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Abstract

Purine biosynthetic enzymes organize into dynamic cellular bodies called purinosomes. Little is
known about the spatiotemporal control of these structures. Using super-resolution microscopy, we
demonstrated that purinosomes colocalized with mitochondria, and these results were supported
by isolation of purinosome enzymes with mitochondria. Moreover, the number of purinosome
containing cells responded to dysregulation of mitochondrial function and metabolism. To explore
the role of intracellular signaling, we performed a kinome screen using a label-free assay and
identified that mTOR influenced purinosome assembly. mTOR inhibition disrupted purinosome-
mitochondria colocalization and suppressed purinosome formation stimulated by mitochondria
dysregulation. Collectively, our data suggests an mTOR-mediated link between purinosomes and
mitochondria and suggests a general means by which mTOR regulates nucleotide metabolism by
spatiotemporal control over protein association.
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Purine levels in mammalian cells are maintained by the coordinated action of
complementary salvage and de novo biosynthetic pathways. While the salvage pathway
maintains purine nucleotide levels under normal physiological conditions, the de novo
pathway is upregulated during growth (1, 2) and altered in neoplastic cells (3, 4).
Purinosomes are mesoscale assemblies formed to protect unstable intermediates and
increase metabolic flux through the de novo pathway (5-9). These structures are dynamic
and form reversibly in response to purine depletion and act to increase de novo purine
biosynthesis (5, 6, 10). Their formation is cell cycle dependent and can be regulated by
GPCR agonists and casein kinase 2 (11-14). Increased number of purinosome containing
cells correlates positively with the degree of purine salvage deficiency in Lesch-Nyhan
disease (15). Cellular conditions resulting in disruption of purinosome formation led to
enhanced sensitivity to cancer chemotherapeutics (16). An analogous cellular phenotype was
also recently reported for a multi-functional protein involved in pyrimidine biosynthesis
(17). These structures are examples of an increasing number of reported higher order
organizations involving metabolic proteins (7, 18, 19).

Considering that de novo purine biosynthesis not only provides the nucleotide precursors
necessary for mitochondrial ATP production but also conversely demands ATP for its
operation, we hypothesized that a synergistic relationship between purinosomes and
mitochondria might exist. This synergy would be even more critical in cells that
preferentially use oxidative phosphorylation for ATP production, such as several cervical
cancer, breast carcinoma, hepatoma, pancreatic cancer and glioma cell lines (20, 21). The
relationship would also supply one-carbon units generated by the mitochondrial conversion
of serine to formate for incorporation into the purine ring during de novo biosynthesis. In
this work, we investigated the physical and functional relationship between purinosome and
mitochondria using super-resolution imaging, a dynamic mass redistribution assay, and other
biochemical measures.

Conventional fluorescence microscopy images initially suggested spatial proximity between
purinosomes and mitochondria, but the high density of the mitochondrial network precluded
clear demonstration and quantitative characterization of the colocalization between these
two structures at diffraction-limited image resolution (Fig. S1). To further investigate the
spatial distribution of purinosomes, we used three-dimensional stochastic optical
reconstruction microscopy (3D STORM), a super-resolution fluorescence imaging method
(22-24), to image HeLa cells under conditions that promote the formation of purinosomes.
Purinosomes were imaged via transient transfection of photoactivatable fluorescent protein
(mEos2) (25) tagged formylglycinamidine ribonucleotide synthase (FGAMS or PFAS), a
core purinosome component (5, 26). Given the residual dimerization tendency of mEos2, we
also tagged FGAMS to recently developed monomeric photoactivatable fluorescent protein,
mMaple3 (27). The number and size distributions of purinosomes were independent of the
tagging method (Fig. S2).

To investigate purinosome-mitochondria colocalization, we induced purinosome formation
by purine starvation, fixed the cells and immunostained for a mitochondrial outer membrane
translocase (TOM20) using a photoswitchable fluorescent dye (Alexa Fluor 647). Two-color
3D STORM images of cells that exhibited purinosomes revealed a highly correlated spatial
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distribution of purinosomes and mitochondria (Fig. 1). Purinosomes were found colocalized
with the mitochondria (Fig. 1B-F). Under the conditions tested, a substantially larger
fraction of purinosomes were colocalized with mitochondria than what would be expected if
the purinosomes were randomly distributed throughout the cytoplasm (Fig. 1G, S3).

