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ABSTRACT: The nucleotide receptor P2X is an immunomodulatory cation channel and a potential therapeutic
target. P2X; is expressed in immune cells such as monocytes and macrophages and is activated by extracellular
ATP following tissue injury or infection. Ligand binding to P2X; can stimulate ERK1/2, the transcription
factor CREB, enzymes linked to the production of reactive oxygen species and interleukin-1 isoforms, and the
formation of a nonspecific pore. However, little is known about the biochemistry of P2X5, including whether
the receptor is N-linked glycosylated and if this modification affects receptor function. Here we provide
evidence that P2X5 is sensitive to the glycosidases EndoH and PNGase F and that the human receptor appears
glycosylated at N187, N202, N213, N241, and N284. Mutation of N187 results in weakened P2X; agonist-
induced phosphorylation of ERK1/2, CREB, and p90 ribosomal S6 kinase, as well as a decreased level of pore
formation. In further support of a role for glycosylation in receptor function, treatment of RAW 264.7
macrophages with the N-linked glycosylation synthesis inhibitor tunicamycin attenuates P2X; agonist-
induced, but not phorbol ester-induced, ERK 1/2 phosphorylation. Interestingly, residue N187 belongs to an
N-linked glycosylation consensus sequence found in six of the seven P2X family members, suggesting this site
is fundamentally important to P2X receptor function. To address the mechanism whereby N187 mutation
attenuates receptor activity, we developed a live cell proteinase K digestion assay that demonstrated altered
cell surface expression of P2X; N187A. This is the first report to map human P2X; glycosylation sites and
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reveal residue N187 is critical for receptor trafficking and function.

The nucleotide ATP can act as an important extracellular sig-
naling molecule that regulates multiple processes, including neuro-
transmission and immune response mediator production (/, 2).
ATP is released in millimolar concentrations from cells following
infection or tissue injury and can stimulate cells in the micro-
environment by binding to the P2 nucleotide receptors (3). The
P2 nucleotide receptors have been divided into two major sub-
families: the G protein-coupled P2Y receptors and the ionotropic
P2X cation channels (4).

The cation channel P2X; is considered an important compo-
nent of the inflammatory response (5). Activation of P2X; by
extracellular nucleotides leads to the processing of interleukin-13
and the production of reactive oxygen species through the
NADPH oxidase complex (6, 7). The P2X; receptor stimulates
a number of downstream targets, including mitogen-activated
protein kinases (MAPK)' and several transcription factors, inclu-
ding cyclic-AMP response element-binding protein (CREB) and
activating transcription factor 1 (ATF1) (7—11). When the ligand
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binds, P2X, mediates Ca>" and Na™ influx and K™ efflux. Pro-
longed stimulation of P2X5 can also promote the formation of
a nonspecific pore, allowing molecules of up to 900 Da to enter
the cell (4).

It has been proposed that P2X; is an attractive therapeutic
target for inflammatory diseases (5). Animal studies have shown
that pharmacological targeting of P2X; may be used to treat certain
types of arthritis (12, 13), and a recent clinical study has correla-
ted P2X activity with virus-induced loss of asthma control (/4).

Although numerous P2X; studies have focused on ATP-
induced cell signaling, relatively few reports have examined the
biochemical properties of the receptor. One aspect of P2X; bio-
logy that is poorly understood involves the glycosylation status of
the receptor and how glycosylation contributes to receptor func-
tion. Such an analysis is important given that glycosylation of
plasma membrane-bound proteins is often critical for numerous
processes, including protein folding, cell adhesion, and pathogen
recognition of host cells (15, 16).

In this study, we report that P2X is N-linked glycosylated on
five residues and this post-translational modification is important
for P2X5 agonist-stimulated signaling and pore formation. We
present the first experimental evidence that human P2X is glyco-
sylated at residues 187, 202, 213, 241, and 284 and that mutation
of the conserved amino acid 187 results in decreased nucleotide-
induced signaling. In addition, we propose P2X; N187A exhibits
attenuated activity because its expression on the plasma mem-
brane is altered. A recent report has shown that two P2X5
naturally occurring single nucleotide polymorphisms (SNPs)
located near residue N187, E186K and L191P, exhibit decreased
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FIGURE 1: Graphical representation of the major P2X; domains and
its putative N-linked glycosylation sites. The nucleotide receptor P2X5
has two predicted transmembrane domains (TM) and an extracellu-
lar ATP binding domain. The extracellular portion of P2X5 con-
tains putative N-linked glycosylation sites at amino acids 187, 202,
213, 241, and 284. PredictProtein was used to determine where the
putative transmembrane domains and N-linked glycosylation sites
are located (37).

channel and pore activities (/7). Those findings and this current
report demonstrate that the extracellular region of P2X; sur-
rounding the NI187 glycosylation site is critical for recep-
tor function.

