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The inositol 1,4,5-trisphosphate receptor (InsP3R), an intra-
cellular calcium channel, has three isoforms with >65% se-
quence homology, yet the isoforms differ in their function and
regulation by post-translational modifications.We showed pre-
viously that InsP3R-1 is functionally modified byO-linked �-N-
acetylglucosamine glycosylation (O-GlcNAcylation) (Rengifo,
J., Gibson, C. J., Winkler, E., Collin, T., and Ehrlich, B. E. (2007)
J. Neurosci. 27, 13813–13821). We now report the effect of
O-GlcNAcylation on InsP3R-2 and InsP3R-3.Analysis ofAR4-2J
cells, a rat pancreatoma cell line expressing predominantly
InsP3R-2, showed no detectable O-GlcNAcylation of InsP3R-2
andno significant functional changesdespite thepresenceof the
enzymes for addition (O-�-N-acetylglucosaminyltransferase)
and removal (O-�-N-acetylglucosaminidase) of the monosac-
charide. In contrast, InsP3R-3 in Mz-ChA-1 cells, a human
cholangiocarcinoma cell line expressing predominantly
InsP3R-3,was functionallymodifiedbyO-GlcNAcylation. Inter-
estingly, the functional impact of O-GlcNAcylation on the
InsP3R-3 channel was opposite the effect measured with
InsP3R-1.AdditionofO-GlcNAcbyO-�-N-acetylglucosaminyl-
transferase increased InsP3R-3 single channel open probability.
Incubation ofMz-ChA-1 cells in hyperglycemicmedium caused
an increase in the InsP3-dependent calcium release from the
endoplasmic reticulum. The dynamic and inducible nature of
O-GlcNAcylation and the InsP3R isoform specificity suggest
that this formofmodificationof InsP3Rand subsequent changes
in intracellular calcium transients are important in physiologi-
cal and pathophysiological processes.

Intracellular calcium signaling is vital to a myriad of cellular
processes, including cell proliferation, fertilization, secretion,
neuronal development and plasticity, light transduction, and

muscle contraction (1, 2). The inositol 1,4,5-trisphosphate
receptor (InsP3R)6 is an intracellular calciumchannel. It is asso-
ciated primarily with the endoplasmic reticulum, but it is also
found in the nuclear envelope and Golgi apparatus (3). The
InsP3R is activated when bound with InsP3 produced by stim-
ulation of G protein- or tyrosine kinase-coupled receptors (4)
following activation by their agonists, compounds that range
from hormones and growth factors to neurotransmitters and
odorants (2).
Three mammalian isoforms of the InsP3R have been identi-

fied, InsP3R-1, InsP3R-2, InsP3R-3, with a sequence homology
of �65% (5). Expression of the isoforms is cell-specific and reg-
ulated in response to extracellular stimulation during develop-
ment and various disease states (6). They differ in many func-
tional aspects such as InsP3 affinity, calcium dependence, and
regulation by endogenous compounds, accessory proteins, and
post-translational modifications (7). These functional differ-
ences and their diverse cell and tissue expression patterns con-
tribute to specialized calcium signals in each cell.
O-Linked �-N-acetylglucosamine (O-GlcNAc) glycosyla-

tion (O-GlcNAcylation) is a post-translational modification
discovered �25 years ago (8). O-GlcNAcylation is character-
ized byO-linked attachment of a single �-N-acetylglucosamine
(GlcNAc) moiety to serine or threonine residues of proteins.
Unlike N-linked glycosylation, this monosaccharide modifica-
tion is reversible and occurs in both the cytoplasm and nu-
cleus. To date, �1000 proteins have been found to be
O-GlcNAcylated (9). The O-GlcNAc proteome includes pro-
teins involved in metabolism, cell structure, stress response,
cell cycle, and transcription/translation and nuclear pore pro-
teins involved in cell signaling (10).
Over 600 enzymes are known to regulateO-phosphorylation

(11), but only two unique, highly conserved enzymes are
directly involved in adding and removing O-GlcNAc from
the protein backbone: O-�-N-acetylglucosaminyltransferase
(OGT) adds the sugar, and O-�-N-acetylglucosaminidase
(OGA) removes it. Loss-of-function mutations of the OGT
gene are lethal in embryonic stem cells, and intact OGT alleles
are required for completion of embryogenesis (12). O-
GlcNAcylation is a major factor in nutrient and stress
responses (13, 14). Altered function of these enzymes has been
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linked to diabetes, cancer, and Alzheimer disease. UDP-
GlcNAc, the substrate for O-GlcNAcylation, is one of the end
products of the hexosamine biosynthesis pathway (HBP).
UDP-GlcNAc is the second most abundant high energy com-
pound within the cell after ATP (10, 15). Normally, 2–5% of
total glucose is metabolized through the HBP (10), but this rate
can be increased by an augmented supply of glucose or glucos-
amine (16, 17).
Several lines of evidence indicate that O-GlcNAcylation can

act in a manner reciprocal to O-phosphorylation (18). Because
O-phosphorylation of the InsP3R is isoform-specific (19), we
wanted to determine whether O-GlcNAcylation is also iso-
form-dependent. Reciprocity between these two forms of pro-
tein modification on the InsP3R would expand the functional
range of regulation of intracellular calcium signaling.
We showed previously that InsP3R-1 is modified by

O-GlcNAcylation (20) and that this biochemical modification
has a functional effect at the single channel level and in the
whole cell. We also found that O-GlcNAcylation inhibits the
ability of InsP3R-1 to diffuse through the endoplasmic reticu-
lum (21). The goal of these experiments was to determine
whether InsP3R-2 and InsP3R-3 are modified by O-GlcNAc
and, if so, the functional effect of the modification. We found
that InsP3R-2 is notmodified byO-GlcNAc and that there is no
effect of hyperglycemic treatment on calcium signaling. In con-
trast, InsP3R-3 is functionally modified by O-GlcNAc. Surpris-
ingly, the functional effect on InsP3R-3 is opposite that found
for InsP3R-1.