To provide further support for the potential physical interactions between purinosomes and
mitochondria, we isolated mitochondria from cells after chemical cross-linking and
compared the proteins present in these mitochondrial extracts to cytosolic fractions. Four
different cross-linkers of varying length and reactivity were employed to minimize method
bias, and the proteins that co-purified with the mitochondria were identified by mass
spectrometry (Table S1). In addition to mitochondrial proteins such as ATP synthase,
voltage-dependent anion channel, and malate dehydrogenase, one of the 174 proteins
identified was adenylosuccinate lyase (ASL or ADSL), a known purinosome protein. ASL
catalyzes the eighth step in de novo purine biosynthesis and was observed using three out of
the four cross-linkers (Table S1). To validate ASL colocalization with mitochondria,
mitochondria were purified from cells under purinosome forming conditions without
chemical cross-linking and purinosome enzymes that co-purified with mitochondria were
detected using Western blot. In addition to ASL, FGAMS, a core protein of the purinosome
structure, also co-precipitated with isolated mitochondria (Fig. 2A). While these data
demonstrate a physical link between purinosomes and mitochondria, further experiments are
required to characterize the molecular details of this interaction and identify any structural
intermediaries.

To investigate the functional relationship of purinosomes with mitochondria, we first
examined the effect of mitochondrial poisons on purinosome content of cells. Inhibition of
electron transport (using antimycin A or rotenone) or oxidative phosphorylation (using
oligomycin) increased the number of purinosome-positive cells by more than 2-fold (Fig.
2B). Inhibition of glycolysis (using 2-deoxyglucose), which also lowers cellular ATP
concentrations (28), had no effect on purinosome levels (Fig. 2B). The latter result,
combined with previous observations of the effect of exogenous ATP treatments (14),
suggest that although mitochondria dysregulation induced a stimulation of purinosome
formation in cells, the purinosome assembly is not governed by ATP concentration. Next, we
examined the effect of purinosome levels on mitochondrial metabolism. As an approximate
measure of glycolytic (cytosolic) and oxidative phosphorylation (mitochondria) activities,
we assayed cellular lactate and malate concentrations, respectively (29, 30). Compounds
known to disrupt or inhibit purinosome formation (17-AAG, MKT-077 and TBB) (11, 16)
led to decreases in malate levels, while an increase in purinosome content induced by
DMAT (11) significantly increased malate production (Fig. 2C). Lactate levels were not
changed by any of the purinosome effectors. These results indicate that there is also a
functional link between purinosomes and mitochondria.

Previously, we reported that the assembly of purinosomes was stimulated by agonist binding
to the aya-adenergic receptor and subsequent activation of the Gaj-mediated signaling

pathway (14). To identify the intracellular signaling pathway employed in the control of the
relationship between purinosomes and mitochondria, we conducted an shRNA screen of the
human kinome using a two-step dynamic mass redistribution (DMR) assay (Fig. 3A). DMR
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is a label-free method that employs a resonant waveguide grating biosensor system to
monitor, in real time, refractive index alterations resulting from stimulus-induced biomass
changes near the surface of a sensor (Fig. S4, S5) (14, 31). Epinephrine (EPI) is known to
induce purinosome assembly, which contributed to a DMR signal increase; TBB is known to
cause purinosome disassembly, which contributed to a DMR signal decrease (14). Here we
used the EPI-induced DMR signal as a purinosome assembly indicator and the EPI-
stimulated TBB response as a purinosome disassembly indicator to identify kinases that
influence purinosomes. Analyses of the robust z-score (32) for each shRNA treatment (Fig.
3A, 3B, S6; Table S2) and Gene Ontology (GO) enrichment (Table S3) suggest that some of
the identified kinases are indeed associated with regulation of purine nucleotide metabolism.
Using the STRING9.1 database that provides known and predicted protein-protein
associations (33), networks were generated for the identified kinases that connect them to
known components of endogenous apa-receptor signaling and purinosome assembly,
including casein kinase 2 and the six enzymes of the de novo purine biosynthetic pathway
(Fig. 3C, S7, S8). This analysis identifies a putative kinase network involved in directly
translating chemical signals into a purinosome response.

