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a b s t r a c t

Compartmentalization is vital for biological systems at multiple levels, including biochemical reactions in
metabolism. Organelle-based compartments such as mitochondria and peroxisomes sequester the
responsible enzymes and increase the efficiency of metabolism while simultaneously protecting the cell
from dangerous intermediates, such as radical oxygen species. Recent studies show intracellular nu-
cleotides, such as ATP and GTP, are heterogeneously distributed in cells with high concentrations at the
lamellipodial and filopodial projections, or leading edge. However, the intracellular distribution of purine
nucleotide enzymes remains unclear. Here, we report the enhanced localization of GTP-biosynthetic
enzymes, including inosine monophosphate dehydrogenase (IMPDH isotype 1 and 2), GMP synthase
(GMPS), guanylate kinase (GUK1) and nucleoside diphosphate kinase-A (NDPK-A) at the leading edge in
renal cell carcinoma cells. They show significant co-localization at the membrane subdomain, and their
co-localization pattern at the membrane is distinct from that of the cell body. While other purine
nucleotide biosynthetic enzymes also show significant localization at the leading edge, their co-
localization pattern with IMPDH is divergent. In contrast, a key glycolytic enzyme, glyceraldehyde-3-
phosphate dehydrogenase (GAPDH), predominantly localized in the cytoplasm. Mechanistically, we
found that plasma membrane localization of IMPDH isozymes requires active actin polymerization. Our
results demonstrate the formation of a discrete metabolic compartment for localized purine biosynthesis
at the leading edge, which may promote localized nucleotide metabolism for cell migration and
metastasis in cancers.

© 2019 Elsevier Inc. All rights reserved.
1. Introduction

Compartmentalization is a fundamental element in evolution
and is critical for many cellular processes, including biochemical
reactions in metabolism [1]. Many metabolic processes are highly
spatially regulated within cells. Well-studied examples are
nd Oncology, Department of
of Medicine, Cincinnati, OH,
organelle-based compartments such as mitochondria, lysosomes,
and peroxisomes. Such subcellular localization serves many func-
tions including sequestration of metabolic reactions that if not
confined would lead to harmful effects such as radical oxygen for-
mation within peroxisomes [2]. Organelle-based compartmentali-
zation enables cells to increase efficiency and thus total activity of
sequestered metabolic pathways [3,4].

In addition to organelles, the cytosol of mammalian cells is an
intricate, structured environment of non-membrane-bound multi-
enzyme complexes and compartments, often referred to as
metabolons [5e8]. Cytosolic compartmentalization is important for
promoting enzyme activity through functions such as the reduction
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of intermediate diffusion rates, metabolic channeling of in-
termediates, enhanced activation of enzymes through physical as-
sociation with other proteins, and decreased enzyme-metabolite
inhibition [4,9,10]. A classic example is the Krebs TCA cycle
metabolon consisting of a multi-enzyme complex containing six of
the eight enzymes bound to the inner surface of the mitochondrial
inner membrane [11]. This close association of enzymes increases
the local concentration of metabolic intermediates promoting
enhanced enzymatic activity [12e16].

The leading edge of polarized, motile cells is a complex example
of multifaceted protein and enzyme compartmentalization.
Spatially restricted synthesis of PI(3,4,5)P3 at the leading edge di-
rects polarized protein localization to the membrane, leading to the
establishment of signaling gradients through the activation of
signaling pathways and RhoGTPases that promote actin polymeri-
zation and microtubule reorganization [17e19]. Thus, ATP at the
leading edge is heavily utilized to fuel functions such as F-actin
polymerization, phosphorylation-based signaling cascades, and the
recycling of nucleotide diphosphates into nucleotide triphosphates
[20e22]. GTP binding is critical for microtubule dynamic instability
and RhoGTPase activation cycling, among others [18,23]. In line
with their putative high demand at the leading edge, previous
studies using biosensors for ATP and GTP in live cells demonstrate
the heterogenous distribution and restricted membrane localiza-
tion of triphosphate nucleotides [21,24,25]. While the subcellular
localization of biosynthetic enzymes is a key determinant for pro-
ducing such metabolic gradients, the spatiotemporal regulation of
purine nucleotide metabolic enzymes remains largely unknown
and is the focus of this study.

