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Background: Metabolic enzymes have been hypothesized to assemble into complex to respond to cellular metabolism
changes.
Results: De novo purine biosynthesis increases in purinosome-containing cells.
Conclusion: Purine metabolism is adjusted by purinosome assembly.
Significance: This study indicates that purinosome is a functional multienzyme complex.

Enzymes in the de novo purine biosynthesis pathway are
recruited to form a dynamic metabolic complex referred to as
the purinosome. Previous studies have demonstrated that puri-
nosome assembly responds to purine levels in culture medium.
Purine-depleted medium or 2-dimethylamino-4,5,6,7-tetra-
bromo-1H-benzimidazole (DMAT) treatment stimulates the
purinosome assembly in HeLa cells. Here, several metabolomic
technologies were applied to quantify the static cellular levels of
purine nucleotides and measure the de novo biosynthesis rate of
IMP, AMP, and GMP. Direct comparison of purinosome-rich
cells (cultured in purine-depleted medium) and normal cells
showed a 3-fold increase in IMP concentration in purinosome-
rich cells and similar levels of AMP, GMP, and ratios of AMP/
GMP and ATP/ADP for both. In addition, a higher level of IMP
was also observed in HeLa cells treated with DMAT. Further-
more, increases in the de novo IMP/AMP/GMP biosynthetic
flux rate under purine-depleted condition were observed. The
synthetic enzymes, adenylosuccinate synthase (ADSS) and inos-
ine monophosphate dehydrogenase (IMPDH), downstream of
IMP were also shown to be part of the purinosome. Collectively,
these results provide further evidence that purinosome assem-
bly is directly related to activated de novo purine biosynthesis,
consistent with the functionality of the purinosome.

Purine nucleotides have very important and diverse func-
tions inside the cell. They are building blocks of DNA and RNA,
energy carriers, and cell signaling molecules, and the play cen-
tral roles in metabolism. Purine nucleotides are biosynthesized
by the de novo pathway and recycled from their free bases by the
salvage pathway. IMP serves as a purine nucleotide precursor,

which can be synthesized from 5-phospho-�-D-ribose 1-
diphosphate (PRPP)3 by the de novo purine biosynthesis path-
way or made from hypoxanthine by the salvage pathway. The de
novo pathway contains 10 highly conserved chemical steps that
require the coordination of six enzymes in humans. It has long
been hypothesized that these six enzymes form a functional
multienzyme complex in the cell similar to what has been
observed previously with other sequential metabolic enzymes
(1–3). Many advantages for metabolic multienzyme complexes
have been proposed in the literature. The first is kinetic in that
these complexes increase metabolic flux by increasing the local
concentration of a substrate/intermediate or reducing the dif-
fusion process of intermediate substrates. In addition to the
kinetic advantage, colocalization of metabolic proteins may
protect or stabilize chemically unstable intermediates and sep-
arate the intermediates from competing chemical and enzy-
matic reactions (4 –7). The idea of increasing catalytic effi-
ciency has been verified by in vitro experiments, such as
coimmobilized glycolysis multienzymes, a three-enzyme sys-
tem for oxaloacetate production, and a cAMP degradation mul-
tienzyme sequence (8 –10).

Our studies based on live-cell fluorescence microscopy have
shown the colocalization of these six enzymes into clusters,
referred to as purinosomes, under purine-depleted (P�) con-
ditions. A hypothesis was proposed that purinosomes form to
satisfy the cellular demand for purines through increasing de
novo purine biosynthesis (11). Additional studies surrounding
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purinosome composition, characterization, and regulation
have been conducted (12–16). However, alteration of intracel-
lular purine nucleotide pools in purinosome-containing cells,
specifically whether de novo synthesis flux of the individual
purines, such as IMP, AMP, and GMP, is increased, has never
been reported.

Purine nucleotide profiling is an analytical challenge because
of their high polarity, instability, and chemical similarities
under traditional reverse phase methodologies (17). Here we
applied hydrophilic interaction liquid chromatography-based
ultra high pressure liquid chromatography coupled with elec-
trospray ionization tandem mass spectrometry (UPLC-ESI-
MS/MS) to specifically quantify each individual cellular purine
nucleotide in purinosome-rich HeLa cells (cultured in P�
medium) and in normal HeLa cells (cultured in non-dialyzed
FBS-based purine-rich (P�) medium), including IMP, the
product of the de novo pathway, and two direct products of
subsequent branch pathways, AMP and GMP, as well as their
corresponding phosphorylated species: ADP, ATP, GDP, and
GTP. The observed differences in nucleotide cellular concen-
trations between purinosome-rich cells and normal cells were
further confirmed by 1H NMR global metabolite scanning. Pre-
vious studies have measured the metabolic rate of the de novo
pathway in CHO fibroblast cell lines in purine-free medium by
the incorporation of [14C]glycine in all cellular purines (18, 19).
Using the same method, our laboratory reported that the de
novo biosynthesis rate of total purines is about 42% greater in
purine-depleted medium when compared with purine-rich
medium (13). However, the pool of purines inside a cell con-
tains many different species, such as nucleotides, nucleosides,
and free bases. Purine nucleotides are products of multiple bio-
logical processes: de novo biosynthesis, purine nucleotide cycle
and salvage pathway recycling, degradation, and urinary excre-
tion. To determine the metabolic rate of the de novo pathway
more accurately, the incorporation of [15N]glycine into IMP,
AMP, and GMP, respectively, through the de novo pathway was
measured by super resolution mass spectrometry with an LC-
Orbitrap in this study.