MATERIALS AND METHODS

Reagents. The potent P2X; agonist, 2/(3')-O-(4-benzoylben-
zoyl)-ATP (BzATP), and tunicamycin were obtained from Sigma
(St. Louis, MO). EndoH and PNGase F were purchased from
New England Biolabs (Ipswich, MA), and proteinase K was pur-
chased from Promega (Madison, WI). The anti-c-Myc antibody
(catalog no. sc-40), the anti-P2X; antibody (catalog no. sc-25698)
used for immunofluorescence and the immunoblot in Figure 7,
and the anti-EGFR antibody (catalog no. sc-03) were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA). The anti-PDI
antibody (catalog no. SPA-891) was obtained from Stressgen
(Ann Arbor, MI). The anti-ERK1/2 antibody (catalog no. 06—
182) was purchased from Millipore (Billerica, MA); the anti-
pERK1/2 antibody (catalog no. 44680G) was purchased from
Invitrogen (Carlsbad, CA), and the anti-P2X; antibody (catalog
no. 550694) used for the immunoblots in Figures 3, 6, and 10 was
purchased from BD Biosciences (San Jose, CA). The anti-CREB
(catalogno. 9197), anti-pCREB (catalog no. 9191), anti-pp90RSK
(catalog no. 9344), and anti-f-tubulin (catalog no. 2146) antibodies
were purchased from Cell Signaling Technology (Danvers, MA).

Cell Culture, Harvesting, and Protein Assays. Human
HEK293 and monkey COS7 cells (American Type Culture
Collection, Manassas, VA) were cultured in Dulbecco’s modi-
fied Eagle’s medium supplemented with 10% cosmic calf serum
(Mediatech, Herndon, VA), 1% r-glutamine, and 100 units/mL
penicillin/streptomycin, and the murine macrophage RAW 264.7
and RAW 264.7 SF cells were cultured in RPMI-1640 medium
supplemented with 5% cosmic calf serum, 2 mM sodium pyru-
vate, and 1% L-glutamine. The cells were incubated at 37 °C
under 5% CO,. RAW 264.7 SF is a mutant cell line that contains
a Ser to Phe mutation at amino acid 342 in the extracellular
domain of P2X, rendering the receptor nonfunctional and the
cell line a useful negative control (8, 18, 19). We generally pre-
pared cell lysates by harvesting the cells in 2x sample buffer
(20mM Tris,2mM EDTA, 2mM DTT, I mM Na3VOy, 2% SDS,
and 20% glycerol) and boiling and sonicating the samples.
Total protein concentrations of lysates were quantified using
a BCA protein assay kit obtained from Thermo Scientific
(Waltham, MA).

P2X, Conststructs. Full-length human P2X; (GenBank
accession number AAH11913) was subcloned into pcDNA3
and pCMV-Myc. Subcloning P2X; into pCMV-Myc yielded
an N-terminally tagged receptor. The P2X; point mutants used in
these studies were generated by site-directed mutagenesis using
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the following primers and their reverse complements: P2X; N187A
(5-CAGTGCCGAAGCCTTCACTGTGCTC-3), P2X; N187H
(5-CAGTGCCGAACACTTCACTGTGCTC-3), P2X; N187Q
(5-CAGTGCCGAACAGTTCACTGTGCTC-3'), P2X; N202A
(5-CCGGCCACGCCTACACCACG-3'), P2X; N213A (5-CC-
AGGTTTAGCCATCACTTGTACC-3), P2X; N241A (5'-GA-
AACAGGCGATGCTTTTTCAG-3'), and P2X; N284A (5'-CA-
AGACCACCGCCGTGTCCTTGTAC-3).

Glycosidase Assays. Cell lysates were treated with EndoH or
PNGase F according to the manufacturer’s instructions. Briefly,
~30 ug of cell extract protein was denatured and then treated
with 250 units of glycosidase at 37 °C for 1 h.

Immunofluorescent Staining. RAW 264.7 macrophages
and COS7 cells were cultured on glass coverslips, fixed with
4% paraformaldehyde, permeabilized with 1% Triton X-100,
and stained with the indicated antibodies. The cells were then
stained with the following secondary antibodies from Molecular
Probes (Eugene, OR): Alexa Fluor 488 donkey anti-rabbit (used
with anti-P2X; in Figures 4A and 9), Alexa Fluor 488 donkey
anti-mouse (used with anti-PDI), and Alexa Fluor 594 donkey
anti-rabbit (used with anti-P2X in Figure 4C). The samples were
imaged with either a Zeiss Axioplan 2 microscope (Figures 4A
and 9) or a Bio-Rad Radiance 2100 MP Rainbow confocal micro-
scope (Figure 4C). The ImageJ software colocalization plug-in
was used to generate the colocalized image in Figure 4C.