There are two conserved purine biosynthesis pathways. De novo
purine synthesis from glucose is multi-step and energy consuming,
while the salvage pathway is an energy efficient process in which
nucleosides and nucleobases from blood and/or intracellular cata-
bolic processes are recycled to produce ATP and GTP.De novo purine
nucleotide biosynthesis culminates in the production of the inter-
mediate metabolite IMP. IMPDH is the rate-limiting enzyme in GTP
biosynthesis and can influence both ATP and GTP biosynthetic flux
from IMP [26e29]. Our lab and others have reported the upregu-
lation of the IMPDH2 isozyme during tumorigenesis and its
importance in fueling ribosome biogenesis through regulation of
GTP biosynthesis [30e32].

In the present study, we assessed the subcellular localization of
GTP biosynthetic enzymes and several key enzymes involved in
nucleotide and glucose metabolisms in two highly motile renal cell
carcinoma cell lines, 786-o and Caki-1. Our data reveal previously
unappreciated F-actin dependent compartmentalization of GTP
biosynthetic enzymes at the leading edge. Furthermore, we found
distinct localization to the leading edge region of de novo and
salvage purine biosynthetic enzymes. These findings suggest the
presence of a distinct compartment for nucleotide metabolism at
the plasma membrane microdomain that may be mechanistically
important for fueling cell motility and influencing metastasis in
malignant tumors.

2. Materials and methods

2.1. Materials

Primary antibodies: anti-IMPDH1 (WH0003614M1, dilution
1:200) antibody (Sigma-Aldrich); anti-IMPDH2 (ab131158, dilution
1:400) antibodies (Abcam); anti-GFP (11814460001, dilution
1:1000) antibody (Roche); anti-c-Myc (sc-789, dilution 1:400),
anti-c-Myc (sc-40, dilution 1:400), anti-nm23-H1 (sc-465, dilution
1:400) antibodies (Santa Cruz Biotechnology); and anti-GAPDH
(#5174, dilution 1:400) antibody (Cell Signaling Technology).
Secondary antibodies: goat anti-mouse IgG Alexa 488 (#A-11029),
goat anti-rabbit IgG Alexa 568 (#A-11011), and goat anti-rabbit IgG
Alexa 488 (#A-11034) antibodies (Invitrogen); Alexa Fluor 546
phalloidin (#A-12380, dilution 1:200) probe (Invitrogen); and
DAPI. Plasmids: PRPS1-Myc-DDK (#RC200698), GUK1-Myc-DDK
(#RC202510), Atic-Myc-DDK (#MR219425), ADK-Myc-DDK
(#RC200628), APRT-Myc-DDK (#RC216874), HPRT1-Myc-DDK
(#RC200462), Pnp-Myc-DDK (#MR203940), Ampd1-Myc-DDK
(#MR220907), Nt5c1a-Myc-DDK (#MR217369), GAPDH-Myc-DDK
(#MR204932) were purchased from OriGene; FGAMS-EGFP
(#99107), PAICS-EGFP (#99108), GFP-ATIC (#99110), PPAT-EGFP
(#99105), ADSL-EGFP (#99109), ADSS-V5 (#98316) were pur-
chased from Addgene. Rat GMPS (rGMPS) and mCherry were
amplified using standard PCR procedures and combined into the
pTRIPZ vector using the Gibson assembly cloning kit (New England
Biolabs #E5510S).

2.2. Cell culture

All cells were cultured in Dulbecco's modified Eagle's medium
(HyClone #SH30243.01) supplemented with 10% Fetalplex (Gemini
#100e602), 1% Penicillin-Streptomycin antibiotic solution
(HyClone #SV30010), and 0.1% Normocin (InvivoGen #ant-nr-1) at
5% CO2 and 37 �C.

Lipofectamine 2000 (Invitrogen # 11668027) was used for
transfection according to manufacturer's instructions. Cells were
plated at 0.75� 105 cells/well (Caki-1) and 0.5� 105 cells/well
(786-o) in 24-well culture plates (Thermo Scientific Biolite) 24 h
before transfection. Virus production and transduction were per-
formed as previously described [32].