EXPERIMENTAL PROCEDURES

Cell Culture and Treatment of Cells—AR4-2J cells were
grown inHam’s F-12 (Kaighn’smodification)medium (Invitro-
gen) supplemented with 20% heat-inactivated FBS (Invitrogen)
and 1% penicillin/streptomycin stock containing 10,000 �g/ml
streptomycin and 10,000 units/ml penicillin (Invitrogen). Mz-
ChA-1 cells were cultured in minimum essential medium
(Invitrogen) supplemented with 10% heat-inactivated FBS and
1% penicillin/streptomycin. SH-SY5Y cells were grown in a 1:1
mixture of Ham’s F-12 medium and minimum essential
medium supplemented with 10% FBS, 1% minimum essential
medium nonessential amino acids (�100, Invitrogen), and 1%
penicillin/streptomycin. Cells were cultured in a water-satu-
rated atmosphere at 37 °C and 5% CO2.

To induce an increase in O-GlcNAcylation, 8 mM N-acetyl-
D-glucosamine (GlcNAc; cell culture-tested; Sigma), 8 mM glu-
cosamine (D-glucosamine hydrochloride; cell culture-tested,
diluted in H2O, pH 7.4; Sigma), or 20 mM D-glucose (to achieve
a final concentration of 25.6 mM for Mz-ChA-1 cells and 27
mM for AR4-2J cells) was added to the growth medium for
72 h (22). 20 mM mannitol was added to the control medium
as an osmotic control. The pH of the media was not altered
by this supplementation. For drug-induced increases in
O-GlcNAcylation, O-(2-acetamido-2-deoxy-D-glucopyrano-
sylidene) amino-N-phenylcarbamate (PUGNAc; 100 or 200�M

as indicated for 24 h; Sigma or Toronto Research Chemicals,
Ontario, Canada), an inhibitor of OGA (23), or streptozotocin
(10 mM for 60 min; AXXORA, San Diego, CA), an inhibitor of

OGA and an agent that induces diabetes in rodents (24), was
added to the growth medium.
Cell Lysis and Immunoprecipitation—Cells were plated on

35-mm cell culture dishes and incubated in the respective
media. After sugar treatment, cells were harvested by incuba-
tion with 100 �l of M-PER mammalian protein extraction rea-
gent (Thermo Fisher Scientific, Waltham, MA) supplemented
with 2 mM Na3VO4 (Sigma), 50 mM GlcNAc or 5 �M PUGNAc
(protection against enzymatic cleavage of the O-GlcNAc moi-
ety forO-GlcNAcylation experiments), and protease inhibitors
(protease inhibitor mixture, lyophilized powder; Sigma) on ice
for 2.5 min. After harvesting and centrifuging the lysate, the
supernatant was saved and immediately used for gel electro-
phoresis or immunoprecipitation. For immunoprecipitation,
100 or 200 �g of protein of the whole cell lysate was precleared
with 10 �l of protein G-Sepharose beads (Amersham Biosci-
ences AB, Uppsala, Sweden) and incubated with the primary
antibody for 2 h at 4 °C on a rotating wheel. For experiments
examining InsP3R-3, either 4 �l of anti-InsP3R-3 antibody
(labeling the N-terminal region; BD Transduction Laborato-
ries) or 4 �l of anti-O-GlcNAc antibody (RL2, isotype IgG1;
Affinity BioReagents, Golden, CO) (25) was used. For experi-
ments examining InsP3R-2, either 5 �l of anti-InsP3R-2 anti-
body (C-terminal site; kindly provided by Dr. Richard J.
Wojcikiewicz, State University of New York at Syracuse, Syra-
cuse, NY) (26) or 5 �l of antibody RL2 was used. This incuba-
tionwas followed by an additional 1.5 h of incubationwith 30�l
of washed protein G-Sepharose beads. Washing steps with
wash buffer (M-PER supplemented with protease inhibitors, 2
mM sodium orthovanadate, and 50 mM GlcNAc or 5 �M

PUGNAc) were subsequently performed. The final pellet of
beads was resuspended in 35 �l of 5� sample buffer (20% glyc-
erol, 20% SDS, 2% 2-mercaptoethanol, 0.5 M Tris-HCl (pH 6.8),
and bromphenol blue), and the whole sample was analyzed by
gel electrophoresis andWestern blotting. In the case of immu-
noprecipitation with anti-InsP3R-3 antibody, samples were
boiled for 2 min before gel electrophoresis.
Gel Electrophoresis and Western Blotting—Protein concen-

tration was measured with a BCA protein assay kit (Thermo
Fisher Scientific). Equal amounts of protein (25 or 30 �g) were
resuspended in 5� sample buffer and resolved by SDS-PAGE.
For resolution of protein bands, Tris-HCl-5% precast poly-
acrylamide gels (Bio-Rad)were used forO-GlcNAcylation anal-
ysis of InsP3R-1, InsP3R-2, and InsP3R-3. The proteins were
transferred to a PVDF membrane (Bio-Rad). The membrane
was incubated in blocking solution A (5% dry milk powder and
0.05% Tween 20 in PBS) for 2 h at room temperature and then
with the primary antibody in blocking solution A or B (3% BSA
supplemented with 0.05% Tween 20 in PBS) either overnight at
4 °C or for 2 h at room temperature. Antibodieswere used at the
following dilutions: mouse anti-�-actin (AC-15), 1:8000 for 2 h
(Abcam, Cambridge, MA); rabbit anti-InsP3R-1, 1:2000 over-
night (affinity-purified from rabbit polyclonal antiserum
directed against the 19 C-terminal residues of mouse InsP3R-1)
(27); rabbit anti-InsP3R-2, 1:2000 overnight; mouse anti-
InsP3R-3, 1:1000 for 2 h; rabbit anti-glutamine:fructose-6-
phosphate amidotransferase (GFAT), 1:3000 overnight (kindly
provided byDr. Erwin Schleicher,University ofTubingen,Tub-
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ingen, Germany); mouse anti-Na,K-ATPase, 1:1000 overnight
(kindly provided by Dr. M. J. Caplan, Yale University); mouse
anti-O-GlcNAc, 1:1500 overnight; rabbit anti-OGA, 1:2000
overnight (kindly provided by Dr. Sidney W. Whiteheart, Uni-
versity of Kentucky, Lexington, KY); and rabbit anti-OGT
(H-300), 1:1000 2 h (Santa Cruz Biotechnology, Santa Cruz,
CA). All incubations forO-GlcNAcylation detection using anti-
body RL2 were conducted using blocking solution B. Bands
were visualized using ECL SuperSignal West Dura extended
duration substrate (Thermo Fisher Scientific). To prepare for
reprobing, the blot was stripped using a ReBlot Plus kit (Milli-
pore, Temecula, CA) according to themanufacturer’s protocol.
Each blot was probed twice, once for the InsP3R and once for
O-GlcNAcylation.
Western blots were analyzed by scanning densitometry com-