YO-PRO-1 Dye Uptake Assay. COST cells were cultured
on glass coverslips and were transfected with the indicated con-
structs using FUGENE 6 transfection reagent according to the
manufacturer’s instructions (Roche). The COS7 and RAW 264.7
cells were stimulated at room temperature in potassium gluta-
mate buffer [130 mM potassium glutamate, 20 mM HEPES-
KOH (pH 7.4), 5mM KCI, 0.1% BSA, and 10 mM glucose] with
250 uM BzATP or HEPES buffer control for 10 or 20 min in the
presence of 1 uM YO-PRO-1 (Molecular Probes). Potassium
glutamate buffer is known to facilitate robust YO-PRO-1 uptake
in response to BzATP, as previously reported (20, 21). The cells
were then treated with 10 mM MgCl, to close the pore, fixed with
4% paraformaldehyde, and imaged with either a Zeiss Axioplan
2 microscope or an Olympus IX fluorescence inverted micro-
scope (20, 21).

ERKI1/2, CREB, and p90RSK Phosphorylation| Activation
Assays. HEK293 cells were transfected with pcDNA3, P2X/
pcDNA3, or the P2X; Asn to Ala mutants using FuGENE 6
transfection reagent, and G418 sulfate-resistant populations were
selected. For the transient transfection experiments, HEK293 cells
were transfected with pCMV-Myc, P2X;/pCMV-Myc, P2X;
NI87H/pCMV-Myc, P2X; N187Q/pCMV-Myc, or the Myc-
tagged P2X; Asn to Ala mutants. The cells were serum starved
for 1—4 h, treated with 250 uM BzATP for 5 or 10 min, and har-
vested, and cell extracts were immunoblotted as detailed below.

Immunoblotting. Proteins from cell lysates (~10—30 ug)
were separated by electrophoresis at 15—20 mA on 10% SDS—
polyacrylamide gels, transferred to polyvinylidene fluoride
(PVDF) membranes, and blocked in 5% nonfat dry milk. The
membranes were probed with the indicated primary antibodies,
incubated with secondary antibodies conjugated to horseradish
peroxidase (Santa Cruz Biotechnology), and visualized by enhan-
ced chemiluminescence.

Proteinase K Digestion Assays. HEK293 cells stably
expressing wild-type or mutant P2X; were washed off the plate
with media and pelleted. The cells were suspended in serum-free
DMEM and treated with 333 ug/mL proteinase K or buffer
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FIGURE 2: All human P2X family members contain putative N-linked glycosylation sites. The protein sequences of the seven human P2X family
members were aligned using ClustalW (32), and NetNGlyc version 1.0 was used to identify potential N-linked glycosylation sites (highlighted in
red). Identical residues are highlighted in black, and chemically similar residues are highlighted in gray. The following protein accession numbers
were used in the alignment: P2X1, AAC24494; P2X2, QOUBLY; P2X3, NP_002550; P2X4, NP_002551; P2X5, AAH39015; P2X6, AAF13303;
and P2X7, AAH11913.
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FiGure 3: Endogenous and exogenous P2X5 is sensitive to glyco-
sidase treatment. Proteins from murine RAW 264.7 macrophages natu-
rally expressing wild-type P2X; as well as human HEK293 and
monkey COS7 cells transfected with human wild-type P2X; were
denatured and treated with either EndoH or PNGase F for I h at
37 °C as described in Materials and Methods. The proteins were
then resolved on polyacrylamide gels containing SDS and immuno-
blotted for P2X;. Cleavage of EGFR was used as a positive control
to show EndoH and PNGase F were active. These data are represen-
tative of three or more experiments.

control for 90 min at 37 °C. The samples were then boiled for
10 min, diluted in 2x sample buffer, sonicated, and immunoblotted.

RESULTS

P2X; Is Sensitive to Glycosidase Treatment. NetNGlyc
(Technical University of Denmark, Copenhagen, Denmark) was
used to identify putative N-linked glycosylation sites in the seven
human P2X family members (Figures 1 and 2). N-Linked glyco-
sylation sites contain the consensus sequence Asn-X-Ser/Thr,
where X is any amino acid except proline (22). Cell lysates from
RAW 264.7 macrophages, which express endogenous P2X5 (8),
and HEK293 and COS7 cells expressing the exogenous human
receptor were treated with the glycosidase EndoH or PNGase
F and immunoblotted for P2X;. We chose to include COS7 and
HEK?293 cells in our studies because they do not express detec-
table levels of endogenous P2X (23). The enzyme EndoH cleaves
high mannose and some hybrid N-linked glycosylation modifica-
tions, while PNGase F is less specific and can also cleave com-
plex oligosaccharides with di-, tri-, and tetra-antennary arms (24).
Both endogenous and exogenous P2X; are sensitive to EndoH
and PNGase F as indicated by faster electrophoretic migration
(Figure 3). The epidermal growth factor receptor (EGFR) was
immunoblotted as a positive control to demonstrate the EndoH
and PNGase F enzymes were functional (25).