2.3. Immunofluorescence and microscopy

Cells were plated on 0.01% poly-L-lysine-coated (Sigma-Aldrich
#P1524) coverslips at 0.5� 105 cells/well in 24-well culture plates
24 h pre-fixation. Cell tracer probe (Invitrogen #V12883) was used
in live cells per manufacturer's instructions. Cells were incubated
for 15min in 4% paraformaldehyde (Thermo Scientific #J19943-K2)
at room temperature. Alexa fluor-conjugated wheat germ agglu-
tinin (WGA) (Invitrogen #W-11262) was diluted to 5 mg/mL in PBS
and cells were incubated for 10min at room temperature, followed
by three washes in PBS. Following fixation and/or WGA staining,
cells were permeabilized using 0.2% Triton X-100 (ACROS Organics
#21568e3500)/PBS for 10min. Cells were blocked using 1% goat
serum (Gibco #16210e064)/PBS for 15min. Immunofluorescence
staining was performed overnight at 4 �C with primary antibodies
diluted in 1% goat serum/PBS. Secondary antibodies were used at a
1:2000 dilution in 1% goat serum/PBS for 1 h at room temperature.
Coverslips were mounted onto glass slides using Fluoromount-G
(Southern Biotech #0100e01). Cells were imaged using a Keyence
BZ-9000 microscope on 60� magnification. WGA-stained samples
were imaged on a Zeiss LSM710 confocal microscope. Keyence
images were deconvoluted using Keyence BZ-II Analyzer software.

2.4. Immunofluorescence quantification

Microscopy images were quantified using ImageJ (National In-
stitutes of Health), modified from previously described [33]. Briefly,
3 equal-length lines were drawn spanning the leading edge of cells.
Using the “plot profile” function, raw data points depicting the
fluorescence intensity along the length of the line were saved. For
co-stained images, lines were copied to identical locations in each
fluorescence channel image. Raw data points were normalized to
the highest intensity, compiled, averaged, and plotted using
GraphPad Prism 8. For leading edge versus cell body correlation



Fig. 1. IMPDH1 and IMPDH2 localize to the leading edge of RCC cells. Immunofluorescence staining of IMPDH1 (left) and IMPDH2 (right) in Caki-1 (A) and 786-o (D) cells. Insets
of leading edge in pseudocolor shown below. Intensity measurements of immunofluorescence staining at leading edge of Caki-1 (B) and 786-o (E) cells. Ratio of fluorescence
intensity at leading edge membrane compared to total cell membrane for Caki-1 (C) and 786-o (F) cells. Scale bars indicate 10 mm.
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analysis, a similar strategy was used, with the line draw function
drawn free-hand at either the leading edge or inside the body of the
cell. Correlation analysis was performed between the fluorescence
channels using GraphPad Prism 8. The ratio of fluorescence in-
tensity at the leading edge was quantified using the “freehand se-
lections” function of ImageJ, followed by measurement of the
fluorescence intensity and subsequent analysis using GraphPad
Prism 8 and Microsoft Excel. All image quantification was per-
formed on single z-stack slices.
Fig. 2. Nucleotide metabolic enzymes localize at the lamellipodial membrane. Purine
(green), and GTP biosynthetic branch (blue) (A). Fluorescence imaging for GTP biosynthetic
Caki-1) (B). Immunofluorescence staining for de novo enzymes PRPS1 (Myc, Caki-1), FGAMS (
leading edge in pseudocolor shown below. Scale bars indicate 10 mm. Asterisk (*) indicate
thetase. PPAT: phosphoribosyl pyrophosphate amidotransferase. GART: phosphoribosylgl
PAICS: phosphoribosyl aminoimidazole succinocarboxamide synthetase. ADSL: adenylosucc
cyclohydrolase. ADSS: adenylosuccinate synthase. AK: adenylate kinase. IMPDH: inosine-
NDPK: nucleoside-diphosphate kinase. GAPDH: glyceraldehyde 3-phosphate dehydrogenas
3. Results