parisons of non-saturated bands using UN-SCAN-IT (Silk Sci-
entific, Orem, UT). Total pixels were measured, and values
were normalized to densitometry values of the loading control.
Calcium Imaging—Mz-ChA-1 cells were plated on 22 �

22-mm glass coverslips (Thermo Fisher Scientific) and grown
in sugar supplements for 72 h to a confluence of �70%. On the
day of imaging, coverslips were washed with HEPES-buffered
saline (HBS; 130mMNaCl, 4.7 mMKCl, 1.25mMCaCl2, 1.2 mM

KH2PO4, 1mMMgSO4, 19.7mMHEPES, and 5mM glucose (pH
7.4) with NaOH) and incubated in HBS supplemented with 6
�M Fluo-4/AM (Invitrogen) dissolved in 0.1% Pluronic F-127
(Invitrogen) for 30min at 37 °C, followed by a 10-min de-ester-
ification period in imaging solution. The coverslip was trans-
ferred into an open superfusion chamber (Warner Instruments,
Hamden, CT) and mounted onto the stage of a Diaphot fluo-
rescence microscope (Nikon Instruments, Melville, NY).
Fluo-4was illuminated through a�40 air objective from amer-
cury arc lamp, and emission was detected through a GFP filter
cube to a cooled CCD camera (NeuroCCD-SM256, RedShirt
Imaging, Decatur, GA).
AR4-2J cells were grown overnight on 22 � 22-mm glass

coverslips coated with poly-D-lysine hydrobromide (Sigma).
After sugar incubation, cellswerewashed and incubated inHBS
supplemented with 3 �M Fluo-4/AM and 1.0 mM probenecid
(water-soluble; Invitrogen) for 30 min, followed by a 15-min
de-esterification period inHBS supplementedwith 1.0mMpro-
benecid. The coverslip was transferred to a custom-built imag-
ing perfusion chamber and mounted onto the stage of an LSM
510 NLO inverted confocal laser scanning microscope (Axio-
vert 100, Carl Zeiss, Thornwood, NY) equipped with a Plan-
Apochromat 63 � 1.4 oil objective. Fluo-4 was excited with
laser light at 488 nm, and emission was detected with a 500/
550-nm band-pass filter.
Imaging experiments were conducted in calcium-free HBS

(with CaCl2 replaced with 1.25 mM MgCl2 and 0.1 mM EGTA).
All solutions throughout dye loading and perfusion were sup-
plemented with the indicated sugar. Cells were continuously
superfused. After acquiring a base line (60 s), cells were stimu-
lated with Mg-ATP (Mz-ChA-1 cells; Sigma) or carbachol
(AR4-2J cells; Sigma) (120 s), followed by a washout period (30
s) and a second stimulation to determine themaximum release.
Images were acquired at 1 Hz. There was no change in size,
shape, or location of cells.

Whole cell fluorescence was measured by defining each cell
as one region of interest. Data were further analyzed using
Microsoft Excel. The base line was defined as the average of the
10 pictures prior to the addition of agonist. Drift in the base line
due to stage drift was mathematically corrected using a linear
regression model. 15 images prior to the first stimulus and 15
images prior to the second stimulus were used to form a linear
function. The difference between the y value y1 of this function
for a certain point of time x and the base line defined as y0 � 0
for all xwas added to the corresponding value y2 to define�F/F0
of the calcium curve. Background fluorescence was subtracted
from all measurements. Increases in calciumwere expressed as
the ratio of the change in fluorescence intensity to base-line
fluorescence (�F/F0). Cells were scored as responders if the
peak height after stimulationwas 0.1 arbitrary unit greater than
the base line. Cells that had an abnormal morphological
appearance or cells that did not respond to stimulation with
high concentrations of agonist (10 �M Mg-ATP or 100 nM car-
bachol) were excluded from the evaluation.
Preparation of InsP3R-1 and InsP3R-3 Microsomes—InsP3R-

1 microsomes from mouse cerebella (Pel-Freez Biologicals,
Rogers, AR) were prepared as described previously (20). To
prepare InsP3R-3 microsomes, Mz-ChA-1 cells were grown to
confluence in T-75 flasks and harvested. Cells from three flasks
were pooled, washed with PBS, and centrifuged. The pellet was
resuspended in 1–2 ml of buffer H (250 mM sucrose, 5 mM

HEPES/KOH (pH 7.4), 1 mM EGTA, 1 mM DTT, and protease
inhibitors) and sonicated (2 � 10 s). Sonication was repeated
after the addition of 9 ml of buffer H. Sonicated cells were cen-
trifuged at 8000� g for 10min at 4 °C, and the supernatant was
saved and centrifuged again at 100,000 � g for 1 h at 4 °C. The
pellet was resuspended in 300 �l of buffer H without EGTA,
aliquoted, flash-frozen, and stored at �80 °C.
Preparation of Mouse Cerebellar Cytosol—Isolation of OGT

from rat brain cytosol was adapted for mouse cerebella using
previously described methods (28).
Single Channel Recordings—Cerebellarmicrosomes contain-

ing the InsP3R were incorporated into planar lipid bilayers and
recorded as described previously (20, 29, 30). The buffer on the
cis-side of the bilayer (corresponding to the cytosolic side of the
endoplasmic reticulum) contained 250mMHEPES and 110mM

