., 2020) (Fig 4A). Cells were grown under a limited abundance of Ser to
promote preferential access to the labeled substrates by the enzyme pool proximal to
mitochondria. Evidence for metabolic channeling in the pathway, as would be expected to
arise from a metabolon, came from the comparison of the observed isotope incorporation
pattern to a model that assumes a completely diffusive mode of PRPP to AMP and GMP
conversion (i.e., all fourteen steps are mutually independent events). Our results disproved
the assumptions built into the operation of a diffusive model that postulates complete
equilibration of all the substrates, cofactors, and pathway intermediates and a homogeneous
distribution of the pathway enzymes in the bulk cytosolic pool. As per the diffusive model a
homogenous isotopic incorporation in all the DNPB intermediates and end products is to be
expected. Conversely, the results showed that the synthesis of AMP and GMP is
accomplished in a highly channeled manner, preventing pathway intermediates from
equilibrating with their bulk cytosolic pools (Fig 4B). The higher isotope enrichment in
AMP and GMP compared to IMP required the physical proximity or plausible direct
association of the DNPB metabolon with the mitochondrial metabolite transporters, to
facilitate the capture of mitochondria generated substrates (Gly, and formate) by the
purinosomes. This provides a functional basis for the active migration of purinosomes along
the microtubule towards mitochondria. The total abundance of newly synthesized AMP and
GMP is approximately sevenfold higher than that of the total IMP synthesized by a minor
diffusive pathway constituted by enzymes acting outside the purinosome (Fig 6). Contrary to
the expected partitioning based on the activities of pathway enzymes for IMP to synthesize
more GMP than AMP (Zhao et al., 2015), the channeled pathway favors the synthesis of
AMP over GMP (Pareek et al., 2020).

To validate the presence of the purinosomes at the single cell level, in situ, sub-micron
chemical imaging by gas cluster ion beam-time-of-flight-secondary ion mass spectrometry
(GCIB-SIMS) was leveraged (Pareek et al., 2020). A multi-layer analysis of frozen hydrated
Hel a cells revealed regions of high abundance of the DNPB intermediate AICAR, which are
congruent with sites of higher ATP synthesis. These “metabolic hotspots” identified the sites
of active purinosomes situated proximal to mitochondria (Fig 4C). Our analysis captured
10-30 active purinosomes per cell; although due to the technical limitations, it is likely to be
an underestimate of the number of purinosomes per cell. Together with the isotope labeling
studies, we propose that the definition of the DNPB metabolon must be expanded to
represent an assembly of nine enzymes localized proximal to mitochondria, capable of
catalyzing the conversion of PRPP to AMP and GMP in a sequence of fourteen highly
channeled steps to achieve greater pathway flux (Fig 6).
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Signaling Pathways and Their Plausible Role in Purinosome Regulation

The regulation of DNPB can be driven by an increase in protein expression, substrate
availability, and/or enzymatic activity. Additional level of regulation could arise from the
DNPB enzyme modifications underlying the formation and dissolution of purinosomes.
Deciphering these regulatory mechanisms can expose potential metabolic vulnerabilities that
can be exploited for therapeutic applications.

Early studies had largely attributed the upregulation of purine biosynthesis to upregulation
of DNPB pathway enzymes’ gene expression by the mitogen-activated protein kinase
(MAPK) and phosphatidylinositol 3-kinase (PI3K)/AKT signaling pathways. Stimulation of
quiescent human HaCaT keratinocytes by keratinocyte or epidermal growth factors, which
activates PI3K and AKT, increased the mRNA expression of ADSL 4-fold (Gassmann,
Stanzel, and Werner, 1999). Further, epidermal growth factor (EGF) stimulated DNPB (Ali
et al., 2020) (Fig 5A). In C2C12 mouse mesenchymal cells, inhibition of PI3K with
LY294002, decreased the formate incorporation into purines by over 75% resulting from a
31% decrease in PRPP availability and a 20% reduction in the enzymatic activity of ATIC
(Wang et al., 2009). PI3K inhibition also abolished the downstream substrate AKT
activation, as noted by a lack of Thr308 and Ser473 phosphorylation. Consistent with PI3K
inhibition, AKT inhibition by MK2296 resulted in a 73% reduction in purine production in
HeLa cells (Saha et al., 2014). More recently, a putative AKT phosphorylation site on PPAT
(Thr397) was shown to be present only in normal growth conditions and absent upon
pathway activation (purine-depletion) which suggests that the phosphorylation event might
impact the activity of the enzyme and influence the pathway (Liu et al., 2019). AKT
phosphorylated a peptide-based substrate mimic of PPAT as well as recombinant protein
expressed and isolated from 293T cells. Further, computational predictions of substrate
motifs for canonical kinases suggest that AKT might also phosphorylate PFAS on Ser215
(Ali et al., 2020; Liu et al., 2019) (Fig 5B). All these data suggest that PI3K and AKT are
key regulators of purine biosynthesis.