Among the kinases identified in this screen were several known to be master regulators of
cellular metabolism. Interestingly, one of these kinases was the mechanistic target of
rapamycin (mMTOR). mTOR, which actively associates with mitochondria-associated ER
membranes and modulates mitochondrial physiology, is also involved in regulating
nucleotide metabolism (17, 30, 34, 35). Its role in modulating purine biosynthesis, however,
is still unclear (36).

We examined the effect of mTOR inhibition on purinosome formation using the described
DMR assay. Inhibition of mTOR with everolimus alone did not trigger a DMR response
(Fig. S9), but partially inhibited the EPI-induced DMR signal in a dose-dependent manner
(Fig. 3D). The EPI-induced DMR signal contains contributions from the G5 and G;
pathways, the latter of which is related to purinosome formation (6, 14). Moreover, mTOR
inhibition also suppressed the EPI-potentiated TBB-induced DMR signal (Fig. 3D). Taken
together, these results suggest a model wherein the inhibition of mTOR impairs a,a receptor
activation stimulated purinosome formation.

To test whether mTOR plays a role in mediating the link between mitochondria and
purinosomes, we monitored the observed stimulation of the cellular purinosome level in
response to mitochondrial dysregulation. While a large increase in the percentage of cells
containing purinosomes was observed when mitochondria function was disrupted by
antimycin A, oligomycin or rotenone, this response was abrogated by treatment with the
mTOR inhibitor, rapamycin (Fig. 4A) similar to the response observed with everolimus
treatment of EPI prestimulated cells (Fig. 3D). Rapamycin treatment alone had no effect on
purinosome levels. Note that these observations were made without stimulation where such
an effect would be difficult to detect. We then examined the colocalization between
mitochondria and purinosomes in the presence of rapamycin using two-color STORM.
Indeed, fractional colocalization between purinosomes and mitochondria decreased in a
dose-dependent manner with increasing concentration of rapamycin (Fig. 4B), whereas both
the number and size of purinosomes and the cellular distributions of mitochondria were
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unchanged up to concentrations of 500 nM (Fig. S10). Finally, to further support that mTOR
plays a role in mediating a physical link between purinosomes and mitochondria, we probed
for the presence of FGAMS in isolated mitochondria from cells treated with rapamycin (Fig.
2A). While these purinosome markers were observed in the mitochondrial fraction in the
absence of rapamycin, it was either not observed or observed at a substantially reduced level
in rapamycin treated cells. Taken together, these data suggest that mTOR plays a role in the
link between purinosomes and mitochondria.

Two recent reports detailed the mTOR-mediated stimulation of pyrimidine synthesis (17,
34). The mechanism of control exerted by mTOR on pyrimidine metabolism, the change in
oligomerization and localization of the enzyme CAD, mirrors the observed effects reported
herein. Pyrimidine biosynthesis also employs a mitochondrial enzyme, dihydroorotate
dehydrogenase, further evidence for the relationship between nucleotide metabolism and the
mitochondria. mTOR nucleates into two distinct multi-protein complexes (MTORC1 and
mTORC?2) and is known to regulate protein associations to control other cellular processes,
such as autophagy (37-39).

The maintenance of nucleotide pools and the rapid response to changing levels of these
critical building blocks are vital cellular processes. Management of metabolite levels in a
dynamic microenvironment necessitates highly regulated post-translational control over
metabolic flux. This study suggests a spatial mechanism of control. The mMTOR-mediated
link between purinosomes and mitochondria creates a functional synergy and highlights the
interdependence of the relationship between mitochondrial function and nucleotide
metabolism, which could provide a controllable response to changes in metabolic needs.
This type of regulation is only beginning to be understood but is likely to emerge as a
common mechanism by which cells exploit spatial and temporal control of enzymes and
enzyme complexes to increase metabolic efficiency, protect unstable intermediates, and
minimize off-target effects.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Sugper-resolution imaging of purinosomes and mitochondria. (A) 2D projection of a 3D
STORM image showing purinosomes labeled with mEos2 fused to a purinosome core
protein FGAMS (magenta) and mitochondria immunolabeled against outer membrane
protein TOM20 (green) in a HeLa cell grown under purine-depleted conditions. (B) Zoom in
of the boxed region in panel (A) showing the close proximity between the two structures.
(C) An 100 nm thick xy~cross section of the region in (B). (D, E) Comparison of the
conventional fluorescence image (D) and corresponding 2D projection STORM image (E) of
the boxed region in (B). (F) xz-cross section along the dotted line in (E) showing a
purinosome and two neighboring mitochondria. (G) The percentage of purinosomes (mean +
standard deviation colocalized with mitochondria observed using STORM (65.1 + 11.5%) is
significantly higher than the expected value for a randomized purinosome distribution (33.7
+ 7.3%). N= 26 images, student’s t-test, p<<0.001 as denoted by ***. Scale bars: 250 nm in
(E-F).
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Fig. 2.