Tris (pH 7.35). The buffer on the trans-side (corresponding to
the luminal side of the endoplasmic reticulum) contained 250
mM HEPES and 53 mM Ba(OH)2 (pH 7.35). After fusion, the
single channel activity of InsP3R-1 or InsP3R-3 was recorded in
the presence of 0.5 mM ATP or 2 mM ATP, respectively (as
indicated in Fig. 3), and 8 �M ruthenium red at pCa 6.8 on the
cytoplasmic side. InsP3 dependence was examined for both
subtypes by application of increasing concentrations of
InsP3 (Calbiochem) to the cis-compartment. Channel de-O-
GlcNAcylation was accomplished by the addition of a mixture
of 4 �l of OGA (Sigma) plus 1 �l of 5� manufacturer reaction
solution directly over the membrane on the cytoplasmic side
without stirring. To addO-GlcNAc to the channel, amixture of
1 �l of a 76 �M UDP-GlcNAc solution plus 4 �l of desalted
cerebellar cytosol was added directly over themembrane on the
cytoplasmic side without stirring. After 1 min, the reactions
were halted by stirring for 30 s. Experiments were recorded
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under voltage-clamp conditions, and the data were amplified
(BC-525C, Warner Instruments), filtered at 1 kHz by a low-
pass 8-pole Bessel filter, digitized at 10 kHz, and directly
transferred to a computer. Data were acquired and analyzed.
At least 2 min of recordings of each condition in each exper-
iment were used for calculations of open probability. Single
channel data were collected with Clampfit (Axon Instru-
ments, Foster City, CA), filtered digitally at 500 Hz, and pre-
pared for analysis. The representative traces shown in Fig.
3A were filtered at 200 Hz for the figure. Po was determined
with automatic event detection applying the half-threshold
crossing criteria (t � 2 ms) with pCLAMP 9 (Axon Instru-
ments) or analyzed manually.
Statistical Analysis—Data are displayed as means � S.E. Sta-

tistical differences between two groups were analyzed using
Student’s t test (InStat, GraphPad, San Diego, CA). Analysis of
more than two groupswas performed using one-way analysis of
variance formultiple groups, followed by a Bonferroni post-test
(InStat). Responding rates of cells in calcium imaging were
tested using a �2 test (SPSS, Chicago, IL). p � 0.05 was consid-
ered statistically significant and is indicated with asterisks on
Fig. 4. Fitting curves in Fig. 3 (C and D) are single rectangular
hyperbolas with two parameters fitted with SigmaPlot 10 (Sys-
tat Software Inc., San Jose, CA).

RESULTS

InsP3R-3 Is O-GlcNAcylated—To determine whether
InsP3R-3 is modified byO-GlcNAc, the human cholangiocarci-
noma cell line Mz-ChA-1 was used because this cell line
expresses predominantly InsP3R-3 (supplemental Fig. S1) (31).
For comparison, we used SH-SY5Y cells, which express pre-
dominantly InsP3R-1, andAR4-2J cells, which express predom-
inantly InsP3R-2 (supplemental Fig. S1) (26).

Mz-ChA-1 cells were grown in normal medium (containing
5.6mMglucose) or in normalmedium supplementedwith 8mM

GlcNAc. InsP3R-3 was immunoprecipitated from whole cell
lysate using an antibody recognizing InsP3R-3 (Fig. 1A) or
O-GlcNAc (RL2) (Fig. 1B). The sample immunoprecipitated
with anti-InsP3R-3 antibody showed a single InsP3R-3 band on
the immunoblot. Probing the same membrane with antibody
RL2 detected a band at the same location as InsP3R-3 (Fig. 1A),
indicating that InsP3R-3 is O-GlcNAcylated and that the ratio
of the intensity of the O-GlcNAc band to that of the corre-
sponding InsP3R-3 band as determined by densitometry is
higher in GlcNAc-treated cells. As in previous experiments in
which O-GlcNAcylation of InsP3R-1 was examined (20), mul-
tiple highmolecularmass bandswere presentwhen probing the
anti-InsP3R-3 antibody-immunoprecipitated samples with
anti-O-GlcNAc antibody RL2, and they likely represent addi-
tional O-GlcNAcylated proteins pulled down with the InsP3R.
When probing the sample immunoprecipitated with
anti-O-GlcNAc antibody, several O-GlcNAcylated proteins
were detected; probing with anti-InsP3R-3 antibody corre-
spondingly showed one band (Fig. 1B). This increase in
O-GlcNAcylation of the InsP3R could have led to an increase in
InsP3R-3 from samples immunoprecipitated with anti-
O-GlcNAc antibody; however, similar levels of InsP3R-3 were
detected in O-GlcNAc-treated and control samples. There are

several possibilities to explain this observation (inefficient
binding of anti-O-GlcNAc antibody, greater pulldown of other
O-GlcNAcylated proteins, or multipleO-GlcNAc sites on each
InsP3R-3 monomer), but the explanation remains for future
studies. Regardless of the explanation, the amount of
O-GlcNAcylation of InsP3R-3 immunoprecipitated from
O-GlcNAc-treated sampleswas greater than that of the control.
Next, we compared the effect of different treatments on

O-GlcNAcylation of InsP3R-3 (Fig. 2). Because of the lability of

FIGURE 1. InsP3R-3 is modified by O-GlcNAcylation. A and B, Western blot
analysis of InsP3R-3 immunoprecipitated (IP) from Mz-ChA-1 cell lysates using
anti-InsP3R-3 antibody or anti-O-GlcNAc antibody RL2, respectively. Cells
were grown for 72 h in normal medium (5.6 mM glucose) or in medium sup-
plemented with 8 mM GlcNAc as indicated. Membranes were probed with
anti-InsP3R-3 or anti-O-GlcNAc antibody, respectively. The arrows indicate the
InsP3R-3 band. Quantitation of bands was done as described under “Experi-
mental Procedures.” O-GlcNAcylation after treatment with 8 mM GlcNAc was
twice the amount in immunoprecipitates from untreated cell lysates (A).
O-GlcNAcylation after treatment with 8 mM GlcNAc was enhanced by 1.6-fold
in comparison with untreated InsP3R-3 (B). IB, immunoblot.