Other proteomics studies implicated casein kinase 2 (CK2) in the post-translational
modifications of TGART and FGAMS, hinting at their involvement in the signaling
pathways. Live cell imaging showed that CK2 inhibitors (DMAT and TBB) could modulate
purinosome formation (An et al., 2010). Treatment of HeLa cells with DMAT induced
purinosome formation, whereas TBB at high concentrations dissociated DMAT or purine-
depletion promoted purinosomes. In addition, signaling through G-protein coupled receptors
have also been implied in the regulation of DNPB (Fig 5A). To deconvolute this association,
a label-free dynamic mass redistribution (DMR) assay was developed (Verrier et al., 2011).
This screening platform was calibrated for the de novo purine biosynthetic pathway by using
inhibitors of CK2. A screen of 113 GPCR agonists identified adrenergic receptor (AR)
agonists such as epinephrine, clonidine, and dopamine as perturbing the mass redistribution
that occurs upon purinosome formation (Merrier et al., 2011). Further investigations of these
agonists unveiled that the apa-AR is responsible for purinosome formation and provided a
mechanism by which the G, signaling pathway is important for purinosome formation.
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The framework for the DMR assay also served to identify the kinases that might be involved
in the regulation of the purinosome. A short hairpin RNA (shRNA) loss-of-function kinome
screen was performed to identify those kinases that change the biomass redistribution, a
label-free measure of purinosome assembly or disassembly, in purine-depleted HeL a cells
(French et al., 2016). Among the kinases identified, mammalian target of rapamycin
(mTOR) showed the ability to maintain purinosome localization near mitochondria (Fig 5A).
An inhibitor of MTOR, rapamycin, reduced activating transcription factor (ATF) 4-mediated
transcription of MTHFDZ2and purine production through the de novo pathway (Ben-Sahra et
al., 2016). MTHFD?2 is important for the generation of the one-carbon units that are used to
synthesize the AAO-formyltetrahydrofolate cofactor needed for GART and ATIC
transformylase activities. Taken together, these results suggest that deficiencies in one-
carbon metabolism might impact DNPB by reducing the availability of formate needed for
cofactor generation and the functionally important colocalization of purinosomes with
mitochondria (French et al., 2016).

A post-translational modification (PTM) study was performed to investigate the extent of
DNPB enzyme modification upon pathway activation. 293T cells transiently expressing each
of the pathway enzymes were grown in the presence and absence of purines, and seven
PTMs present on each of the enzymes were catalogued (Liu et al., 2019). One of the most
striking observations was the heavy phosphorylation on FGAMS with many of the sites only
present under purine-depleted, or purinosome forming, growth conditions (Fig 5B). One of
the sites, Thr619 was recently shown to be phosphorylated by EGF-stimulated or oncogenic
RAS or RAF activation of ERK2 (Ali et al., 2020). This phosphorylation event enhances cell
and tumor growth, whereby expression of a nonphosphorylatable FGAMS (T619A) in RAS-
dependent cancer cell lines resulted in a 30% - 40% decrease in colony formation and
reduced tumor growth in athymic nude mice compared to cells expressing wild type
FGAMS enzyme. Other phosphorylation sites were queried against the substrate motifs for
the kinome (Ali et al., 2020; Liu et al., 2019). In addition to the likely AKT phosphorylation
of FGAMS, aurora kinases and other MAPKSs have also been predicted to be its modifiers
(Fig 5B). Much remains unknown about the importance of the many phosphorylation sites
and the identity of their respective kinases on the regulation of purinosome activity