EXPERIMENTAL PROCEDURES

Cell Culture and Harvest—Cell culture followed the same
protocol published before (11). Briefly, cells were cultured in a
humidified atmosphere 5% CO2 incubator at 37 °C. For cells
cultured in purine-depleted medium, all cells were regularly
maintained in RPMI 1640 (Mediatech, Inc.) supplemented with
10% dialyzed FBS (Atlanta Biologicals) for three passages
(about 1 week) before harvesting. FBS was dialyzed against 0.9%
NaCl at 4 °C for 2 days using a 25,000 molecular weight cut off
dialysis membrane to remove purines. Cells in the [15N]glycine
incorporation experiment were maintained in minimum essen-
tial medium Eagle (Mediatech, Inc.) supplemented with 10%
FBS or 10% dialyzed FBS, respectively. Minimum essential
medium Eagle does not contain glycine. Cells were grown in
100 � 20-mm tissue culture dishes (Falcon). The cell number
per culture for both P� and P� media is �2 � 106. Cells were
harvested by 0.25% trypsin/2.21 mM EDTA solution (Mediat-
ech, Inc.) and washed by PBS three times. Any metabolic activ-
ity of HeLa cells was quenched by adding 300 �l of cold meth-

anol (preincubated at �80 °C) into the cell pellet. Cells could be
kept in the �80 °C freezer before the next step.

Immunofluorescence Imaging of Fixed Cells—A total of 2 �
105 HeLa cells grown in purine-rich and purine-depleted media
were plated on a 35-mm2 glass bottom plate (MatTek) and
incubated at 37 °C (5% CO2) for 16 h. Adherent cells were fixed
with freshly prepared 4% (v/v) formaldehyde (Electron Micros-
copy Sciences) prepared in 1� Dulbecco’s PBS (Corning) for 10
min in the dark at room temperature and permeabilized with
0.2% Triton X-100 prepared in 1� Dulbecco’s PBS for 10 min at
room temperature. Cells were blocked with 5% normal goat
serum (Jackson ImmunoResearch Laboratories) for 30 min
at room temperature. Primary antibodies for phosphoribosyl
pyrophosphate amidotransferase (PPAT) (LifeSpan Bio-
Sciences, catalogue number LS-C173822) and formylglyci-
namidine ribonucleotide synthase (FGAMS) (Bethyl Laborato-
ries; catalogue number A304-218A) were directly labeled using
Lightning-Link antibody conjugation kits (Novus Biologics)
with Atto488 and Cy3, respectively. Cells were stained with a
1:100 dilution of Atto488-labeled PPAT antibody and a 1:250
dilution of Cy3-labeled FGAMS antibody for 2 h at room tem-
perature in the dark. All antibody dilutions were performed in
1� Dulbecco’s PBS. Cells were washed six times with 1 ml of 1�
Dulbecco’s PBS and placed into Hanks’ balanced salt solution
prior to imaging. Imaging was performed with a 60� Nikon
Apo TIRF oil immersion objective (Nikon) using a S484/15x
excitation filter and a S517/30m emission filter for Atto488
detection and a S555/25x excitation filter and a S605/40m
emission filter for Cy3 detection (Chroma Technology).

Metabolite Extraction for LC-MS—The metabolites were
extracted according to a procedure slightly modified from pre-
vious references (20, 21). Basically, collected HeLa cells were
added with 500 �l of 80% methanol (20% water) solvent and
lysed by a freeze-thaw cycle repeated three times. Then the
mixture was centrifuged at 5700 � g, 4 °C for 15 min, and the
supernatant was collected. For an additional extraction, 400 �l
of 80% methanol (20% water) solvent were added to the cell
pellet followed by centrifugation at 5700 � g, 4 °C for 5 min.
This extraction was repeated twice. All the supernatants were
combined and centrifuged at 7000 � g for at least 20 min to
remove the insoluble material.

