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Background: We studied effects of N-linked sugar residues on the sensory ion channel, TRPV1.
Results: Glycosylation of TRPV1 did not alter cell surface expression but was necessary for sustained cell calcium responses to

allow uptake of YO-PRO-1 dye.

Conclusion: N-Glycosylation regulated inactivation and ion selectivity but not expression of TRPV1.
Significance: N-Glycosylation is a basic regulatory mechanism of TRPV1.

The balance of glycosylation and deglycosylation of ion channels
can markedly influence their function and regulation. However,
the functional importance of glycosylation of the TRPV1 receptor,
a key sensor of pain-sensing nerves, is not well understood, and
whether TRPV1 is glycosylated in neurons is unclear. We report
that TRPV1 is N-glycosylated and that N-glycosylation is a major
determinant of capsaicin-evoked desensitization and ionic perme-
ability. Both N-glycosylated and unglycosylated TRPV1 was
detected in extracts of peripheral sensory nerves by Western blot-
ting. TRPV1 expressed in HEK-293 cells exhibited various degrees
of glycosylation. A mutant of asparagine 604 (N604T) was not gly-
cosylated but did not alter plasma membrane expression of
TRPV1. Capsaicin-evoked increases in intracellular calcium
([Ca®*],) were sustained in wild-type TRPV1 HEK-293 cells but
were rapidly desensitized in N604T TRPV1 cells. There was
marked cell-to-cell variability in capsaicin responses and desensi-
tization between individual cells expressing wild-type TRPV1 but
highly uniform responses in cells expressing N604T TRPV1, con-
sistent with variable levels of glycosylation of the wild-type chan-
nel. These differences were also apparent when wild-type or
N604T TRPV1-GFP fusion proteins were expressed in neurons
from trpvI~'~ mice. Capsaicin evoked a marked, concentration-
dependent increase in uptake of the large cationic dye YO-PRO-1
in cells expressing wild-type TRPV1, indicative of loss of ion selec-
tivity, that was completely absent in cells expressing N604T
TRPV1. Thus, TRPV1 is variably N-glycosylated and glycosylation
is a key determinant of capsaicin regulation of TRPV1 desensitiza-
tion and permeability. Our findings suggest that physiological or
pathological alterations in TRPV1 glycosylation would affect
TRPV1 function and pain transmission.
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The regulation of glycosylation status and the ways it affects
protein function are incompletely understood, and the lack of
general principles means that they must be determined empir-
ically for most proteins of interest. The balance of glycosylation
states has functional consequences for many receptors and ion
channels by several mechanisms. N-Glycosylation of newly syn-
thesized proteins influences protein trafficking to the cell mem-
brane, can alter functional characteristics and is likely to play a
role in physiological regulation (1). The importance of glycosyl-
ation status in neurological states is demonstrated in congenital
glycosylation disorders (2). In this study we evaluated N-glyco-
sylation of the nonspecific cation channel, Transient Receptor
Potential Vanilloid Type 1 (TRPV1)? which is a key sensor of
pain-sensing nerve fibers. We determined the glycosylation sta-
tus of TRPV1 and investigated the functional consequences of
glycosylation at asparagine 604 (N604) in primary neurons and
transformed cells.

There are conflicting reports about the glycosylation state of
TRPV1. Endogenous TRPV1 in dorsal root ganglia (DRG) was
not found to be glycosylated (3). However, when heterologously
expressed in HEK-293 cells and in DRG-derived F-11 cells,
TRPV1 was reported to be N-glycosylated at asparagine 604, a
position close to both the presumed pore-forming region (3, 4)
and a glutamate important for activation by protons (5). N-Gly-
cosylation can modulate the activities of TRPV1 and related
channels (6-9). In these studies, mutation of the putative
N-glycosylation site of TRPV1 to N604T reduced the maxi-
mum capsaicin current, the pH dependence of the capsaicin
response and the antagonistic effects of capsazepine, but
increased the potency of capsaicin (6). However, that study did
not assess whether glycosylation influenced the expression or
membrane-targeting of TRPV1, and electrophysiological
experiments were at room temperature and used Ba®>" as the
charge carrier in Ca”*-free solution to prevent normal TRPV1

2 The abbreviations used are: TRPV1, transient receptor potential vanilloid 1;
DRG, dorsal root ganglia; TG, trigeminal ganglia; TfR, transferrin receptor;
PNGase F, N-glycosidase F; [Ca®*], intracellular calcium concentration.
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desensitization (10). The influence of N-glycosylation of
TRPV1 on desensitization and permeability are unknown. An
understanding of the mechanisms of TRPV1 regulation is
important because painful stimuli, such as capsaicin from chili
peppers and protons that are generated during inflammation,
directly activate TRPV1, and many receptors indirectly sensi-
tize TRPV1 by post-translational mechanisms that include
channel phosphorylation (11).

