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Abstract

Some metabolic pathway enzymes are known to organize into multi-enzyme complexes for

reasons of catalytic efficiency, metabolite channeling, and other advantages of

compartmentalization. It has long been an appealing prospect that de novo purine biosynthesis

enzymes form such a complex, termed the “purinosome.” Early work characterizing these

enzymes garnered scarce but encouraging evidence for its existence. Recent investigations led to

the discovery in human cell lines of purinosome bodies—cytoplasmic puncta containing

transfected purine biosynthesis enzymes, which were argued to correspond to purinosomes. New

discoveries challenge both the functional and physiological relevance of these bodies in favor of

protein aggregation.

Introduction

Multi-enzyme complexes often engage in various forms of substrate channeling, in which

sequential pathway enzymes “hand off” intermediate metabolic products amongst each other

rather than release them into bulk solution. The advantages of such complexes include

improved efficiency and optimized usage of short-lived intermediates.1-5

One such possible complex involves the enzymes for de novo purine biosynthesis. Termed

the “purinosome,” the complex's existence has been long suggested by circumstantial

evidence. The search for direct in vivo evidence of the purinosome culminated in the

discovery of intracellular punctate bodies formed in part by purine biosynthesis enzymes.6 It

was argued, based in part upon evidence for purine dependency, that these were functional

complexes.6 However, new discoveries support a model where these bodies behave in a

manner unlike that expected for functional purinosomes and instead have numerous features

one might expect of simple protein aggregates or stress bodies.7 Here we review the

literature evidence characterizing purinosome bodies, and discuss the models that involve

metabolically active associations as opposed to general protein aggregation.

Purine biosynthesis

Purines are ubiquitous and essential components of DNA and RNA, and their derivatives

participate in numerous biological processes. Adenine and guanine nucleotides are derived
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from the compound inosine monophosphate (IMP), which is synthesized de novo from

phosphoribosyl pyrophosphate (PRPP) through a highly conserved multi-step de novo

purine biosynthesis pathway. In higher eukaryotes (such as humans), the pathway consists of

six enzymes catalyzing ten sequential reactions converting PRPP to IMP (Table 1). De novo

purine biosynthesis activity is up-regulated when the cellular demand for purines exceeds

that supplied by the purine salvage pathway, a single-step conversion of hypoxanthine to

IMP catalyzed by hypoxanthine phosphoribosyltransferase (HPRT). Conversely, de novo

biosynthesis is down-regulated when exogenous purine, i.e. hypoxanthine, is available.

The search for a complex

The hypothesis that the de novo purine biosynthesis enzymes organize into a multi-enzyme

complex has long been attractive based at least in part on the chemical instability of 5-

phosphoribosylamine, the first intermediate substrate in the pathway, which suggests an

essential direct transfer between PPAT and GART.8 Additionally, the consolidation of

several individual enzymatic functions onto single bifunctional or trifunctional polypeptide

chains has been observed in many organisms,9, 10 which suggests stable physical

interactions between these enzymes may exist even in organisms which do not consolidate

these enzymes on a single polypeptide chain.11 The joining of the non-sequential steps 2, 3,

and 5 into a single trifunctional enzyme in humans also suggests that this polypeptide may

be further, non-covalently juxtaposed with the enzyme for step 4.

However, historic experiments to isolate an intact purinosome have been largely

unsuccessful. Kinetic studies revealed evidence for substrate channeling between PPAT and

GART, but attempts to detect physical protein-protein interactions failed.12 Later studies

found that pairs of purine biosynthesis pathway members (including PPAT and GART, and

ATIC and GART) could be enriched by co-fractionation under some conditions,13-15 and

purine-dependent protein-protein interactions have been observed using a luciferase reporter

system.16 Even so, transfected recombinant GART was not found to be co-localized to any

cellular architecture that might serve as a structural scaffold to assemble a multi-enzyme

complex,17 and no biophysical support was found for a larger multi-enzyme complex or a

fully intact purinosome.13-15 While a complex representing the purinosome may physically

exist, it may form only transiently or in a condition-specific manner.