UltraHighPressureLiquidChromatographyCoupledwithElectro-
spray Ionization Tandem Mass Spectrometry (UPLC-ESI-MS/MS)—
Chromatographic separation of nucleotides from HeLa cell
lysates was achieved with hydrophilic interaction liquid chro-
matography using an ACQUITY BEH amide (2.1 � 100 mm,
1.7-�m particle size) column (Waters Corp, Milford, MA) ther-
mostated at 40 °C. A mobile phase gradient composed of 10
(component A) and 90% (component B) aqueous acetonitrile
containing 10 mM ammonium acetate (pH � 9.0) was delivered
at a flow rate of 200 �l/min using an ACQUITY UPLC system
(Waters Corp). Metabolites were eluted by increasing the per-
centage of component B in the solvent system from 1 to 40%
(v/v) over 12 min. Mass spectrometry-based targeted profiling
of nucleotides was performed on a Waters TQ-S triple quadru-
pole system operating in positive ionization mode with capil-
lary and cone voltages set at 3200 and 30 V, respectively. Source
and desolvation temperatures were maintained at 150 and
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250 °C, respectively. Nitrogen was used as both cone gas (150
liters/h) and desolvation gas (800 liters/h), while argon (0.15
ml/min) was used as the collision gas.

1H NMR Sample Preparation—All of the frozen cell samples
(with wet weight of 80 mg) were homogenized in 600 �l of
ice-cold methanol/H2O (2:1 v/v) extraction buffer followed by
three freeze-thaw cycles with rapid and vigorous manual mix-
ing after each cycle. The samples were extracted using the Pre-
cellys tissue homogenizer (Bertin Technologies, Rockville, MD)
followed by sonification on wet ice for 10 min. The supernatant
was collected by centrifugation for 10 min at 18,100 � g and
4 °C. The remaining solid residues were further extracted twice
using the same procedure. The combined supernatants from
the three extractions were dried after removing methanol in
vacuo. Each of the aqueous cell extracts was respectively recon-
stituted in 600 �l of phosphate buffer (0.1 M K2HPO4/
NaH2PO4, pH 7.4) containing 50% D2O and 0.005% 3-(tri-
methylsilyl)-2,2�,3,3�-tetradeuteropropionic acid as chemical
shift reference (� 0.00 ppm). After vortexing and centrifugation
(18,100 � g, 10 min, 4 °C), a total of 550 �l of the supernatants
was pipetted into 5-mm NMR tubes for NMR analysis.

1H NMR Spectroscopy—1H NMR spectra of cell extracts were
recorded at 298 K on a Bruker Avance III 600-MHz spectrom-
eter, operating at 600.13 MHz for 1H, equipped with a Bruker
inverse detection cryogenic probe (Bruker, Biospin, Germany).
For all the samples, a standard water-suppressed one-dimen-
sional NMR spectrum was recorded using the first increment of
the NOESY pulse sequence (recycle delay-90°-t1-90°-tm-90°-ac-
quisition) with a recycle delay of 2 s, t1 of 3 �s, and a mixing
time, tm, of 100 ms. Typically, the 90o pulse length was adjusted
to �10 �s and 64 transients were collected into 32,000 data
points for each spectrum with a spectral width of 20 ppm. For
the purpose of NMR signal assignments, a range of two-dimen-
sional NMR spectra including 1H-1H COSY and total correla-
tion spectroscopy (TOCSY), 1H-13C heteronuclear single
quantum correlation (HSQC), and HMBC were acquired and
processed for selective samples.

1H NMR Data Processing and Multivariate Data Analysis—
All the 1H NMR spectra were manually corrected for phase and
baseline distortions using TOPSPIN (version 3.0, Bruker Bios-
pin) and referenced to the 3-(trimethylsilyl)-2,2�,3,3�-tetradeu-
teropropionic acid signal (� 0.0). The spectral region � 0.5–9.5
was automatically integrated into regions with equal widths of
0.004 ppm (2.4 Hz) using the AMIX software package (V3.8,
Bruker Biospin). The region � 4.7–5.2 was removed to avoid the
effects of imperfect water suppression. Each integral region was
normalized to the total sum of all integrals for each spectrum to
compensate for the overall concentration differences prior to
statistical data analysis.

The multivariate data analyses were carried out using the
SIMCAP� software package (version 11.0, Umetrics). Principal
component analysis was performed for each treatment to gen-
erate an overview of the data distribution (e.g. clustering and
outliers). A supervised multivariate data analytical tool, the
orthogonal projection to latent structures discriminant analysis
(OPLS-DA), was subsequently applied to the analysis of 1H
NMR spectral data scaled to unit variance. The OPLS-DA mod-
els were validated using a 7-fold cross validation method, and

the quality of the model was described by the parameters R2X,
representing the total explained variations, and Q2, indicating
the model predictability related to its statistical validity. The
validity of all models was additionally ensured with coefficient
of variation analysis of variance approach (p � 0.05) and per-
mutation tests (200 permutations). The model was interpreted
by back-scale transformed loadings with incorporated color-
coded correlation coefficients of the metabolites responsible
for the differentiation. The color plot was obtained with version
7.1 of the MATLAB (The MathWorks Inc., Natick, MA) envi-
ronment using an in-house developed script. The color of cor-
relation coefficient indicates the importance of the metabolite
contributing to the differentiation between classes, with a “hot”
color (e.g. red) indicating a higher importance than a “cold”
color (e.g. blue). In this study, a correlation coefficient of �r� 	
0.602 (i.e. r 	 0.602 or r ��0.602) was used as the threshold
value for the statistical significance based on the discrimination
significance at the level of p � 0.05.