In addition to its permeability to small cations like Na™*, K™,
and Ca®" and Ba®", TRPV1 can also enter an open state that is
permeable to larger cations, termed pore dilation (12, 13).
Other TRP channels can also exhibit pore dilation, which can
be assessed by measuring uptake of the blue fluorescent cati-
onic dye YO-PRO-1 (14, 15). Pore dilation has physiological
and pharmacological ramifications because it may enhance
uptake of small cations such as Ca®", which can influence
TRPV1 desensitization and down-stream signals, including
Ca®"-dependent neuropeptide release and neurotoxicity. Pore
dilation may also facilitate the delivery of otherwise imper-
meant drugs into cells (16). The role of N-glycosylation in
TRPV1 channel pore dilation is not known. Herein we report
N-glycosylation of endogenous and heterologously expressed
TRPV1 and describe a major effect of N-glycosylation on the
TRPV1 desensitization and ion permeability.

EXPERIMENTAL PROCEDURES

Reagents—Cell culture reagents were from Invitrogen (Mul-
grave, Victoria, Australia) and agonists were from Sigma unless
otherwise stated.

Animals—Sensory neurons were cultured from 4 -7-week-
old male Sprague-Dawley rats or 4 —6-week-old male trpvI ™'~
mice (B6.129X1-Trpv1™Y"/]) (Jackson Laboratories, Bar Har-
bor, ME). Animals had free access to food and water witha 12 h
light/dark cycle. All procedures conformed to the National
Health and Medical Research Council, Australia code of prac-
tice for the use of animals in research and were approved by the
appropriate Animal Experimentation Ethics Committees at the
University of Melbourne or the University of California, San
Francisco.

Construction of TRPVI Expression Vectors—Rat TRPV1
clone in pcDNA5/FRT/TO (17) was obtained from Novartis
(Horsham, UK). An HA11 epitope tag was added to the car-
boxy-terminus to facilitate detection and site-directed
mutagenesis was performed to generate untagged or tagged
N604T TRPV1 (see supplemental Experimental Procedures).
The N604T mutation was chosen for replication and extension
of previous studies (4, 6).

Transfections and Generation of Cell Lines—T-Rex-293
(HEK-293) FlpIn cells (Invitrogen) were used to generate stable
cell lines expressing unmodified or HA-tagged wild type and
N604T rat TRPV1, as previously described for CHO cells (17).
Expression was induced with 1 ug/ml tetracycline 4 h prior to
testing unless otherwise stated. Transient transfection of
trpvl~’~ mouse DRG cells with wild type- or N604T-rat
TRPV1-eGEFP fusion constructs was achieved using an Amaxa
Nucleofector (Lonza, Walkersville, MD). The fusion construct,
pZS5 was a kind gift from Dr Zoltan Sandor, University of Pécs,
Hungary (18). Cells were imaged 24 to 48 h after transfection.
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Western Blotting—Proteins were resolved in Criterion
4-15% Tris-glycine gels (Bio-Rad) and electroblotted onto
nitrocellulose membrane (Protran, Whatman GmbH, Dassel,
Germany). Blotted nitrocellulose filters were blocked with
TBS-T (25 mm Tris-HCI (pH 7.2), 150 mm NaCl, 0.01% Tween
20) containing 5% dried nonfat milk overnight at 4 °C. Mem-
branes were incubated with primary antibody (anti-TRPV1
Rb1-130-199-ws (from Flinders University, South Australia);
monoclonal anti-HA 1:2000 (from Sigma-Aldrich); or anti-
transferrin receptor 1:1000) from Invitrogen, Mulgrave, Victo-
ria, Australia), in TBS-T and 5% dried nonfat milk for 2 h,
washed three times in TBS-T and incubated with 1:5000 IRDye
680 goat anti-rabbit and/or IRDye 800 donkey anti-mouse IgG
in TBS-T and 5% dried nonfat milk for 1 h. Membranes were
imaged using an Odyssey Infrared imager (Li-Cor Biosciences,
Nebraska). Signal density of anti-HA and T1R signal was quan-
tified using Image]J software (20).