The discovery of purinosome bodies

In 2008, the human purinosome was thought to have finally been identified by the discovery

that fluorescent protein-tagged recombinant purine biosynthesis enzymes form intracellular

punctate bodies when transiently expressed in human cell culture.6 Bodies formed by

FGAMS-GFP were shown to co-localize with bodies formed by the five other enzymes of

the pathway, suggesting that the bodies contained all direct participants of de novo purine

biosynthesis pathway. These so-called “purinosome bodies” apparently formed in purine-

depleted medium and disassembled in purine-rich medium, a potentially strong indication of

function. Moreover, microtubule inhibitors that disfavored purinosome body formation also

led to decreased purine synthesis.18 Finally, it has been shown that purinosome body

assembly is under casein kinase II (CK2) and GPCR control, and could be modulated by

heat shock chaperones,7, 19-21 and in parallel, modulation of CK2 and GPCR activities have
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been shown to correlate with changes in the overall spatial distribution of bulk intracellular

protein.20

Conflicting evidence

While there is evidence that supports the hypothesis that purinosome bodies form in a

purine-dependent and reversible manner, it is possible that these effects are not solely due to

the presence or absence of purines. For example, while it has been reported that purinosome

bodies form when cells are cultured in purine-depleted medium, the specific growth medium

employed for these experiments actually significantly differed from the purine-rich control

medium in ways that went beyond the mere presence or absence of purines. The purine-

depleted medium was generated by serum dialysis with a 25,000 Da pore size, which would

have removed a variety of compounds other than purines (which are only ~100-500 Da);

additionally, the serum supplementation was doubled for the “purine-rich” medium.6 These

non-conservative changes confound interpretation of the purine-dependency of the

observations. Notably, in other experiments, altering only purine levels did not affect

purinosome body formation: purinosome bodies were unaffected after specifically adding an

exogenous purine source (hypoxanthine) back to “purine-depleted” medium,6 or after

specifically adding a purine antagonist (azaserine).6 These contrary observations suggest

that the bodies may not form in response to purine levels, but are instead dependent on other

factors (we will suggest aggregation, below). To further complicate matters, independent

laboratories have reported both induction and no induction of purinosome body formation

by similar bulk nutrient-depletion experiments,6, 7, 22, 23 further suggesting that unknown

factors unrelated to purine concentration might account for the observed phenomena.

As structures for enhancing purine synthesis, purinosomes should exhibit abundant

metabolic flux. It has been shown that flux through the de novo purine biosynthesis pathway

is suppressed when purinosome body assembly is disrupted by nocodazole. While this

correlation supports a role for microtubules in establishing purinosome bodies in live cells18

these observations may also arise from an alternative explanation, namely that given that

nocodazole is a cell cycle arresting agent, the combination of nutrient-poor medium and

arrested cell cycle might also be expected to greatly impede metabolic flux. Such

experiments illustrate the intrinsic difficulties in distinguishing flux contributed by the

bodies and flux contributed by the free, un-localized pool of the same enzymes. Experiments

have so far monitored 14C-glycine incorporation into the pool of cellular purines and

measured the complete cellular complement of purine biosynthetic enzymes, not explicitly

flux through the bodies; to date, no experiments have demonstrated that the bodies

themselves provide any metabolic flux. Thus, further kinetic experiments are required before

purinosome bodies meet the standard of proof associated with other well-characterized

metabolic enhancing structures like acetyl-CoA carboxylase polymers24-27 or quaternary

structures verified for substrate channeling, such as for tryptophan synthase.4, 28,29

Additionally, with one exception,22 all literature evidence for purinosome bodies has thus

far relied on transiently expressed recombinant fluorescent protein fusion constructs. This

may be a consequence of reported difficulties and possible artifacts surrounding native

immunofluorescent labeling of purine biosynthesis enzymes.6, 7 For example, it was
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observed that while endogenous GART behaved similarly to the GART fusion construct in

“purine-depleted” medium, its endogenous behavior did not correspond to that observed for

its fusion construct in “purine-rich” medium. 6 The sole reliance on microscopy with fusion

proteins, and the absence of other physical demonstrations of the purinosome as a whole,

argues for caution in interpretation.

What are purinosome bodies?