HPLC-MS—Samples were analyzed by HPLC-MS using a
modified version of an ion pairing reversed phase negative ion
electrospray ionization method (22). Samples were separated
on a Supelco Titan C18 column (100 � 2.1 mm, 1.9-�m particle
size) (Bellefonte, PA) using a water-methanol gradient with
tributylamine added to the aqueous mobile phase. The LC-MS
platform consisted of a Dionex Ultimate 3000 quaternary
HPLC pump, a Dionex 3000 column compartment, a Dionex
3000 autosampler, and an Exactive plus orbitrap mass spec-
trometer controlled by Xcalibur 2.2 software (all from Thermo
Fisher Scientific). The HPLC column was maintained at 30 °C
and a flow rate of 200 �l/min. Solvent A was 3% aqueous meth-
anol with 10 mM tributylamine and 15 mM acetic acid; solvent B
was methanol. The gradient was 0 min, 0% B; 5 min, 20% B; 7.5
min, 20% B; 13 min, 55% B; 15.5 min, 95% B, 18.5 min, 95% B; 19
min, 0% B; 25 min 0% B. The orbitrap was operated in negative
ion mode at maximum resolution (140,000) and scanned from
m/z 85 to m/z 1000. The integrated areas of the reconstructed
ion chromatograms for the monoisotopic and 15N isotopo-
logues for the [M-H]� molecular ion were measured to calcu-
late the 15N incorporation.

Cloning of Plasmids—Adenylosuccinate synthase (ADSS)
(Clone ID HsCD00295729) and inosine monophosphate dehy-
drogenase 2/IMPDH2 (Clone ID Hscd00042407) template
cDNA were obtained from the Arizona State University Biode-
sign Institute plasmid repository (DNASU). Plasmids contain-
ing target gene were amplified by PCR using Pfu DNA polym-
erase (Stratagene). Restriction sites were used in primers: NheI
and EcoRI for ADSS and NheI and SacI for IMPDH2. The PCR
products were ligated into the modified pmEGFP-N1 vector as
described before (11). Plasmids were transformed into XL1-
Blue competent cells for propagation and isolated by the
QIAprep spin miniprep kit (Qiagen).

Transfection and Live-cell Fluorescence Imaging—HeLa cells
were maintained in purine-rich or purine-depleted media as
described previously (11). Cells were transiently transfected
with plasmid DNA using Lipofectamine 2000 (Invitrogen) fol-
lowing the manufacturer’s protocol. Prior to imaging, all sam-
ples were washed three times for 5 min with balanced salt solu-
tion (20 mM HEPES (pH 7.4), 135 mM NaCl, 5 mM KCl, 1 mM
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MgCl2, 1.8 mM CaCl2, and 5.6 mM glucose). Cells were imaged
at ambient temperature (�25 °C) on a Nikon TE-2000E
inverted fluorescence microscope with a 60� Nikon Apo TIRF
oil immersion objective using an S484/15x excitation filter and
S517/30m emission filter for GFP and an S555/25x excitation
filter and an S605/40m emission filter for OFP. The degree of
colocalization of two enzymes in each merge image was deter-
mined by Pearson’s linear correlation coefficient by ImageJ
Colocalization Indices plugins. All images were created using
the ImageJ program and were in some cases cropped, inverted,
or shown in color for clarity, but were otherwise unmodified.

Western Blot—Cells cultured under purine-rich and purine-
depleted media were lysed by M-PER mammalian protein
extraction reagent (Thermo Scientific). Primary antibodies for
six pathway enzymes were purchased from either Abcam
(Cambridge, MA) or LifeSpan Bioscience (Seattle, WA). Quan-
tification of protein expression levels from Western blots was
carried out using a Bio-Rad ChemiDoc XRS�system (Bio-Rad).
For each enzyme, three independent blots containing samples
from P� medium and P� medium were repeated. Student’s t
test (n � 3) was done to determine the statistical significance
between two culture conditions.

RESULTS

Purinosome-rich HeLa Cells Have a Higher Level of IMP
Measured by Targeted UPLC-ESI-MS/MS—To elucidate the
effect of purinosome formation on the cellular purine nucleo-
tide levels, a multiple reaction monitoring mass spectrometry-
based method capable of measuring 10 well known cellular
purine nucleotides simultaneously was developed. Changes in
the purine nucleotide pools between cells cultured under the
purine-depleted condition and normal cells were quantified
(Table 1). Purine depletion was achieved through extensive
dialysis of FBS and culturing cells in the growth medium with
dialyzed FBS for 168 h (1 week). Purinosome formation by the
endogenous enzymes under a purine-depleted condition was
further established by the colocalization of two pathway
enzymes, PPAT and FGAMS, in the immunostaining image
(Fig. 1a). As shown in Table 1, ATP is the most abundant com-
pound in both growth conditions (2.33 nmol/million cells in the
purine-rich condition and 2.74 nmol/million cells in the
purine-depleted condition) followed by ADP, AMP, GTP, GDP,