Endogenous P2X; in RAW 264.7 and Transfected P2X
in HEK293 and COS7 Cells Are Functional. EndoH cleaves
N-linked glycosylation modifications that are processed in the
Golgi, and proteins that are insensitive to this enzyme are thought
to have moved out of the Golgi and possibly to the plasma
membrane (26). Because we did not observe a large EndoH-
resistant population of P2X5 in the HEK293, COS7, and RAW
264.7 cells, we tested the ideas that P2X is primarily localized at
intracellular sites and a small population of the receptor is expres-
sed on the cell surface that is capable of eliciting P2X; agonist-
induced events. As assessed by immunofluorescence, both exo-
genous P2X5 in COS7 cells and endogenous P2X; in RAW 264.7
macrophages appear to be highly represented at intracellular sites
(Figure 4A,C). In addition, P2X; in RAW 264.7 and COS7 cells
colocalizes with the endoplasmic reticulum (ER) marker protein
disulfide isomerase (PDI) (Figure 4C and data not shown).
Although P2X is not readily detected on the plasma membrane
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FiGURE 4: P2X; is highly localized in intracellular compartments
but is activated in response to extracellular BZATP administration.
(A) Human nucleotide receptor P2X; was expressed in COS7 cells,
and the cells were stained with an anti-P2X; antibody and visualized
with a Zeiss Axioplan 2 microscope. This image is representative of
more than six experiments. (B) COS7 cells were transfected with
either P2X;/pcDNA3 or pcDNA3 and were stimulated with either
250 uM BzATP or HEPES buffer control in the presence of 1 uM
YO-PRO-1. The cells were fixed, and relative dye uptake was imaged
with a Zeiss Axioplan 2 microscope. These data are representative of
more than six experiments. (C) RAW 264.7 macrophages were fixed,
stained with anti-P2X5 and anti-PDI antibodies, and visualized with
a Bio-Rad Radiance 2100 MP Rainbow confocal microscope. As a
negative control, the cells were stained with only the secondary anti-
body. The represented images are of one z-stack. The anti-P2X; and
anti-PDI images were merged using the ImageJ colocalization plug-
in. These data are representative of two experiments. (D) RAW 264.7
and RAW 264.7 SF macrophages were stimulated with either BZATP
or HEPES buffer control in the presence of 1 uM YO-PRO-1 and
visualized as live cells using an Olympus IX fluorescence inverted
microscope. These YO-PRO-1 dye uptake assays are representative
of five experiments. (E) HEK293 cells were transfected with either
P2X;/pCMV-Myc or pPCMV-Myc and were stimulated with either
250 uM BzATP or HEPES bulffer control for 5 min. Cell lysates were
prepared and immunoblotted using anti-Myc, anti-pERK1/2, and
anti-ERK antibodies. These data are representative of more than
eight experiments.

via immunofluorescence even in naturally P2X;-expressing RAW
264.7 macrophages, we observed that both the P2X;-transfected
COS7 and RAW 264.7 cells, but not the P2X5-defective cell
line RAW 264.7 SF, are capable of taking up the fluorescent dye
YO-PRO-1 in the presence of BZATP (Figure 4B,D). BZATP is a
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FIGURE 5: P2X; is glycosylated at N187, N202, N213, N241, and
N284. (A) Wild-type P2X; (WT) and the Asn to Ala mutants were
expressed in HEK 293 cells, and cell lysates were immunoblotted with
the anti-Myc antibody. The five single Asn to Ala mutants exhibited
faster electrophoretic mobility than the WT receptor, and the double
mutants migrated further than the single mutants. The proteins were
denatured and treated with (B) EndoH or (C) PNGase F for ~1 h at
37 °C and immunoblottred with the anti-Myc antibody. The data
shown in panels A—C are representative of two or more experiments.
(D) P2X7; WT and Asn to Ala mutants were expressed in HEK293
cells, and lysates were immunoblotted with the anti-Myc antibody.
The P2X; N187A mutant does not migrate as fast as the other Asn to
Ala mutants but does migrate faster than WT. These data are repre-
sentative of more than 10 experiments.