Somewhat problematically, published purinosome bodies have varied widely in their

morphologies, ranging from pinpoint foci to oil droplet-like, and methods have not been

developed yet either to classify purinosome bodies or to distinguish them from aggregates

based on morphology. In our own studies, we have observed a dynamic spectrum of

morphologies, as well as both increases and decreases in the numbers of bodies per cell even

over the course of unperturbed growth.7 Future work clearly remains to address and

characterize the different morphologies and kinetics of purinosome bodies, and to discover

cellular markers that can securely distinguish bona fide purinosomes, should they exist.30

Another issue that confounds interpretation is that it is unclear whether the purine enzyme

fusion constructs function similarly to endogenous enzymes. Others have observed that

fluorescent protein fusions are subject to aggregation.31, 32 Even if we assume that some

fluorescent protein fusions function similarly to the native proteins, there is large

heterogeneity observed in purinosome body formation. The penetrance of body formation

following transient transfection varies widely across enzymes, with individual enzyme body

formation rates ranging from 5% to 77% of the transfected cells.6, 7 This heterogeneity,

persisting even in cell populations treated with pharmacophores that promote purinosome

bodies (15 to 95% penetrance of assembly),19 is inconsistent with the hypothesis that each

body contains all members of the pathway, and at a minimum, such bodies are unlikely to

represent complete purinosomes.

The constituents of purinosome bodies as measured by microscopy are also sometimes in

disagreement with biochemically-captured purine enzyme protein-protein associations. As

previously shown through partial co-purification, two folate metabolism enzymes (serine

hydroxymethyltransferase (SHMT1) and C1THF synthase) associate with the folate-

utilizing purine biosynthesis enzymes GART and ATIC.15, 33 GART's catalytic activity

actually requires interaction with C1THF synthase or its analog.33, 34 However, these two

folate metabolism enzymes were found to be excluded from purinosome bodies.6, 21

Meanwhile, an additional folate enzyme MTHFS (which catalyzes the conversion of a

product from SHMT1 into substrate for C1THF synthase) was independently discovered to

co-localize to purinosome bodies.23 Beyond C1THF synthase, a multitude of additional

proteins not previously implicated in purine biosynthesis have been localized to purinosome

bodies, including Hsp70, Hsp90, ubiquitin, Bag2, Bag5, Stip1/Hop, p23, DnaJ-C7 (Hsp40),

and DnaJ-A1 (Hsp40).7, 21 Many of these proteins found associated with the purinosome

body are commonly associated with deleterious protein aggregates.35-44 The relatively high

rate of co-localization between an individual purine biosynthesis enzyme and Hsp70

compared to that between pairs of purine biosynthesis enzymes gives rise to the hypothesis
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that the purinosome bodies are non-specific aggregates rather than specific functional

metabolic complexes.7

Growing evidence for protein aggregation

Many enzymes can aggregate under conditions of cellular stress or recombinatorial

expression, and as we discussed above, the medium used to observe inducibility of

purinosome bodies was broadly depleted of nutrients.6 Unsurprisingly, a switch to this

nutrient-depleted medium might be stressful for some cells (e.g., HTB-125 cells cannot

survive in the depleted medium).6 It is therefore possible that this stress contributed to the

visible aggregation of recombinant purine enzyme constructs as stress bodies, which would

then have been reversed by providing the cell with nutrients necessary to dissociate or clear

aggregated protein bodies. Our study in 2013 supports this simpler explanation that

purinosome bodies may be aggregated proteins that commonly result from fusion protein

expression.7 Many characteristics of purinosome bodies were found to be shared between

those of canonical protein aggregates, including body morphology, inducibility by diverse

stress, co-localization with ubiquitin and chaperones, and correlation with transfected DNA

quantity, protein aggregation potential, and increased cell death.7 In this regard, purinosome

bodies exhibit overlapping co-localization with a recombinant fusion protein shown to mark

aggregates and aggresomes21, 31 (Fig. 1), and many literature figures of purinosome bodies

closely resemble the spectrum of morphologies formed by disease-associated protein

aggregates, including both huntingtin and α-synuclein (Fig. 2). In accordance with the

notion that aggregated proteins are inherently cytotoxic,45 cells exhibiting purinosome

bodies were also found to be associated with early cell death,7 although it is unclear whether

the bodies were a cause of that stress or rather an indicator of stressed cells.