and GMP. These results are consistent with published normal
cellular purine nucleotide levels (23, 24). The ITP level is influ-
enced by the ITP futile cycle and the activity of ATP deaminase
(25, 26) and is higher than GTP and nearly half of that of ATP.
Unfortunately, additional data on ITP cellular levels were not
found. The precursors to ATP and GTP, IMP, XMP, and AMPS
are in lower abundance relative to ATP and GTP. By compari-
son, the levels of all metabolites analyzed in purinosome-rich
cells were relatively higher than the normally cultured cells. To
validate the purine concentration changes between the two
conditions, statistical analysis of the 12 cell samples tested was
performed. The data showed the IMP concentration to be 2.8-
fold higher under purine-depleted conditions than that of
purine-rich conditions (p � 0.001). AMP and GMP are slightly
higher (p 	 0.05), as are ADP and GDP levels. In addition, the
average ratio of ATP to ADP remains constant for the two
groups (1.96 in purine-rich condition, 1.98 in purine-depleted
condition), and the average ratio of AMP to GMP has only an
8% difference (8.50 in purine-rich condition, 7.82 in purine-
depleted condition) (Fig. 1b), suggesting that the cellular energy
status as determined by the ATP/ADP ratio and the intracellu-
lar balance of adenine and guanine nucleotides does not change
for cells under the purine-depleted conditions.

The formation of purinosomes can also be induced by other
factors beyond purine depletion. For example, a previous study
showed that treatment by DMAT, a casein kinase-2 (CK2)
inhibitor, in HeLa cells induces purinosome formation (12, 14).
To test whether DMAT treatment also enhances the cellular
level of IMP, HeLa cells were cultured in purine-rich medium in
the presence and absence of DMAT (10 �M) for 2 h followed by
application of the same MS measurement to these cells. As
shown in Fig. 1c, a 1.5-fold higher IMP response was observed
in HeLa cells treated with DMAT when compared with HeLa
cells in the absence of DMAT (p � 0.01, n � 10).

Higher Levels of IMP and AMP in Purinosome-rich HeLa
Cells Are Confirmed by 1H NMR Metabolite Scanning—To val-
idate the results obtained from the UPLC-ESI-MS/MS mea-
surements, 1H NMR spectroscopy combined with multivariate
data analysis was used. A total of 48 metabolites were identified;
the metabolic changes in HeLa cells cultured under purine-rich
and purine-depleted conditions were analyzed (n � 10) by the
orthogonal projection to latent structures discriminant analysis
(OPLS-DA). The OPLS-DA scores plot showed clear distinc-
tions between the metabolites in cells in the purine-rich group
and cells in the purine-depleted group (data not shown). Differ-
ences of intracellular purine levels between the two conditions
were shown in Fig. 2. When compared with cells cultured in
the purine-rich medium, HeLa cells under purine starvation
showed elevated levels of IMP and AMP. The downstream cat-
abolic intermediates, adenosine, guanosine, and inosine, were
also higher in the purine-depleted condition. In addition, a
lower level of hypoxanthine was observed inside cells under
purine-depleted conditions.

The Initial Rate of [15N]Glycine Incorporation into IMP Is
Higher in Purinosome-rich HeLa Cells—IMP is the product of
de novo purine biosynthesis and the precursor for AMP and
GMP biosynthesis. Higher cellular IMP levels were observed in
purinosome-rich cells in our test. There are many mechanisms

TABLE 1
Concentration of purine nucleotides in HeLa cells under purine-rich
(P�) and purine-depleted (P�) conditions, determined by UPLC-ESI-
MS/MS
Data are shown as mean 
 S.D. Asterisks indicate the statistical difference between
two culture conditions: ***, p � 0.001 (Student’s t test) n � 12.

P� P�
Ratio of
P�/P�

nmol/million cells nmol/million cells
AMP 0.17 
 0.03 0.23 
 0.07 1.4
ADP 1.19 
 0.19 1.40 
 0.43 1.2
ATP 2.33 
 0.44 2.74 
 0.87 1.2
GMP 0.02 
 0.01 0.03 
 0.01 1.5
GDP 0.28 
 0.03 0.35 
 0.05 1.3
GTP 0.72 
 0.11 0.88 
 0.16 1.2
IMP 0.02 
 0.01 0.06 
 0.03 3.0***
ITP 1.05 
 0.11 1.25 
 0.22 1.2
XMP 0.05 
 0.01 0.08 
 0.01 1.6
AMPS 0.11 
 0.01 0.14 
 0.01 1.3
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to generate IMP inside the cell (Fig. 3). To find out whether de
novo biosynthesis contributes to the increased IMP level, a sta-
ble isotope labeling assay was applied. HeLa cells were pulsed
with [15N]glycine, a molecule incorporated into the purine base
ring by the enzyme glycinamide ribonucleotide synthetase
(GART) in step 2 of de novo purine biosynthesis. The incorpo-
ration of a heavy nitrogen into IMP molecules was measured
over time and calculated using the amount of [15N]IMP divided
by the amount of monoisotopic molecules (15N-12C and 14N-
12C), and the flux was estimated by calculating the initial incor-
poration rate of 15N into IMP. To begin, a series of starvation
experiments was performed to investigate how different starva-
tion times affect glycine incorporation. In these experiments,
cells were maintained in purine-depleted medium for 24, 72,