synthetic ATP derivative that is used to activate P2X5, and the
YO-PRO-1 dye uptake assay is a method of assessing the ability
of P2X to stimulate the formation of a pore (20). To demonstrate
that exogenously expressed P2X; in HEK293 cells is functional,
BzATP-induced ERK1/2 phosphorylation tests were employed
(Figure 4E). ERK1 and ERK?2 are phosphorylated/activated by
BzATP when wild-type P2X is expressed but not when the cells
are transfected with the empty vector control.
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Mutation of Human P2X; at N187, N202, N213, N241,
and N284 Results in Increased Electrophoretic Mobility.
To identify the residues that likely contain a glycosylation modi-
fication, the five predicted N-linked glycosylation sites were
mutated to alanine either individually or doubly, and their elec-
trophoretic mobility was examined (Figure 5). All of the Asn to
Ala single and double mutants migrated faster than wild-type
P2X;. To illustrate these migratory differences were likely due to
an altered glycosylation profile and not protein degradation,
lysates were treated with EndoH or PNGase F and immuno-
blotted for P2X;. After cleavage with either glycosidase, the
mutants had apparent molecular weights comparable to that of
the enzyme-treated wild-type receptor (Figure 5B,C). In addi-
tion, we observed that P2X; N187A appears to have a slightly
higher molecular weight than receptors containing the N202A,
N213A, N241A, or N284A mutation (Figure SA,D) as assessed
by SDS—polyacrylamide gel electrophoresis. It is possible that
this site (N187) is differentially glycosylated compared to the
other sites and/or that the protein is altered in its folding and
interaction with SDS.

Treatment of RAW 264.7 Macrophages with Tunicamycin
Results in Attenuated BzATP-Induced ERKI|2 Activation.
To determine whether N-linked glycosylation is required for
P2X agonist-induced ERK1/2 phosphorylation/activation,
RAW 264.7 macrophages were treated with the N-linked glyco-
sylation synthesis inhibitor tunicamycin for 42 h, and the cells
were stimulated with either BZATP or phorbol 12-myristate
13-acetate (PMA) for 5 min to activate ERK1/2. As shown in
Figure 6, treatment of cells with 5 ug/mL tunicamycin decreases
the level of BZATP- but not PMA-stimulated ERK 1/2 phospho-
rylation. Treatment with tunicamycin results in the formation of
faster migratory P2X; proteins, which are presumably newly
synthesized P2X; receptors that do not contain glycosylation
modifications. In addition, less full-length receptor is observed in
the cells treated with the inhibitor, providing further evidence
that a smaller pool of P2X; is N-linked glycosylated in these
samples (Figure 6A). It should be noted that a cell viability assay
was conducted to determine whether treatment with 5 ug/mL
tunicamycin for 42 h results in significant cell death, and we
found 85% of the tunicamycin-treated cells were metabolically
active in comparison to the methanol control-treated cells (data
not shown), indicating that decreases observed after tunicamycin
treatment were not due to cytotoxicity. The change in the level of
ERK1/2 phosphorylation between tunicamycin-treated and buf-
fer control-treated cells is depicted in Figure 6B. Treatment with
tunicamycin results in an approximately 30% reduction in the
level of BZATP-induced ERK1/2 phosphorylation but no signi-
ficant change in PMA-stimulated ERK 1/2 phosphorylation.

Mutation of P2X; N-Linked Glycosylation Sites Results
in Attenuated BzATP-Induced Signaling and Pore Forma-
tion. To determine which N-linked glycosylation sites of P2X5
are required for its activity, we examined BzATP-induced
ERK1/2, CREB, and p90RSK phosphorylation/activation in
cells stably expressing the wild-type receptor or the Asn to Ala
mutants. The phosphorylation of CREB was assessed by immuno-
blotting cell lysates with an antibody that detects phosphorylated
and/or activated CREB and by analyzing mobility shifts on an
anti-CREB antibody immunoblot. Cells expressing P2X; N187A
do not detectably exhibit ERK1/2, CREB, or p90RSK phospho-
rylation in the presence of the P2X; agonist BZATP (Figure 7).
Mutation of P2X; N213, N241, or N284 also resulted in an appa-
rent reduction in BzATP-induced ERK1/2 phosphorylation,
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FIGURE 6: Treatment of RAW 264.7 macrophages with tunicamycin
results in attenuated BZATP-induced ERK 1/2 activation. (A) RAW
264.7 macrophages were treated with the N-linked glycosylation
synthesis inhibitor tunicamycin (5 ug/mL) for 42 h, and the cells
were stimulated with either 250 uM BzATP or 1 ug/mL PMA for
S min. Cell lysates were then immunoblotted with anti-P2X5, anti-
pERK1/2, and anti-ERK1/2 antibodies. Methanol is the vehicle
control for tunicamycin; HEPES is the buffer control for BZATP,
and DMSO is the vehicle control for PMA. These data are repre-
sentative of four experiments. (B) Changes between tunicamycin-
treated cells stimulated with BZATP or PMA and tunicamycin-
treated cells stimulated with buffer control were quantified and
graphed. The band intensities of the phospho-ERK 1/2 bands were
normalized to total ERK1/2, and the percent activation of ERK1/2
with either BZATP or PMA in comparison to the appropriate buffer
control was calculated. Student’s 7 tests were performed to determine
the p values. N.S. means not significant.