FIGURE 2. O-GlcNAcylation of InsP3R-3 in Mz-ChA-1 cells occurs in vivo.
A, Mz-ChA-1 cells were grown in medium supplemented with either 20 mM

mannitol (Ma; control; n � 4) or 8 mM glucosamine (GA; n � 3) for 72 h and
lysed, and 30 �g of protein was analyzed by Western blotting. B, to examine
O-GlcNAcylation under physiological conditions, Mz-ChA-1 cells were grown
for 72 h in medium supplemented with 20 mM mannitol or the physiological
sugar glucose at a concentration of 20 mM (total concentration of 25.6 mM),
and the whole cell lysate was analyzed by Western blotting (n � 4). Mem-
branes were probed with anti-InsP3R-3 or anti-O-GlcNAc antibody, respec-
tively. Results are shown as averaged densitometry values normalized to con-
trol values (20 mM mannitol) per blot; graphs are means � S.E. IP,
immunoprecipitation; IB, immunoblot.
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the O-GlcNAc linkage, we used full cell lysates rather than
immunoprecipitated samples for subsequent experiments to
minimize the delay between treatment and measurement.
When assessed in conjunction with the immunoprecipitation
data, this method provided a reliable estimate of the degree of
InsP3R-3 O-GlcNAcylation. Cells were grown for 72 h in nor-
mal medium supplemented with 20 mM mannitol or 8 mM glu-
cosamine (Fig. 2A). Mannitol was used as an osmotic control.
Membranes were probed with antibody RL2 or anti-InsP3R-3
antibody to confirm the identity of InsP3R-3 among the
O-GlcNAcylated bands. Results are shown as the ratio of the
density of theO-GlcNAc band to the density of the correspond-
ing InsP3R-3 band. Values were normalized to the ratio
obtained for mannitol treatment. An increase in O-
GlcNAcylation of InsP3R-3 was observed after incubation with
glucosamine (3.43 � 1.75, n � 3) (Fig. 2A). When cells were
treated with medium supplemented with 20 mM glucose (total
concentration of 25.6 mM), O-GlcNAcylation of InsP3R-3 also
increased (3.29 � 0.64, n � 4) (Fig. 2B). A similar increase in
O-GlcNAcylation of InsP3R-3 was seen in cells incubated in
medium supplemented with 8 mM GlcNAc for 72 h (data not
shown). These results show that InsP3R-3 is O-GlcNAcylated
and that the level ofO-GlcNAcylation can bemodulated by the
addition of extracellular sugars.

O-GlcNAcylation Has a Functional Impact on Single Chan-
nel Open Probability—To determine whether the addition of
O-GlcNAc also had functional effects on InsP3R-3 channels, we
incorporatedmicrosomes isolated fromMz-ChA-1 cells in pla-
nar lipid bilayers (Fig. 3A). Ruthenium red was added to inhibit
any ryanodine receptors (RyRs) that may have been present.
However, even if RyRs were present, previous studies found a
lack of functional changes associated withO-GlcNAcylation of
the RyR (20). No channel activity was observed under control
conditions (in the absence of InsP3 but in the presence of 2 mM

ATPand 8�M ruthenium red at pCa 6.8 on the cytoplasmic side
of the channel) (Fig. 3A, first trace). The addition of 5 �M InsP3
evoked channel activity (Fig. 3A, second trace) with an open
probability of 2.2 � 0.5% (n � 4) (Fig. 3B). To study the func-
tional effect of de-O-GlcNAcylation of InsP3R-3, we applied
OGA directly to the bilayer on the cytoplasmic side. This treat-
ment induced a decrease in the open probability (Fig. 3A, third
trace) to 0.8 � 0.4% (n � 4) (Fig. 3B). To reverse the effects of
OGA, cerebellar cytosolic extract containing high levels of
OGT and the GlcNAc donor UDP-GlcNAc were added to the
cytoplasmic side of the membrane. This treatment induced an
increase in channel activity (Fig. 3A, fourth trace). In channels
pretreatedwithOGA, channel activitywas increased afterOGT
addition to a value higher than in OGA-treated channels (2.4

FIGURE 3. Addition and removal of O-GlcNAc has subtype-specific effects on channel open probability of the InsP3R. A, the removal of O-GlcNAc
decreases and addition increases the channel open probability of InsP3R-3 inserted into planar lipid bilayers. All channel recordings were performed in the
presence of 2 mM ATP and 8 �M ruthenium red at pCa 6.8. Four representative traces of recordings of one InsP3R-3 from the same experiment are shown. First
trace, in the absence of InsP3, no channel activity was measured. Second trace, the addition of 5 �M InsP3 evoked channel activity. Third trace, the addition of
OGA to the cis-side of the channel and subsequent de-O-GlcNAcylation decreased channel open probabilities. Fourth trace, the addition of OGT to the cis-side
of the channel, causing O-GlcNAcylation, reversed the effect of OGA and increased channel open probabilities. Channel openings are defined as downward
deflections from the base line. B, the removal and addition of O-GlcNAc has reciprocal effects on the channel open probability of InsP3R-3. Recordings were
performed in the presence of 5 �M InsP3, 2 mM ATP, and 8 �M ruthenium red at pCa 6.8. The open probability of untreated channels incorporated in lipid
membranes was measured (mean � S.E., n � 4). Treatment with OGA, causing removal of O-GlcNAc, decreased open probability (mean � S.E., n � 4), whereas
following OGT treatment, the addition of O-GlcNAc increased channel activity (mean, n � 2). C, InsP3-dependent measurement of channel open probability.
The channel open probabilities of untreated and OGA-treated (deglycosylated) InsP3R-3 are shown for different InsP3 concentrations. Data points were
normalized to averaged values of untreated channels stimulated with 5 �M InsP3. D, the channel open probabilities of OGA-treated (deglycosylated) and
OGT-treated (O-GlcNAcylated) InsP3R-1 compared with previously published data for untreated WT InsP3R-1 (67) are shown for different InsP3 concentrations.
Data points were normalized to averaged values of channels stimulated with 2 �M InsP3. Data were taken from at least three independent experiments for each
[InsP3].
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and 3.3%, n� 2) (Fig. 3B), showing that OGT addition reversed
the effect of OGA. These values indicate that there is already a
certain amount of O-GlcNAc modification under basal condi-
tions of untreated InsP3R-3. Similar observations were made in
previousO-GlcNAcylation (20) and PKA phosphorylation (32)
experiments. The current amplitude was unchanged by
O-GlcNAcylation; at a holding potential of 0 mV, the single
channel current remained at 2 pA. These results show that
O-GlcNAc alters the activity of InsP3R-3 and that the modula-
tion is opposite that observed previously with InsP3R-1 (20).
To further characterize InsP3R-3 O-GlcNAcylation, the