and 168 h prior to incubation with [15N]glycine. The result
showed more 15N incorporation into IMP at longer starvation
times. Therefore, the incorporation rate of IMP was measured
for cells grown under normal condition (purine-rich medium)
and cells having been starved for 168 h in purine-depleted
medium. Fig. 4a shows 15N incorporation as a function of time.
Incorporation levels for the two conditions were the same after
about 1.5 h. To calculate the rate, the incorporation within 1 h
was fitted to a linear function. The initial incorporation rate in
purine-depleted medium is 12.5% per hour when compared
with 8.5% per hour for cells under normal culturing condition,
which amounts to about a 50% increase in the rate for purine-
depleted cells.

Downstream de Novo Biosynthesis Enzymes, ADSS and
IMPDH, Co-clustering with FGAMS inside the Purinosome—
Similarly to IMP, increased 15N incorporation was observed for
AMP and GMP in purine-depleted cells (Fig. 4, b and c). AMP

FIGURE 1. a, immunofluorescence imaging of endogenous PPAT and FGAMS colocalization in fixed HeLa cells. HeLa cells cultured in purine-depleted growth
media were fixed with 4% formaldehyde and permeabilized with 0.2% Triton X-100 prior to being stained with Atto488-labeled PPAT and Cy3-labeled FGAMS
antibodies. The degree of colocalization of PPAT and FGAMS was determined by Pearson’s linear correlation coefficient: 0.93. Scale bar: 10 �m. b, the ratios of
cellular concentrations of ATP/ADP and AMP/GMP remain the same between the two culture conditions. c, the IMP level of HeLa cells treated with DMAT is
about 1.5 times higher than normal HeLa cells. *, p � 0.01 (Student’s t test) n � 10. Data are presented as the mean 
 S.D.

FIGURE 2. Relative abundance of intercellular purines in 1H NMR metab-
olite scanning (AMP, 5�-IMP, guanosine, adenosine, hypoxanthine, and
inosine) in HeLa cells cultured in purine-depleted medium (shown in
blue) and purine-rich medium (shown in red). Data are presented as the
mean 
 S.D. *, p � 0.05, **, p � 0.01, ***, p � 0.001 (2-tailed Student’s t test),
n � 10.

FIGURE 3. Simplified IMP biosynthesis and catabolic pathways in
humans. IMP can be synthesized from PRPP by the de novo purine biosynthe-
sis pathway or made from hypoxanthine by the salvage pathway. IMP can be
further transformed into AMP and GMP or recycled back by AMP deaminase
and GMP reductase. ADSL, adenylosuccinate lyase; GMPS, GMP synthase.
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and GMP are synthesized through two independent pathways
downstream of IMP. IMP dehydrogenase (IMPDH) catalyzes
the rate-limiting step in the GMP synthesis and ADSS in AMP
synthesis (Fig. 3). As shown in the glycine incorporation exper-
iment for cells cultured under purine depletion in the first hour,
the AMP synthesis rate is �70% greater; the GMP synthesis rate
is about 20% higher. The initial increase in de novo synthesis of
AMP and GMP to meet cellular demands for purines under
purine-depleted conditions suggested that enzymes down-
stream of IMP dehydrogenase might be involved in purinosome
assembly. To verify the involvement of the downstream path-
way in purinosome formation, fluorescence imaging studies
were performed to investigate colocalization of IMPDH and
ADSS with the purinosome marker FGAMS in transiently
transfected HeLa cells. Both IMPDH and ADSS co-clustered
with FGAMS in HeLa cells in purine-depleted medium as
shown in the images (Fig. 5, a–f). In addition, IMPDH formed a
filament structure under starvation conditions, which has been
previously reported by other groups (27, 28). We found that
purinosome bodies and filament structures are different phe-
nomena, and they are not colocalized with each other inside the
cytoplasm (Fig. 5, g and h).