but not to the same extent as the P2X; N187A mutation. Conversely,
mutation of P2X; N202 to Ala did not result in attenuated
ligand-stimulated ERK 1/2, CREB, or p90RSK phosphorylation
in either the stably expressing cells (Figure 7) or transient trans-
fection experiments (data not shown). The data from three sepa-
rate experiments revealed that the change in ERK1/2 phospho-
rylation following a 10 min BZATP treatment in wild-type P2X-
expressing cells ranged from 8.2- to 29-fold. In contrast, the
change in the level of BZATP-induced ERK1/2 activation ranged
from 1.5- to 4.8-fold for P2X; N213A, from 3.4- to 11-fold for
P2X; N241A, and from 3.8- to 13-fold for P2X; N284A. In
addition, attenuated BzATP-induced ERK1/2 activation was
also observed in HEK293 cells transiently expressing N213A,
N241A, and N284A mutations (data not shown). Similar trends
in CREB activation were also obtained, but smaller changes were
achieved in comparison to ERK1/2 (data not shown). For exam-
ple, in three separate experiments, the average increase in the level
of CREB activation in BZATP-treated cells expressing wild-type
P2X; was 2.0-fold. These decreases in BzATP-stimulated res-
ponses observed in cells expressing a mutant P2X5 in which the
Asn at position 284 has been altered to alanine complement a

Lenertz et al.

vector
N187A
N202A
N213A
N241A
N284A

S

time (min) 0 510 05100 510 0 510 0 510 0 510 0 5 10

. MeSssiamass smammss |B:P2X
- - - - - IB: pERK1/2

FERIESFT TSNS ESR0e a8 porER

h R 15: ppoORSK

W - - - - IB: beta-tubulin

FIGURE 7: Mutation of P2X; N-linked glycosylation sites results in
attenuated BZATP-induced signaling. Wild-type P2X; and the Asn to
Ala mutants were stably expressed in HEK 293 cells by selecting G418
sulfate-resistant populations. The cells were treated with 250 uM
BzATP for 5 or 10 min, and cell lysates were prepared and immuno-
blotted with anti-P2X5, anti-pERK1/2, anti-CREB, anti-pCREB,
anti-pp90RSK, and anti-f-tubulin antibodies. The S-tubulin immuno-
blot is the loading control for the anti-pERK 1/2 immunoblot. These
data are representative of three experiments.

prior report demonstrating that the introduction of an Asn resi-
due at the equivalent residue in mouse P2X (D284) confers increa-
sed sensitivity to BZATP and ATP (27). These data support the idea
that P2X; N284 may also be important for human P2X function.

Because P2X; N187A generally exhibited lower expression
levels than other Asn to Ala mutants, we increased the amount of
P2X; N187A/pCMV-Myc DNA used in transient transfections
in an effort to drive its expression to a level that is comparable to
that of the wild-type receptor. Even when P2X5; N187A is expres-
sed at a level similar to or higher than the level of the wild-type
receptor, the mutant receptor does not exhibit BZATP-induced
ERK1/2 activation (Figure 8A). In addition, COS7 cells transi-
ently expressing P2X; N187A exhibit attenuated BzZATP-induced
YO-PRO-1 uptake in comparison to cells expressing wild-type
receptor (Figure 8B), providing further evidence that this residue
is important for P2X; function. To further verify that residue
N187 is important for receptor activity and that our observations
with an alanine substitution at this position are not restricted to
the specific chemistry (hydrophobicity) of alanine, we also muta-
ted P2X; residue N187 to the more polar residue histidine, as well
as to a residue structurally related to the asparagine normally
located at this site, i.e., glutamine. As shown in panels C and D of
Figure 8, mutation of P2X; N187 to His or Gln also results in
attenuated BzZATP-induced ERK1/2 phosphorylation, thereby
supporting the specific importance of asparagine and/or glycosy-
lation at this site.

Wild-Type P2X; and Mutant P2X> Display Similar Loca-
lization Patterns. To delineate the mechanism by which P2X,
NI187A exhibits attenuated activity, we considered the possibi-
lities that it may be mislocalized or not efficiently trafficked to the
plasma membrane. To test these ideas, we expressed wild-type
P2X; and the Asn to Ala mutants in COS7 cells and examined
their overall localization patterns by immunofluorescence. As
shown in Figure 9, wild-type P2X; and the glycosylation
mutants, including N187A, all display a perinuclear, endoplasmic
reticulum-like pattern. Even though P2X; N187A has diminished
activity, it appears to localize in a pattern comparable to that of
wild-type P2X; and to the other Asn to Ala mutants. These data
support the notion that the diminished activity of P2X; N187A is
not likely the result of gross mislocalization of the receptor.