A recent study of purinosome formation under hypoxic conditions revealed further
complexities in purinosome assembly and function. Although the purinosomes form and
locate to the mitochondria, they are devoid of activity (Doigneaux et al., 2020) (Fig 2B).
Metabolite analysis under hypoxia found a down-regulation in the mitochondrial one-carbon
metabolism needed for purinosome function in HeLa cells. Purinosome formation was
abolished in hypoxic HeLa cells upon treatment with Cpd14 or by a genetic knockdown of
glucose-6-phosphate dehydrogenase suggesting that ATIC oligomerization and PRPP
availability via the pentose phosphate pathway are necessary for purinosome formation.
These findings underscore the many unknown intricacies at play connected to the formation
and properties of this metabolon.
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Concluding Remarks

The pathway for human DNPB converts phosphoribosyl pyrophosphate first to IMP
followed by its partitioning to form AMP and GMP. The nine enzymes responsible for the
transformation typically assemble into a metabolon, termed a purinosome. Srere presciently
described the advantages of a supramolecular complex such as increased pathway flux,
sequestration of unstable metabolic intermediates, and increased opportunities for pathway
regulation (Srere, 1985; Srere, 1987). Although early literature suggested that a cellular
metabolon might be operative in purine biosynthesis, the proof required the development
and application of high-resolution intracellular fluorescence imaging, metabolomics, and
biomolecular imaging by GCIB-SIMS techniques that are capable of revealing the
subcellular distribution and function of enzymes at endogenous cellular levels (Fig 6). The
purinosome was found to channel all the pathway intermediates in this multistep pathway,
providing a sevenfold increase in product formation relative to the enzymes functioning
independently in a diffusive pathway. Moreover, it actively migrates on microtubules to dock
at a microtubule/mitochondria interface where it is positioned to capture the metabolites
derived from mitochondrial one carbon metabolism for its substrates (e.g., Gly and Asp) and
cofactors (e.g., MO-formyl THF). When cells are transiently transfected with chimeric
pathway enzymes fused with fluorescent probes, the purinosomes appear as cytosolic punta
and exhibit the properties of a liquid condensate. This observation implies that metabolons
in general might prove to be examples of protein condensates. Assembly of a purinosome is
initiated by an a,a-AR and linked to the P13K/AKT signaling pathways. Proteomic studies
have found extensive phosphorylation of the individual enzymes with the identification of
the relevant kinases currently in progress. One can imagine that their identification and
potential role in condensate formation will present opportunities for novel therapeutic
modalities.
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Figure 1. Purine salvage and de novo purine biosynthesis (DNPB).
(A) Purines are regenerated either by salvage from the bases hypoxanthine, guanine, and

adenine; or synthesized de novo from PRPP, utilizing building block substrates generated by
other metabolic processes. Glucose metabolism generates- 1) Glucose-6-phosphate (G6P)
that can generate PRPP via the pentose phosphate pathway (PPP); 2) 3-phosphoglycerate
(3PG) that can generate Ser via the serine biosynthesis pathway; and 3) pyruvate that fuels
the TCA cycle inside mitochondria, which in turn maintains a stable supply of aspartic acid.
Conversion of Ser to Gly and formate is carried out inside mitochondria and requires the
involvement of one carbon metabolism enzymes. Enzyme names are represented in italicized
letters. (B) Schematic shows the step by step conversion of PRPP to AMP and GMP
constituting the DNPB pathway. A cascade of 10 reactions catalyzed by the six DNPB
enzymes produces IMP, which is either converted to AMP or GMP in two additional each
way. It is an energy intensive pathway that requires three amino acids- Gly, Asp, GIn- and
the cofactor N10-formy! tetrahydrofolate (N19- formyl THF). All the purine intermediate and
enzyme acronym expansions are defined in the text.
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Figure 2. Detection of Purinosomes on the Overexpressed and Endogenous Protein Levels.
(A) A purine-depleted HelL a cell showing the colocalization of FGAMS-EGFP (green) and