The Expression Levels of Core Enzyme Members Do Not
Change When Cultured in the Purine-depleted Medium—The
MS and NMR metabolomic studies indicate activation of the de
novo purine biosynthesis pathway in purinosome-rich HeLa
cells. To find out whether pathway enzyme expression levels
are up-regulated to meet the requirement for the activation of
the pathway, we used Western blots to compare the endoge-
nous expression of each enzyme in the pathway between the
two conditions studied (Fig. 6). No significant difference in
expression levels for five out of six enzymes was observed,

except for the enzyme that catalyzes the last two steps in the
pathway: aminoimidazole carboxamide ribonucleotide trans-
formylase-IMP cyclohydrolase (ATIC). According to the statis-
tical analysis of different Western blots, ATIC expression level
in cells under purine-depleted medium is 1.7-fold higher when
compared with purine-rich condition (p � 0.05); all others are
statistically the same.

DISCUSSION

In this study, we have shown an �3-fold difference in the
static cellular IMP levels between purinosome-rich cells cul-
tured in purine-depleted medium and normal HeLa cells. In
addition, we treated cells with DMAT, a CK2 inhibitor that
stimulates purinosome formation. By comparing cells treated
with DMAT with normal cells, we again observed a higher level
of IMP in purinosome-rich cells, comparable with cells cul-
tured in purine-depleted medium. Furthermore, we have pro-
vided evidence that the rate of de novo biosynthesis of IMP is
increased 50% when cells are cultured under purine-depleted
condition. In addition, the live-cell fluorescence images showed
that two rate-limiting enzymes, ADSS and IMPDH, which are
members of downstream pathways leading to AMP/GMP, are
also found in purinosome clusters. Collectively, these results
support our assumption that purine metabolism is adjusted in
purinosome-containing cells.

Intracellular IMP Level—Removing the purines from a cul-
turing medium might be expected to result in a purine defi-
ciency inside cells. However, the UPLC-ESI-MS/MS- and
NMR-based metabolomics analyses of HeLa cells showed a sig-
nificantly higher level of IMP in cells under purine starvation. In
these experiments, HeLa cells were maintained in purine-de-
pleted and purine-rich media for at least 1 week (three pas-

FIGURE 4. Incorporation of [15N]glycine into purines by the de novo biosynthesis pathway. a, the incorporation of [15N]glycine into IMP. The incorporation
was plotted using percentage of 15N incorporated purines as a function of time of incubation. HeLa cells cultured in P� media (in blue) showed a faster
incorporation rate than cells in P� media (in red) within 1.5 h. The initial incorporation rate for IMP, AMP, and GMP was calculated according to the slope of the
linear relationship of the incorporation plot within 1 h. The initial rate of cells in purine-depleted condition was increased by �47% for IMP biosynthesis. b, the
incorporation of [15N]glycine into AMP. c, the incorporation of [15N]glycine into GMP. Data are presented as the mean 
 S.D.
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sages). Our result showed that the static cellular IMP level of
cells cultured in purine-depleted medium is higher. IMP
metabolism is complicated, and many pathways contribute to
the final net concentration of IMP inside cells (Fig. 3). First of
all, IMP is the precursor for the further biosynthesis of AMP
and GMP and their ultimate conversion to ATP/GTP. Mean-
while, the GMP reductase returns GMP to IMP for conversion
to AMP, to maintain the intracellular balance of adenine and
guanine nucleotides. Additionally, IMP is regenerated from

AMP in the purine nucleotide cycle by AMP deaminase, which
is also a part of maintaining intracellular balance. As we have
shown in Fig. 1, the ratio of AMP to GMP and ATP/ADP (as the
cellular energy marker) is comparable in cells grown in either
purine-rich or purine-depleted conditions. Therefore, neither
the GMP reduction pathway nor the AMP deamination path-
way appears to contribute to the higher level of IMP. Further-
more, a lower level of hypoxanthine in cells under purine-de-
pleted conditions was observed in the 1H NMR study. It is
possible that membrane-permeable purines leak out from the
cells in the absence of extracellular purines. However, higher
levels of adenosine, inosine, and guanosine in purine-depleted
conditions were observed in this study. Therefore, it is most
likely that hypoxanthine has been decreased by the salvage
pathway in cells under purine-depleted conditions. In the
absence of adequate purines (intra- and extracellular), the cel-
lular salvage pathway through IMP to AMP/GMP is inadequate
because hypoxanthine cannot be replenished effectively under
purine-depleted condition. Consequently, the HeLa cells then
have to rely heavily on the de novo biosynthesis pathway.

To find out the relative contribution of the de novo biosyn-
thesis pathway to IMP levels in purinosome-containing cells,
the de novo purine synthesis rate was measured by the incorpo-
ration of [15N]glycine into IMP in both non-dialyzed and
purine-depleted conditions. In these experiments, an excess
amount of heavy labeled glycine when compared with endoge-
nous glycine was used to mitigate the influence of endogenous

FIGURE 5. Colocalization of transiently transfected ADSS-GFP or IMPDH-GFP with FGAMS-OFP in HeLa cells grown in purine-depleted media and
formation of IMPDH filaments (rods) in HeLa cells. a–f, ADSS-GFP (b) and IMPDH-GFP (e) were co-transfected with FGAMS-OFP (a and d); c and f are merged
images. The degree of colocalization was determined by the Pearson’s linear correlation coefficient: 0.88 (ADSS and FGAMS) and 0.82 (IMPDH and FGAMS). g,
IMPDH-GFP transiently transfected HeLa cells showing the filament or rod structures, as indicated by white arrows. h, the filament macrostructure formed in the
right cell (white arrows) is different from the purinosome spots (red arrows) in the left cell. All images were taken on the Nikon TE-2000E inverted fluorescence
microscope. Scale bar, 10 �m.