3.1. IMPDH localizes at the leading edge in invasive renal cell
carcinoma

In previous reports, IMPDH1 and IMPDH2 are primarily local-
ized in the cytoplasm in HeLa, CHO and MCF7 cells [34e36].
Consistent with these reports, we found that IMPDH1 and IMPDH2
are localized throughout the cell body in U87MG, a glioblastoma
cell line which migrates in an actin polymerization-independent
nucleotide metabolism pathway. De novo enzymes (orange), ATP biosynthetic branch
enzymes GMPS (mCherry-tagged, 786-o), GUK1 (Myc, Caki-1), and NDPK-A (antibody,
GFP, Caki-1), PAICS (GFP, Caki-1), ADSL (GFP, 786-o), and ATIC (GFP, Caki-1) (C). Insets of
s enzymes involved in multiple pathways. PRPS: phosphoribosyl pyrophosphate syn-
ycinamide formyltransferase. FGAMS: phosphoribosyl formylglycinamidine synthase.
inate lyase. ATIC: 5-amino-4-imidazolecarboxamide ribonucleotide transformylase/IMP
50-monophosphate dehydrogenase. GMPS: GMP synthase. GUK1: guanylate kinase 1.
e.
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manner [37] (Supplemental Fig. 1A). Interestingly, we found that
IMPDHs significantly localized to themembrane at the leading edge
in Caki-1 and 786-o cells, two highly motile renal cell carcinoma
cell lines protruding prominent lamellipodia (Fig. 1A and D;
Supplemental Fig. 1B). Analysis of the fluorescence intensity of
IMPDH1 and IMPDH2 immunofluorescence staining at the leading
edge compared to the lamellum, the flat section posterior to the
leading edge lamellipodia, revealed a nearly 4-fold accumulation of
IMPDH protein at the leading edge (Fig. 1B and E). The leading edge
localization of IMPDH1 and IMPDH2 accounts for approximately
55% and 45% of the total membrane localization in Caki-1 and 786-o
cells, respectively (Fig. 1C and F). In striking contrast to HeLa, CHO,
MCF7 and U87MG cells, the results show robust membrane local-
ization, confined at the leading edge, of IMPDH1 and IMPDH2 in
RCC cells.

3.2. GTP biosynthetic enzymes localize to the leading edge

We next assessed the localization of the downstream enzymes
of IMPDH (Fig. 2). Similar to IMPDH, GMPS, the second step in GTP
biosynthesis which converts XMP to GMP, showed distinct locali-
zation at the leading edge, with a nearly 2-fold increase in fluo-
rescence signal at the leading edge compared to the lamellum
(Fig. 2B). Interestingly, both IMPDH and GMPS localized in discrete
sub-membrane clusters at the leading edge, rather than localizing
homogenously. Additionally, GUK1, the enzyme converting GMP to
GDP, and NDPK-A, the final enzyme to produce GTP from GDP,
Fig. 3. Purine nucleotide enzymes compartmentalize at the leading edge. IMPDH1 (gree
not within the lamellum. Correlation scores of co-stained enzymes are an average 2.7-fold hi
indicate 10 mm.
localize at the leading edge with nearly 4-fold increases in fluo-
rescence signal compared to cytosol (Fig. 2B). These results reveal
that all GTP biosynthetic enzymes localize to the leading edge in
RCC cells.
3.3. Nucleotide metabolic enzymes localize to the leading edge

Next, we tested the localization of key enzymes involved in the
de novo and salvage purine and the ATP synthesis pathways.
Phosphoribosyl pyrophosphate synthetase 1 (PRPS1), phosphor-
ibosyl formylglycinamidine synthase (FGAMS), phosphoribosyl
aminoimidazole succinocarboxamide synthetase (PAICS), adenylo-
succinate lyase (ADSL), and 5-amino-4-imidazolecarboxamide
ribonucleotide transformylase/IMP cyclohydrolase (ATIC) showed
significant localization to the leading edge (Fig. 2C). ATP biosyn-
thetic enzymes ADSL (also involved in de novo synthesis) and
adenylosuccinate synthase (ADSS) showed accumulation within
the lamellipodium (Fig. 2D). Similarly, the purine salvage enzymes
localized at the leading edge (Supplemental Fig. 2). In contrast, the
glycolytic enzyme GAPDH exhibited negligible localization at the
leading edge (Fig. 2E; Supplemental Fig. 3). Furthermore, the
protein-dye adducts formed during treatment with the Cell Tracer
dye accumulated less at the leading edge than all enzymes tested
(Fig. 2E). Taken together, these results show that enzymes from the
entire purine nucleotide biosynthetic pathway localize to the
leading edge in highly motile RCC cells.
n) (A) and IMPDH2 (red) (B) co-localize with selected enzymes at the leading edge but
gher at the leading edge compared to the cell body (C). Insets shown at right. Scale bars
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3.4. Metabolic enzymes are compartmentalized at the leading edge