PPAT-mCherry (red) identifying purinosomes (yellow puncta) in a transient, overexpressed
system. The image was modified from Pedley and Benkovic (Pedley and Benkovic, 2018).
(B) The colocalization of endogenous FGAMS and ADSL by proximity ligation assays to
identify purinosomes (yellow puncta) under purine-depleted and hypoxic growth conditions.
The image was modified from the research originally published in the Journal of Biological
Chemistry (Doigneaux et al., 2020) and used with permission from C. Doigneaux and A.
Tavassoli.
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Figure 3. Interplay of Purinosomeswith Mitochondria and Microtubules.
Colocalization of purinosomes (FGAMS-EGFP, green), mitochondria (Mitotracker Red,

red), and microtubules (silicon rhodamine tubulin, gray) in an HPRT-deficient fibroblast by
high-resolution confocal microscopy (VT-iSIM). Inset shows a magnified region of interest
(ROI) with individual purinosome colocalizations annotated with respect to the
mitochondrion (1), microtubule (2), or neither subcellular structure-of-interest (3).
Individual channels for purinosomes, mitochondria, and microtubules of the ROl are shown
underneath. Image was modified from Chan et al., 2018 (Chan et al., 2018).
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Figure 4. Hel a cells show channeled DNPB.
(A) In three separate steps upstream of IMP, 13C3, 15N Ser derived labeled 13C2, 1°N Gly

and 13C formate get incorporated into the intermediates and the end-product purines
synthesized by DNPB, allowing monitoring of cellular DNPB flux. The unique isotopomer
species in IMP, AMP, and GMP- +3, +4, and +5- all have one 13C2, 1°N Gly; and 0, 1 or 2
13C formate incorporations, respectively. For clarity, only the relevant steps and
intermediates are shown. Blue circles: 13C labeled B-carbon of Ser; pink circles: 13C, 15N
labeled Ser backbone atoms. (B) The fractional abundance of the de novo synthesized purine
isotopomers, +3, +4, and +5 can be predicted assuming uniform cytosolic abundance of the
labeled substrates; a similar distribution of the three isotopomers is to be expected for IMP
and all the downstream purines, including AMP and GMP. While the isotopomeric
distribution of IMP closely resembles the model, AMP and GMP show a different
isotopomeric distribution. The underlying reason being a higher labeled Gly and formate

Crit Rev Biochem Mol Biol. Author manuscript; available in PMC 2022 February 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Pareek et al.

Page 23

enrichment in AMP and GMP compared to that predicted by the model. Data from one
representative experiment are shown. (C) A representative GCIB-SIMS image of purine
depleted HeLa cells grown in 1°N Ser supplemented medium to allow 1°N label
incorporation in purines. Overlay of the pixels with high °N AICAR abundance (white) and
cell image generated using total ion current (green) is shown. A zoomed-in view shows the
spatial distribution of AICAR ‘metabolic hotspots’ in a region of interest highlighted with
yellow box in (C). Figures are prepared from the data originally reported and presented in
(Pareek et al., 2020).
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Figure 5. The Regulation of de novo Purine Biosynthesis and Purinosome Formation.
(A) Pathway activation and/or purinosome formation has been associated with signaling

through the GPCR, MAPK, and PI3K/AKT signaling pathways. Downstream of AKT is
mMTOR, whose activity assists in the colocalization of purinosomes with mitochondria.
Dashed lines suggest an association or correlation, whereas solid lines represent a direct
interaction or consequence. (B) The phosphorylation sites identified on PFAS/FGAMS as
determined our recent post-translational modification study (Liu et al., 2019) and other
global phosphoproteomic studies recorded on PhosphoSite. Solid red circles and white
circles represent those phosphorylation events identified under purine supplemented and
purine-depleted growth conditions, respectively. Red stripped circles were either present in
both conditions or the site preference is unknown. Kinase predictions are a combination
from ScanSite and/or Liu et al., 2019.
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Figure 6. A model of purinosomes, the DNPB metabolon.
Results from high resolution fluorescence imaging, biochemical, proteomic, metabolomic,

and chemical imaging studies taken together suggest that purinosomes are constituted by at
least nine enzyme and plausibly more ancillary proteins that assist in stabilization and
dynamics of the complex. The HSP90/70 machinery and signaling pathways involving
kinases and other post translationally modifying enzymes regulate the process of assembly
of an active purinosome. A majority of purinosomes reside proximal to mitochondria-
microtubule junction and act as cellular metabolic hot-spots that synthesize AMP and GMP
in a highly channeled manner. Purinosome assisted AMP+GMP synthesis has ~7 times
higher flux than the diffusive synthesis of IMP.
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