Phgysical and functional links between purinosomes and mitochondria. (A) Western blot of
purified mitochondria showing that purinosome proteins FGAMS and ASL co-isolate with
mitochondria in a rapamycin-dependent manner. Mitochondria were isolated from HeLa
cells grown under purine-depleted conditions that transiently expressed FGAMS-3xFLAG
after treatment with 1 uM rapamycin (+) or vehicle control (=) for 1 h. Inhibition of mTOR
was verified by observing a decrease in the phosphorylated form (pT389) of the mTOR
target S6 kinase (p70-S6K). VDAC1 was used as a mitochondria loading control and p70-
S6Kserved as a cytoplasmic loading control. (B) The percentage of cells with visible
purinosomes (determined from at least 100 total cells) as a function of modulators of
mitochondrial metabolism and glycolysis at their specified concentrations for 1 h. Values
reflect mean + standard deviation, A=3. (C) Intracellular malate (gray) and lactate (black)
levels were determined by colorimetric assay after various drug treatments for 1 h (2 h for
MKT-077). Values reflect mean + standard deviation, A=3.
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Fig. 3.

HSman kinome screen identified kinases involved in apa-adrenergic receptor (aoa-AR)
activation-mediated purinosome formation. (A) Characteristic DMR of HeLa cells in
response to sequential stimulation steps (S1 and S2). Red line: buffer (S1) — buffer (S2);
black line: buffer — TBB; purple line: EPI — buffer; blue line: EPI — TBB. The DMR of assay
buffer stimulation was used as the negative control. Buffer by itself triggered little DMR,
and did not alter DMR induced by 100 nM epinephrine (EPI). EPI (100 nM) triggered a
positive DMR. Conversely, TBB led to a negative DMR in the buffer pretreated cells, but a
much greater negative DMR in EPI pretreated cells. (B) The robust z-score of EPI-induced
DMR (green dots) or TBB-induced DMR (red dots) as a function of sShRNA clones. Robust
z-scores (a z-score not adversely affected by outliers) were calculated using [(experimental
data — median)/median absolute deviation (MAD)] where the normalization set the median
to 0 and the MAD to 1. (C) Network analysis of the aya-AR activation mediated
purinosome formation. This analysis combines all hits common to the EPI and TBB DMR
responses identified using the current kinome screen with known signaling components of
endogenous asa-AR in HelLa cells, casein kinase 2 (CSNK2B, CSNK2A1, CSNK2A?2) and
six enzymes (PPAT, GART, PFAS, PAICS, ADSL, ATIC) involved in purine biosynthesis.
Hits were selected when at least two shRNA clones for a kinase within the library gave a
robust z-score of = 3 or < -3 (Table S2). The network was generated using STRING 9.1.
Connecting lines are color coded by the type of evidence used to build the network (details
in http://string-db.org/). Unconnected hits are listed at the bottom. (D) Top panel: The real-
time DMR of EPI in the absence (red) or presence of everolimus (green). Bottom panel: the
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real-time DMR of TBB after EPI pre-stimulation in the absence (red) or presence of
everolimus (green). The dose was 16 uM, 100 nM, or 20 uM for everolimus, EPI, or TBB,
respectively. For (A, D), data represents mean + standard deviation, A=4. The standard
deviation is shown in gray.
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DMAT

mTOR affects colocalization and functional links between purinosomes and mitochondria.
(A) The percent of purinosome containing cells (determined from at least 100 cells) as a
function of mitochondrial metabolism modulators in the absence (gray) and presence (black)

of 100 nM rapamycin. Values reflect the mean + standard deviation, A=3. (B) The

percentage of purinosomes colocalized with mitochondria (black squares) as a function of
increasing rapamycin concentration (10-1000 nM, 1 h). The results after randomization of
the purinosome distribution are shown as gray crosses. The colocalization percentage is

represented as the mean = standard deviation, A=5 per condition.
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