P2X,N187A Cell Surface Expression Is Altered. Because
we did not detect any major differences in the localization between
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FIGURE 8: Mutation of P2X; N187 results in a decreased level of
BzATP-induced ERK1/2 activation and pore formation. (A) HEK293
cells were transfected with the indicated amounts of pCMV-Myc
vector control, P2X; WT/pCMV-Myc, or P2X; N187A/pCMV-
Myc. After 24 h, the cells were treated with 250 uM BzATP for 5 min,
and cell lysates were prepared and immunoblotted with anti-Myec,
anti-pERK1/2, and anti-ERK1/2 antibodies. These data are repre-
sentative of two independent experiments. (B) COS7 cells were
transfected with pCMV-Myc, P2X; WT/pCMV-Myc, P2X; N187A/
pCMV-Myec, or P2X; N202A /pCMV-Myc. After 24 h, a YO-PRO-1
dye uptake assay was performed. Similar data were obtained in two
separate experiments. (C) HEK293 cells were transfected with
pCMV-Myec vector control, P2X; WT/pCMV-Myc, or P2X; N187H/
pCMV-Myec. After 24 h, the cells were treated with 250 uM BzATP
for 5 min, and cell lysates were prepared and immunoblotted with
anti-Myc, anti-pERK1/2, and anti-ERK1/2 antibodies. These data
are representative of three independent experiments. (D) HEK293
cells were transfected with pCMV-Myc vector control, P2X; WT/
pCMV-Myc, or P2X; N187Q/pCMV-Myc. After 24 h, the cells
were treated with 250 uM BzATP for 5 min, and cell lysates were
prepared and immunoblotted with anti-Mye, anti-pERK1/2, and
anti-ERK1/2 antibodies. These data are representative of three
independent experiments.

wild-type and N187A P2X5 in fixed cells as assessed by immuno-
staining, we used a live cell proteinase K digestion assay to ana-
lyze the plasma membrane expression of P2X; over a given
period of time and to test the hypothesis that P2X; N187A is not
transported as efficiently to the plasma membrane as wild-type
P2X,. When the receptor is expressed on the surface of live cells,
the extracellular domain is digested with proteinase K, liberating
the C-terminal tail. In this assay, we treated cells with protease
for 90 min, allowing the enzyme to digest proteins that become
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FiGure 9: Wild-type and mutant P2X; display similar localization
patterns. Wild-type P2X5, the Asn to Ala mutants, and the vector
control were expressed in COS7 cells. Approximately 24 h after the
cells were transfected, they were fixed with paraformaldehyde, stained
with an anti-P2X; antibody, and imaged with a Zeiss Axioplan 2
microscope. Similar data were obtained in two separate experiments.
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Ficure 10: P2X; N187A expression on the cell surface is altered.
HEK?293 cells stably expressing pcDNA3 vector control, P2X; WT,
P2X5 N187A, and P2X; N202A were treated with 333 ug/mL pro-
teinase K for 90 min as described in Materials and Methods. The cells
were then boiled for 10 min to inactivate the enzyme, diluted in 2x
sample buffer, sonicated, and immunoblotted with anti-P2X, anti-
ERK1/2, and anti-f-tubulin antibodies. These data are representa-
tive of three or more experiments.

exposed on the cell surface at any point during the incubation
period. A key advantage of this approach is that it represents an
accumulation of events that occur over 90 min versus the single
“snapshot” in time represented by the immunostaining approach.
We predicted that treatment of live cells with proteinase K would
result in the cleavage of full-length wild-type P2X5, but not the
N187A mutant, yielding a fragment containing only the intra-
cellular domain. As depicted in Figure 1, human P2X; contains
an intracellular C-terminal domain that contains more than
200 amino acids. Digestion of HEK293 cells stably expressing
wild-type P2X; or N202A but not the N187A receptor resulted in
the formation of ~35 kDa proteins that are immunoreactive with
an anti-P2X; antibody that was raised against the C-terminus of
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the protein (Figure 10). These immunoreactive proteins are likely
the C-terminal tail of full-length plasma membrane-localized
P2X;. The predicted size of the C-terminal tail, including the
second transmembrane domain, is ~30 kDa. The ~35 kDa
proteins were also immunoreactive with a different anti-P2X5
antibody that was also raised against the intracellular domain of
the protein (data not shown). The samples were immunoblotted
with anti-ERK1/2 and anti-p-tubulin antibodies to demonstrate
the protease did not digest intracellular proteins. These data are
evidence that P2X; N187A is not efficiently transported to the
cell surface, providing a plausible mechanism for why this mutant
displays attenuated activity.