effect of O-GlcNAc on the InsP3 dependence was measured
(Fig. 3C). As expected, a higher InsP3 concentration was
required to maximally activate InsP3R-3 than to maximally
activate InsP3R-1 under control conditions (33). When
InsP3R-3was treatedwithOGA to remove theO-GlcNAcmod-
ification, channel activity was decreased (Fig. 3C). A similar
series of experiments was done with InsP3R-1 isolated from
cerebellar microsomes. In this case, the addition of O-
GlcNAcylation decreased channel activation over the entire
concentration range tested, and treatment with OGA caused
channel activity to be increased at all InsP3 concentrations used
(Fig. 3D).
O-GlcNAcylation of InsP3R-3 Has Functional Effects on

Intracellular CalciumTransients—Wenext examinedwhether
there were any effects of O-GlcNAcylation of InsP3R-3 on cal-
cium transients in intact cells (Fig. 4) using Mz-ChA-1 cells
loaded with the calcium-sensitive dye Fluo-4/AM. After estab-
lishing a base line, cells were stimulated by the addition of 0.5,
1.0, 2.0, or 5.0 �M Mg-ATP, an agonist that increases intracel-
lular calcium by binding to P2Y receptors on the cell surface
(34). After a briefwashout period, a final stimulationwith 10�M

Mg-ATP was applied, serving as a viability control. Represent-
ative traces of single cells after stimulation with 1 �M Mg-ATP
followed by stimulation with 10 �M Mg-ATP are shown for
each treatment group (Fig. 4A).
Cells were scored as responding when the change in fluores-

cence in relation to base-line fluorescence was �F/F0 � 0.1
arbitrary unit.We compared the percentage of responding cells
grown in medium with 20 mM mannitol or 8 mM GlcNAc (Fig.
4B). With the addition of 0.5 �M Mg-ATP to GlcNAc-treated
cells, 57% responded (179 cells, n � 4, where n indicates the
number of independent cultures) in comparison with 36% cells
in the control group (246 cells, n � 6). The same effect was
observed for 1.0 �M Mg-ATP stimulation (55% of
GlcNAc-treated cells (278 cells, n � 6) versus 26% of control
cells (198 cells, n � 6)) and for 2.0 �M Mg-ATP stimulation
(89% of GlcNAc-treated cells (176 cells, n � 4) versus 29% of
control cells (155 cells, n � 4)). Stimulation with 5.0 �M Mg-
ATP showed a similar level of responding cells for both groups
(87%ofGlcNAc-treated cultures (370 cells, n� 9) versus 83%of
mannitol-treated cells (364 cells, n � 10)), indicating that the
maximum response frequency was reached. When comparing
mannitol- and GlcNAc-treated cells, a difference in the magni-
tude of calcium release was seen at all ATP concentrations
tested (Fig. 4C).

To test a more physiological stimulus of the HBP and sub-
sequent production of the substrate of O-GlcNAcylation,
UDP-GlcNAc, cells were incubated in medium supple-
mented with 20 mM glucose (total concentration of 25.6
mM). As shown above for GlcNAc-treated cells, the peak
height of the transient was higher in cells grown in glucose-
supplemented medium than in cells grown in mannitol-sup-
plemented medium (Fig. 4C). The percentage of responding
cells increased with increasing Mg-ATP concentrations and
was higher in glucose- than in mannitol-treated cells, but
with stimulation of 0.5 and 5.0 �M Mg-ATP, this parameter
did not differ significantly from the value obtained with cells
pretreated with mannitol (Fig. 4B).

FIGURE 4. O-GlcNAcylation alters intracellular calcium transients due to
extracellular stimulation. Shown are imaging data of Mz-ChA-1 cells grown
in different sugar media and stimulated with Mg-ATP. A, representative single
traces showing the time course for single cells stimulated with 1 �M Mg-ATP
and 10 �M for the second stimulus. B, percentage of cells responding to stim-
ulation with 0.5, 1.0, 2.0, and 5.0 �M Mg-ATP after incubation in different
media as indicated. C, peak heights of cell calcium response to Mg-ATP. Cells
were grown in different media as indicated. *, p � 0.05.
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InsP3R-2 Is Not O-GlcNAcylated, and Its Function Is
Unchanged by Incubation with GlcNAc—We next examined
whether therewere any effects ofO-GlcNAcylation of InsP3R-2
on calcium transients in intact cells (Fig. 5). Experiments were
performed as described above for InsP3R-3. When probing for
InsP3R-2, a band was detected at the expected molecular mass
(Fig. 5A, left panel), but probing for O-GlcNAc did not show a
band at the corresponding molecular mass even though other
proteins were O-GlcNAcylated (right panel). The same result
was obtained when cells were treated with 10 mM streptozoto-
cin for 60 min (Fig. 5B). An additional test was done by incu-
bating AR4-2J cells with 100 �M PUGNAc, followed by immu-
noprecipitation using anti-InsP3R-2 or anti-O-GlcNAc
antibody (Fig. 5C). When InsP3R-2 was immunoprecipitated,
InsP3R-2 was detected, whereas no corresponding O-
GlcNAcylation band was identified. In contrast, when
O-GlcNAc was immunoprecipitated, several O-GlcNAcylated
bands were detected, but there was no corresponding band
detected when probed for InsP3R-2.