Follow-up studies characterizing purinosome bodies as functional assemblies have also

uncovered a surprising number of additional features that parallel features of disease-

associated aggregates. For example, as pointed out earlier, inhibition of microtubule

polymerization with nocodazole blocks formation of purinosome bodies and reduces cellular

flux of de novo purine biosynthesis.18 Likewise, nocodazole also blocks formation of

inclusion bodies and aggresomes (bodies containing protein aggregates)46-48 and places cells

in G2/M arrest. In a similar fashion, partial inhibition of casein kinase 2 (CK2) by small

molecule inhibitors was found to induce purinosome body formation.19 Inhibition of CK2 is

also known to disrupt hundreds of cellular processes,49 among them being protein

homeostasis which regulates protein aggregation.50, 51 Notably, CK2 inhibitors are highly

non-specific,52 while some induce oxidative stress53, 54 (a promoter of purinosome body

formation)7 and apoptosis.55 Additionally, the observation that CK2 inhibitors affect

FGAMS, GART, and PPAT but do not affect PAICS, ADSL, or ATIC unless a member

from the latter set is co-transfected with one in the former19 suggests either that individual

members of the pathway are differentially and complexly regulated to assemble bodies or

that these observations may be transfection artifacts. As well, the claim that the formation of

purinosome bodies can be controlled by the addition of Gαi agonists or antagonists20 may

again be more simply explained by aggregation: downstream Gαi targets (e.g., the PI3K/Akt

pathway) include regulators of various stress-related cellular responses, such as cell survival

and protein synthesis, which will also influence protein homeostasis and aggregation.
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Notably, G protein signaling has been implicated in regulating autophagy (a mechanism

known to clear aggregated proteins)56, 57 through Gαi-control of autophagic

sequestration58, 59 and through autophagic vacuole formation.60

While it appears that purinosome bodies may be the result of stress-induced aggregation, it

is still not entirely clear what they are. Purinosome bodies are distinct from stress granules21

(messenger ribonucleoprotein bodies composed of translation initiation factors and

mRNAs),61, 62 but additional work is necessary to differentiate them from other forms of

stress-inducible bodies (Table 2). While some data suggest chaperones promote purinosome

body assembly, observations supporting the contrary also exist. Experiments perturbing the

activity of heat shock chaperones (e.g., Hsp70 or Hsp90) by pharmacophores can promote

purinosome body assembly or disassembly depending on the drug concentration and

treatment duration,7, 21 and further study is necessary to clarify the disparity.

Speculations and conclusions

The idea of a purinosome has many compelling features. Assorted evidence ranging from

metabolic flux and channeling considerations to pairwise kinetic or physical interactions

observed between particular biosynthetic enzymes support the idea of some form of physical

association between purine biosynthetic enzymes. Thus, there is a substantial body of

literature suggesting the existence of the purinosome. Here, we address confounding issues

surrounding the interpretation of punctate bodies containing purine biosynthetic enzymes

(purinosome bodies). Although current observations do not negate the possible formation of

functional purinosomes, it also does not suggest that purinosome bodies must be the

purinosome. A far simpler explanation is plausible: that the purine biosynthetic enzymes can

aggregate under conditions of cellular stress or recombinant expression. Indeed, it is well

known that many other intracellular enzymes form aggregates under similar conditions, and

purine biosynthetic enzymes are not known to be special in this regard. This discrepancy

between purinosome body interpretations highlights the need for caution regarding reliable

methodologies for observing punctate body formation and determining their function and

physiological relevance.
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Figure 1.
Partial co-localization of [A] gp-250 (also known as GFP-250) with [B] FGAMS-OFP, co-

transfected in the same cell, as reported by French et al.21 The overlay in [C] shows the

merge of panel A in green and panel B in red (Pearson's coefficient of 0.4 and overlap

coefficient of 0.41)21 , with regions of co-localized expression extracted and plotted in [D]

for clarity. Notably, over-expression of the GFP-chimera, gp-250, has been reported to form

insoluble aggregates that are delivered to aggresomes.31, 63 Reprinted with permission from

the Proceedings of the National Academy of Sciences.
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Figure 2.
Intracellular purinosome bodies display a spectrum of morphologies similar to bodies

formed by canonical protein aggregates. [A-F] are purinosome bodies formed in HeLa cells.