DISCUSSION

We have presented the first evidence that the nucleotide
receptor P2X5 appears glycosylated on five asparagine residues
and that residue N187, which is an amino acid that is conserved
among six of the seven P2X family members, is important for
receptor-stimulated function and signaling. Mutation of resi-
dues N213, N241, and N284 also results in a modest attenuation
of BzZATP-induced ERK /2 phosphorylation, but not to the same
extent as mutation of N187. In addition, we have provided evi-
dence that the P2X; N187A point mutant displays reduced acti-
vity, at least in part, because it is not properly transported to the
plasma membrane when compared to wild-type receptor.

There are several potential explanations for how mutation of
P2X; N187 attenuates receptor function. One possibility is that
the proper folding and assembly of P2X; monomers into oligo-
mers requires glycosylation at this site (4). Cell surface-bound
proteins that are not folded properly in the ER are often degraded
during the unfolded protein response (28). This process may
contribute to the observations that it was often difficult to express
P2X; N187A at levels that were similar to that of the wild type
receptor and that P2X; Asn to Ala double mutants containing
NI187A were generally expressed at lower levels than the single
mutants (Figure 8 and data not shown). PredictProtein was used
to determine where predicted secondary structures in human
P2X; are located. This analysis predicted that residue N187 is
located in a short loop between an o helix and a f sheet. Thus, itis
possible that mutation at this residue disrupts these secondary
structures, altering tertiary protein structure.

Another possible explanation for why the P2X; N187 point
mutants exhibit decreased activity is that glycosylation at this
residue is required for the trafficking of P2X; to the plasma
membrane. Assessing P2X cell surface expression at a given time
point has been challenging in the cell lines commonly used for
P2X; analysis. It has been reported by others that P2X; is
naturally highly represented in intracellular compartments in
several cell types (29). Similarly, we have noted that endogenous
P2X; in RAW 264.7 macrophages and overexpressed P2X; in
COST cells appear to be predominantly localized at intracellular
sites, as assessed by immunofluorescent staining (Figures 4 and 9).
It is plausible that the trafficking of P2X; to and from the cell
surface occurs rapidly in cells naturally expressing the receptor as
well as in those transfected with the exogenous receptor. There-
fore, visualizing P2X; localization at the plasma membrane at
any single time point is likely to be limited by the possibility that
only a small percentage of the receptor is present at the surface at
any given time. In agreement with this concept, we have found
that P2X; levels on the cell surface appear low using other
methods, including flow cytometry (data not shown) and EndoH
resistance assays (Figures 3 and 5). Accordingly, the live cell
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proteinase K digestion assay described herein appears to be a
valuable tool for examining the plasma membrane localization of
P2X; over 1 h. This assay has been useful in identifying P2X;
mutants that exhibit a major defect in transport to the cell
membrane.

Interestingly, a recent report by Roger et al. has shown that
two P2X; SNPs located near N187, E186K and L191P, exhibit
decreased ion channel and pore activity, providing further
evidence this extracellular region of the receptor is critical for
function (/7). The authors propose the E186K and LI191P
mutations affect ATP binding because they are in the proximity
of the ATP-binding amino acids. As discussed above, our data
support two alternative explanations for why P2X; exhibits
attenuated activity when residues in that region are mutated.
We propose that the region of the receptor encompassing residue
N187 is important for protein folding and/or transport to the
cell surface and that any ATP binding issues may be secon-
dary to the trafficking defect. Nonetheless, this report and that of
Roger et al. demonstrate that the region surrounding N187 is
important for P2X; function, and this information should help in
improving our understanding of how naturally occurring genetic
variations in P2X; lead to altered physiology.

As discussed previously, we and others have provided evidence
that residue N284 may also be an important determinant of P2X5
function. For example, we have shown herein that mutation of
N284 to Ala in the P2X; receptor results in a modest decrease in
the level of BzATP-induced ERKI1/2 activation (Figure 7).
Interestingly, Young et al. have demonstrated that introduction
of Asn at the equivalent residue in mouse P2X; (D284), which
leads to an increased level of receptor glycosylation, results in
increased sensitivity to BZATP- and ATP-induced responses, and
that mutation of the preceding amino acid in rat P2X; (T283)
results in attenuated channel and pore activities (27, 30). This
threonine residue is conserved among the human, mouse, and rat
sequences (27, 30). It is possible that we observed an only modest
decrease in P2X; N284A activity in response to BZATP because
this region of the protein may be less critical for the interaction of
BzATP with the receptor when compared to other P2X; ligands
such as ATP. In support of this idea, introduction of Asn at
mouse P2X; D284 promoted a greater sensitivity to ATP than
BzATP (27).

In summary, this work highlights the importance of N-linked
glycosylation in the regulation of the immunomodulatory critical
protein P2X,. We have demonstrated that both mutation of the
conserved glycosylation site N187 and treatment of cells with the
glycosylation synthesis inhibitor tunicamycin result in attenuated
receptor activity, supporting the idea that N-linked glycosylation
is essential for P2X function.
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