Calcium transients were monitored to determine whether
treating AR4-2J cells with 20 mM mannitol, 20 mM glucose
(total concentration of 27 mM), 8 mM GlcNAc, or 10 mM strep-
tozotocin cells had any functional effects. There was no signif-
icant difference in the peak height (Fig. 5D) or the number of
cells responding (data not shown) among the different treat-
ment groups.

DISCUSSION

In this work, we have shown that modification of the InsP3R
by O-linked addition of N-acetylglucosamine is isoform-spe-
cific. We showed previously that the single channel activity of
InsP3R-1 is functionally altered by this new type of post-trans-
lational modification (20) and that O-GlcNAcylation of
InsP3R-1 decreases the receptor’s mobility in the membrane

(21). In this study, we found that InsP3R-3 but not InsP3R-2 is
O-GlcNAcylated and that modification of InsP3R-3 induces
functional changes that are opposite those found for InsP3R-1.
Functional data of the InsP3R obtained with planar lipid bilayer
experiments and whole cell calcium imaging complemented
each other. In bilayer experiments, we showed that O-GlcNAc
modification is intrinsic to the receptor; in whole cell calcium
imaging, we observed the same functional effect on the InsP3R
under more physiological conditions. Although it is possible
that other components of the calcium signaling pathway are
O-GlcNAc-modified as well (35) and may contribute to the
change in the calcium signal, the changes in the single channel
properties appear to be sufficient to account for the changes in
intact cells. With these results, it becomes evident that
O-GlcNAcylation is an important form of modification of the
InsP3R that links calcium signaling with glucose and energy
metabolism.
O-GlcNAcylation of the InsP3R Is Subtype-specific—In addi-

tion to the InsP3R, there are other types of intracellular calcium
channels, the RyR and polycystin-2 (PC2). We found that the
RyR is modified by O-GlcNAc but there was no functional
effect (20). Similarly, we found PC2 to be modified by
O-GlcNAc (supplemental Fig. S2), but no changes in function
related to modification of PC2 were observed. Although PC2 is
present in AR4-2J cells (supplemental Fig. S2), there was no
change in calcium signaling due to sugar treatment (Fig. 5), and
sugar treatment of cells had no effect on themobility of PC2 but
did alter InsP3R-1 mobility (21). These results suggest that
functional consequences of O-GlcNAc modification are spe-
cific for the InsP3R family of intracellular calcium channels.

For InsP3R-1, the addition of O-GlcNAc decreases the open
probability of its single channel currents and decreases agonist-
stimulated calcium transients in intact cells (20). O-GlcNAc

FIGURE 5. InsP3R-2 in AR4-2J cells is not O-GlcNAcylated. A, Western blot analysis of AR4-2J cell lysates incubated for 72 h in 20 mM mannitol or 20 mM glucose
as indicated. Membranes were probed for O-GlcNAc and InsP3R-2, respectively. The arrow indicates the height of the InsP3R-2 band, which was not recognized
by antibody RL2, showing that InsP3R-2 in AR4-2J cells is not glycosylated. B, Western blot analysis of AR4-2J cell lysates incubated for 72 h in 20 mM mannitol
(control (CTL)) or grown in normal medium and incubated with 10 mM streptozotocin (STZ) for 60 min. C, immunoprecipitation of InsP3R-2 with anti-InsP3R-2
antibody (lane 1), the control (CTL) with anti-HSP90 antibody (lane 2), and O-GlcNAcylated proteins with anti-O-GlcNAc antibody RL2 (lane 3) from AR4-2J
lysates from cells incubated in 100 �M PUGNAc for 24 h ahead of lysis. Western blot analysis was performed, and membranes were probed with anti-InsP3R-2
and anti-O-GlcNAc antibodies, respectively. The arrow indicates the expected height of the InsP3R-2 band. D, AR4-2J cells were grown on coverslips and
incubated in different sugar-containing media for 72 h as described. Cells were stimulated with 100 nM carbachol, and single calcium transients were measured.
ns, not significant; IB, immunoblot.
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modification of InsP3R-3 was detected, and the functional
response was opposite that of O-GlcNAc modification of
InsP3R-1 (Fig. 3, A–D). In contrast, InsP3R-2 from AR4-2J cells
was notmodified byO-GlcNAcylation, and there were no func-
tional changes after sugar treatment (Fig. 5), even though
AR4-2J cells contain both OGA and OGT, the enzymes neces-
sary for O-GlcNAcylation (supplemental Fig. S3B). At similar
levels of OGT and OGA, InsP3R-1 and InsP3R-3 could be
detected asO-GlcNAcylated proteins (supplemental Fig. S4). It
is possible that the lack ofO-GlcNAc modification of InsP3R-2
is specific for a splice variant of InsP3R-2 found in the cell line
AR4-2J. Support for this suggestion includes the observation
that the shortening rate in cardiomyocytes, a tissue that
expresses predominantly InsP3R-2 (36), is altered after expres-
sion of the enzymes for O-GlcNAcylation (22). Also, several
splice variants of InsP3R-2 were identified in a number of tis-
sues, including the submandibular gland, thymus, and liver (37,
38).
The InsP3R is post-translationallymodified through a variety

of other pathways, including phosphorylation (19), N-glycosy-
lation (39), and ubiquitination (40). Ubiquitination was shown
to occur on all InsP3R subtypes at approximately the same site
and with a similar functional consequence (40, 41), whereas
phosphorylation of the InsP3R is isoform-specific (19). It is now
clear thatO-GlcNAcmodification is an additional and comple-
mentary subtype-specific regulation of the InsP3R.
Functional Consequences of O-GlcNAcylation—InsP3R-1