[A’-F’] are various aggregated disease-associated protein inclusions formed in various

mammalian cell lines. We can roughly classify these representative (but not exhaustive)

morphologies into arbitrary categories: Pinpoint foci include [A] TrifGART-GFP from An et

al. 20086 and [A’] α-synuclein aggregates in oligodendroglial cells, from Riedel et al.66

Droplet-like clusters are evident in [B] FGAMS-GFP from An et al. 20086 and [B’] a

mutated form of glial fibrillary acidic protein (GFAP) attached to CFP transiently

transfected into modified astrocytes, from Mignot et al.67 Bulk clumps are shown in [C]

FGAMS-OFP transiently expressed in HeLa cells from Field et al.23 and [C’] GFP-tagged

Huntingtin fragment with polyglutamine expansion transiently expressed in HeLa cells,

from Bjørkøy et al.68 Spherical puncta are shown in [D] FGAMS-OFP from An et al. JBC

201019 and [D’] GFAP-GFP transiently transfected into astrocytes, from Mignot et al.67

Sparse pinpoint foci are formed by [E] FGAMS-GFP from An et al. PNAS 2010,18 and [E’]

a fragment of p62 protein, a common component of disease-associated protein

aggregates,69-72 tagged to GFP and transiently expressed in NIH3T3 fibroblasts (although

the authors Bjørkøy et al.68 classify this subtler morphology as diffuse). Large oil-droplet-

like bodies are formed by [F] hTrifGART-OFP transfected in HeLa cells from Field et al.23

and [F’] α-synuclein-EGFP transfected into H4 neuroglioma cells, from McLean et al.73 All

images are reproduced with permission from the respective publishers.
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Table 1

Six human enzymes catalyze the ten-step conversion of phosphoribosyl pyrophosphate to inosine

monophosphate.

Step(s) Gene symbol Description

1 PPAT Phosphoribosylpyrophosphate amidotransferase

2,3,5 GART Trifunctional phosphoribosylglycinamide formyltransferase / phosphoribosylglycinamide synthetase /
phosphoribosylaminoimidazole synthetase

4 FGAMS Phosphoribosylformylglycinamidine synthase

6,7 PAICS Bifunctional phosphoribosylaminoimidazole carboxylase / phosphoribosylaminoimidazole succinocarboxamide
synthetase

8 ADSL Adenylosuccinate lyase

9,10 ATIC Bifunctional 5-aminoimidazole-4-carboxamide ribonucleotide formyltransferase / IMP cyclohydrolase
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Table 2

Some of the protein-rich bodies identified in the eukaryote cytosol.

Term Description Example markers

Aggresomes Large pericentriolar core of aggregated, ubiquitinated proteins encaged by vimentin; emerges
from microtubule-dependent collection of small aggregates distributed throughout the cell
typically in response to inhibited or overwhelmed proteasome.

CTFR46, GFP-25031, 63

Inclusion bodies Typically used to describe insoluble, dense protein particles in bacteria and virus infected cells.
This term is sometimes applied to describe human disease-associated aggregates.

Huntingtin64

Liquid droplets Polymeric assemblies of multivalent proteins that produce a liquid-liquid phase separation in
vitro and manifest in cells as dynamic puncta.

SH3+PRM65

P-bodies Stress-inducible cytoplasmic RNA/protein granules involved in mRNA decay; can physically
associate with stress granules to receive sequestered mRNAs shuttled for degradation.

DCP1a62

Stress bodies General term for proteinaceous assemblies of unknown nature correlated with stress; frequently,
but not exclusively, refers to nuclear stress bodies.

FGAMS-GFP7

Stress granules Stress-inducible cytoplasmic granules composed of stalled translation pre-initiation complexes,
postulated to protect untranslated mRNAs from potentially harmful conditions.

G3BP62
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