FIGURE 6. Western blot analysis of enzymes in the purine de novo biosyn-
thesis pathway in HeLa cells. Quantification of protein expression levels
from three independent blots was determined by calculating the optical den-
sity of the target blot. There was no difference in levels for five out of six
enzymes between cells cultured in P� and P� media. ATIC in cells under P�
condition has higher expression according to the Student’s t test between P�
and P� conditions (p � 0.05). GAPDH or �-actin was used as the loading
control. PAICS, carboxyaminoimidazole ribonucleotide synthase-succinyl
aminoimidazole carboxamide ribonucleotide synthetase; TriGART, trifunc-
tional GARS-GAR transformylase-aminoimidazole ribonucleotide synthetase;
ASL, adenylosuccinate lyase.
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glycine levels on the initial incorporation rate. For the purine-
depleted condition, HeLa cells were starved in the dialyzed FBS
medium for 168 h before adding [15N]glycine into the medium.
The initial incorporation rate of glycine into IMP synthesis is
50% higher in cells under purine-depleted conditions than
purine-rich conditions. These results along with the higher
IMP levels indicate that de novo purine biosynthesis is turned
on in response to the purine starvation.

Purinosomes Form to Increase Purine de Novo Biosynthesis—
It is uncertain as to how this pathway is activated. Western blots
showed that the expression levels of five out of six pathway
enzymes in cells cultured in purine-depleted medium are not
differentially expressed with the exception of ATIC, which has
been reported to also serve as a rate-limiting enzyme for purine
biosynthesis to convert accumulated levels of aminoimidazole
carboxamide ribonucleotide (AICAR) to IMP (29, 30). ATIC
also is at the branch point of the whole pathway; a higher level of
ATIC might direct the flux toward AMP and GMP. In addition,
cells treated with DMAT to stimulate purinosome formation
are shown to have higher cellular IMP levels than normal cells
as well. Collectively, these results suggest that the increased
production of cellular IMP can be correlated with purinosome
formation. This conclusion is consistent with our hypothesis
that purinosomes form to synthesize purines more effectively
in response to purine starvation when cells are cultured in the
purine-depleted medium. Meanwhile, events downstream of
the IMP biosynthesis pathway were reflected in the [15N]gly-
cine incorporation. According to previous studies, the rate-lim-
iting steps for synthesis of GMP and AMP are catalyzed by
IMPDH and ADSS, respectively. IMPDH has a Vmax � 5.58
�mol/min/mg, Km (IMP) � 36 �M (31), and ADSS has a Vmax �
0.2 �mole/min/mg, Km (IMP) � 37 �M (32, 33), so the parti-
tioning to GMP relative to AMP should be �25 times faster.
The AMP and GMP incorporation showed a similar trend; the
ratio of 15N/14N of AMP did not reach equilibrium until 4 h
after incorporation, whereas GMP reached equilibrium within
90 min (data not shown). These observations verified the accu-
racy of the method used in this study. Direct comparison of
[15N]glycine incorporation rates between the two conditions
studied showed increases in the production of AMP and GMP
under purine-depleted conditions and in turn raised the possi-
bility that enzymes involved in AMP and GMP de novo biosyn-
thesis are also inside the purinosome. Indeed live-cell fluores-
cence microscopy experiments showed the colocalization of
IMPDH-GFP and ADSS-GFP with FGAMS-OFP, confirming
their involvement in the purinosome. Collectively, our results
indicate that the purinosome is a functional complex formed to
increase the de novo metabolic flux to complement the salvage
pathway when purine demand is high, and moreover, contains
all the enzymes to catalyze the 12 steps conversion of PRPP to
AMP/GMP.

The purinosome appears to be an example of “enzyme clus-
tering” to accelerate the processing of intermediates through
metabolic channeling (34). The efficiency of such a system
depends on the steady-state densities of the enzymes in the
cluster, which in turn depends on the number and physical
dimensions of the enzyme, their catalytic constants, and the
diffusion coefficients of the proteins and substrates. In model

calculations, simple clusters involving two enzymes (ours
involves six) can easily achieve the observed 1.5-fold rate accel-
eration. The question is why do the clusters form? Two possi-
bilities remain to be explored. The first is reversible posttrans-
lational modification of one or more member of these enzymes;
the second is substrate concentration-dependent increase in
diffusion of the enzymes in the presence of their respective
substrates to drive complex formation (Brownian ratchet) (35–
37). Both are being studied.
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