and InsP3R-3 were each biochemically modified by O-
GlcNAcylation, and channel function was altered in response
to elevation of extracellular sugar as demonstrated by single
channel activity (Fig. 3) or InsP3-induced calcium release in
intact cells (Fig. 4). On the other hand, InsP3R-2 was not mod-
ified and had no functional changes when sugar levels were
modified. Evenmore interesting, the effect ofO-GlcNAcylation
on InsP3R-1 was opposite that for InsP3R-3 (compare Figs. 3
and 4). This finding is reminiscent of the reciprocal response of
InsP3R-1 and InsP3R-3 to PKA phosphorylation. When a pro-
tein isO-phosphorylated, a negative charge is added to the pro-
tein, potentially changing its electrostatic character. This
change in electrostatics could result in a conformational change
in the protein that would affect intradomain and protein-pro-
tein interactions (42). In contrastO-GlcNAcylation is the addi-
tion of a neutral moiety and is therefore more likely to alter the
accessibility of a regulatory site. For example, when many pro-
teins are O-GlcNAcylated, it is not possible to subsequently
phosphorylate the protein (43).
Our results suggest that the InsP3 dependence of channel

opening is altered by O-GlcNAcylation and that these changes
could define the threshold at which a cell responds to an InsP3-
generating stimulus. This is similar to the effect of adding ATP,
which enhances the channel activity but does not open the
channel itself (33, 44, 45), or phosphorylation by PKA, which
increases the sensitivity of InsP3R-1 to InsP3without shifting its
bell-shaped calcium dependence (46–48). Turnover of InsP3
and nucleotides like ATP is very fast (49), whereas O-GlcNAc
modification occurs on a slower time scale (50). In this way,
O-GlcNAcylation could provide a dynamic, albeit more long-
lasting, way to modulate the InsP3R.

O-GlcNAcylation of the InsP3R, Nutrient Sensing, and Dia-
betes—Several recent reviews have focused on the role of
O-GlcNAcylation as a nutrient-sensing mechanism (13, 14).
The synthesis of UDP-GlcNAc as the substrate for OGT
through the HBP and subsequent O-GlcNAc cycling through
OGTandOGAwere termed the hexosamine signaling pathway
(14). The enzymes of the hexosamine signaling pathway are
highly regulated (supplemental Fig. S3, A, C, and D). GFAT is
the rate-limiting enzyme of the HBP (51), and it can be inhib-
ited by high levels of UDP-GlcNAc (52). Glucose has to be
metabolized to glucosamine 6-phosphate by GFAT to enter the
HBP, whereas phosphorylated glucosamine can enter the HBP
directly, bypassing this enzymatic step. In our experiments,
O-GlcNAcylation and its functional effects as seen through cal-
cium imaging were more pronounced in cells incubated in
medium containing glucosamine than in those incubated in
glucose-containing medium. This observation is consistent
with previous studies of the regulation of the HBP pathway (53,
54). Blocking GFAT inhibited the effects of glucose incubation,
whereas glucosamine was active because it was able to bypass
this enzyme (55). We also found that expression of GFAT and
OGT was down-regulated in cells incubated in glucose or glu-
cosamine (supplemental Fig. S3D). This down-regulation may
reflect amechanism to protect the cell fromglucose overload or
glucose toxicity, where high concentrations of glucose induce
tissue damage as a consequence of the accumulation of
advanced glycation end products (15).
InsP3R-3 is the most abundant subtype in tissues involved in

secretion, including bile duct cells (�80%) (56), pancreatic
islets, and �-cell lines (57). The recent observation that InsP3R-
2/3 double knock-out mice are deficient in saliva and gastric
juice secretion (58) supports this conclusion. As a sensor of
extracellular glucose concentration through the hexosamine
signaling pathway, O-GlcNAcylation of the receptor could
lower the threshold for initiation of InsP3-induced calcium
release and therefore enhance InsP3R-3 activity. This could be
an important mechanism for adjusting the secretion of gastric
juices to match the supply of nutrients.
The InsP3R is involved in insulin secretion (59), and pancre-

atic�-cells expressmuchmoreOGT than any other known cell
type (24), suggesting that our findings could be relevant for
regulation of insulin signaling. Pancreatic �-cells respond to
high glucose, the primary stimulus for insulin secretion, by an
alteration in the InsP3R pathway. This may occur, at least in
part, through InsP3R O-GlcNAcylation. Incubation of rat pan-
creatic islet cells for short periods in high glucose enhanced
transcription and protein expression of InsP3R-3 (60). Chronic
elevation of glucose instead caused a down-regulation of
InsP3R-3 mRNA and protein levels accompanied by an up-reg-
ulation of InsP3R-2 (61). Similarly, the expression level of
InsP3R-3was decreased in pancreatic acini of diabetic rats com-
pared with normal acini (62). Thus, a response of the �-cell to
high glucose would involve two possible regulatory mecha-
nisms depending upon the InsP3R: a change in channel activity
through direct post-translational modification by O-GlcNAc
and a change in protein expression through the effect of
O-GlcNAcylation on the activity of transcription factors
and transcription (63–65). Thus, O-GlcNAc modification of
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InsP3R-3 adds an important piece to the puzzle of how to fine-
tune �-cell insulin secretion in response to a variety of nutrient
stimuli.
In addition to its role in nutrient sensing, O-GlcNAc is a

global player in a multitude of physiological and pathophysio-
logical processes, including growth,metabolism, cellular stress,
circadian rhythms, and immune reactions (14). The InsP3R
itself plays a physiological role in many of these processes (6),
often in an isoform-specific manner. At the same time, glucose
has an impact on the specificity of InsP3R isoform expression
(60–62, 66) and on the mobility of InsP3R-1 (21), all processes
that influence subcellular levels of the InsP3R and spatial cal-
cium signaling. We have shown here that glucose also has an
isoform-specific functional impact on InsP3R-1 and InsP3R-3
through O-GlcNAc modification. The subtype-specific modu-
lation of the InsP3R by O-GlcNAcylation can be seen as an
additional mechanism for fine-tuning InsP3-mediated calcium
release and for providing an intersection of the hexosamine
signaling pathway and intracellular calcium signaling.
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