To determine if they were forming metabolons or distinct sub-
clusters at the membrane, co-localization of the enzymes was
assessed using quantitative co-localization analysis (Supplemental
Fig. 4). We found the correlation of the localization between
IMPDH1 and IMPDH2 was highest at the leading edge, compared to
the body of the cell, in both cell lines tested (Fig. 3A, C). GMPS,
GUK1, and NDPK-A were highly co-localized with IMPDH1 and
IMPDH2, respectively, at the leading edge; however, the co-
localization within the cell body was significantly lower (Fig. 3).
Similarly, all enzymes tested in Fig. 2 exhibited a high degree of co-
localization with IMPDH1 or IMPDH2. Importantly, we found that
the co-localization scores at the leading edge were approximately
2.7-fold higher than those in the general cell body (Fig. 3;
Supplemental Figs. 5 and 6). These data suggest that the leading
edge increases the clustering formation of GTP biosynthetic and
purine nucleotide biosynthetic enzymes.

3.5. Actin polymerization is required for IMPDH localization at the
leading edge

According to the amino acid sequence as well as previous
Fig. 4. Actin polymerization is required for IMPDH localization to the membrane. IMPD
conditions (top row); 10 mM Lat B treatment for 2 h (bottom row) decreases co-localization. C
agglutinin.
studies, IMPDH has no membrane binding domain or lipidation
motifs. To assess the mechanism of IMPDH localization at the
leading edge, we focused on active actin reorganization in RCC cells
since actin polymerization at the leading edge has been shown to
promote the translocation of proteins, such as PI3K, and induce
localized signaling [17,38e41]. Given the high association of
metabolic enzymes to the leading edge, we next examinedwhether
inhibition of actin polymerization could affect localization at the
plasmamembrane. Under normal conditions, IMPDH1 and IMPDH2
were co-merged with the fluorophore-conjugated wheat germ
agglutinin (WGA), which binds to glycosylated membrane proteins
(Fig. 4 top row; Supplemental Fig. 7). Strikingly, after treatment of
latrunculin B (Lat B), an inhibitor of actin polymerization [42], the
plasma membrane localization of IMPDH1 and IMPDH2 was
diminished (Fig. 4, bottom rows). Collectively, these data suggest
that F-actin polymerization is functionally connected to the mem-
brane localization of the IMPDH isozymes and may be involved in
the localization of additional enzymes to the leading edge.

4. Discussion

In the present study, we found the distinct localization of de
novo and salvage nucleotide biosynthetic enzymes to the leading
H1 (green) (A) and IMPDH2 (green) (B) co-localize with WGA (red) in DMSO-treated
onfocal microscopy. Insets shown at right. Scale bars indicate 10 mm. WGA: wheat germ
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edge of highly motile RCC cells. All these enzymes portrayed a
higher degree of co-localization with IMPDH1 or IMPDH2 at the
membrane in comparison to the cell body, suggesting that the
lamellipodia behaves as a microcompartment for spatiotemporal
nucleotide biosynthesis. Together, our results show compartmen-
talization of the entire GTP biosynthetic pathway and purine
biosynthetic pathway at the leading edge of RCC cells, pointing to
site specific enhanced enzymatic reactions of nucleotide biosyn-
thesis at the leading edge.

Previous reports demonstrate the importance of actin poly-
merization for promoting the translocation and activation of pro-
teins at themembrane [17,41,43]. In the currentwork, we report the
membrane localization of IMPDH isozymes is driven partially, if not
all, by F-actin polymerization. Whether additional signaling dy-
namics are required for this translocationwould provide significant
insight into the mechanisms mediating translocation of these en-
zymes to the membrane.

We and others have reported the importance of IMPDH2
expression for fueling tumorigenesis [26,31,32,44,45]. De novo GTP
biosynthesis has been implicated in cancer metastasis and in acti-
vation of RhoGTPases [46,47]. Future studies should clarify whether
and how the concentrated biosynthesis of purine nucleotides
regulate actin polymerization, microtubule dynamics, and RhoGT-
Pase activation, which would uncover a potential contributing
mechanism for cancer metastasis in patients.
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