Surface Biotinylation Assay and PNGase F Treatment—Cell-
surface labeling was performed with EZ-Link Sulfo-NHS-LC-
Biotin (Pierce) as described previously (19). Western blot pixel
intensities were quantified relative to transferrin receptor pro-
tein (TfR). N-Glycosidase F (500 units) treatment of protein
lysate was performed according to the manufacturer’s instruc-
tions, without boiling (New England Biolabs, Ispwich, MA). To
improve resolution rat tissue lysates were treated for 30 min at
room temperature with 0.1 M DTT prior to SDS-PAGE.

Measurement of [Ca’" ]—Details of [Ca®>"], measurement
are provided in detail in supplemental Experimental Proce-
dures. For population studies, cells were seeded and grown to
near-confluence over 48 h and [Ca®"], was measured by Fura-2
fluorescence (340/380 nm excitation/510 nm emission; every
4 s) using a FlexStation 3 fluorimeter (Molecular Devices,
Sunnyvale, CA) as described previously (19). Data were plotted
as the means * S.E. [Ca®"], in individual cells was measured
with a Leica AF-6000 LX fluorescent imaging system (Leica,
Germany) every 5 s with 510 nm emission intensity at 340
nm/380 nm excitation. HEK-293 cell images were acquired
with a 20X dry objective (310 ms exposure), neuron images
acquired with a 10x dry objective (148 ms exposure) on a heated
stage (37 °C) and HEPES-buffered solution pre-equilibrated to
37 °C. Image stacks were processed using Image] software (20).
In neuronal cultures, capsaicin-responsive cell bodies in the
microscopic field were selected as a region of interest (ROI). In
HEK-293 cultures, each cell was automatically delineated into a
RO, and the time course of the median Fura-2 ratio for each
ROI was combined and plotted as the mean * standard
deviation.

Data Analysis—Acute desensitization was measured as the
difference between the maximum response (within the first
60 s) and the last measured response level (105 s after capsaicin
addition). For cells (or wells) with well-defined early peaks fol-
lowed by fading of the response, the desensitization index was a
positive value. Cellular activation by capsaicin was determined
by concentration-response curves using the maximum
response (peak in first 60 s). The largest observed rate of change
in the first 60 s (i.e. the steepest slope of the Fura-2 ratio
response was also measured.

VOLUME 287 +NUMBER 28+JUNE 22, 2012


http://www.jbc.org/cgi/content/full/M112.342022/DC1
http://www.jbc.org/cgi/content/full/M112.342022/DC1
http://www.jbc.org/cgi/content/full/M112.342022/DC1

A HEK rTRPV1 rat tissue

Deep
NT WT N604T TG DRG Sciatic  peroneal
PN F: - -+ -+ -+ -+ -+ -+
Gase 150
| o - g 10
4 175
B Whole lysate C Cell surface
rTRPV1-HA: WT N604T WT N604T
anti-HA
branched — 1 .-
unbranched —_ P -100 ——
unglycosylated — | - — s -
-100 anti-TfR
— - —
! -75

FIGURE 1. TRPV1 expression and glycosylation. A, expression patterns of
wild type and N604T TRPV1 in HEK-293 cells and from rat trigeminal ganglion
(TG), dorsal root ganglion (DRG), peripheral sciatic and peroneal nerve seg-
ments were compared before and after digestion by PNGase F, as indicated.
The Western blot in panel A was probed with anti-TRPV1 antibody. The
expression levels of HA-tagged wild-type and N604T TRPV1 from (B) whole
cell lysates and (C) biotinylated cell surface fractions were used to compare
expression levels (normalized to transferrin receptor). No difference was
observed between wild-type and N604T biotinylated protein (p = 0.08,
paired t test, n = 6).

YO-PRO-1 Assay—YO-PRO-1 was injected into wells to a
final concentration of 2 um in HEPES buffered solution and
monitored by fluorescence (485 nm excitation/516 emission)
every 10 s using the FlexStation 3 fluorimeter. Capsaicin solu-
tions were injected at 280 s.

RESULTS

TRPV1 is N-Glycosylated at the Plasma Membrane and in the
Soma and Axons—Because there are conflicting reports about
TRPV1 glycosylation in neurons (3) and cell lines (6), we exam-
ined whether n-glycosidase F (PNGaseF) affected the apparent
molecular weight of TRPV1 by Western blotting usinga TRPV1
antibody. Analysis of HEK-293 cells expressing rat TRPV1, rat
trigeminal and dorsal root ganglia, and peripheral sciatic and
deep peroneal nerve segments, detected a predominant form of
TRPV1 of 95 kDa (Fig. 1A4). PNGase F-treatment reduced the
molecular weight of TRPV1 to 86 kDa. Analysis of lysates of
HEK-293 cells expressing HA11-tagged TRPV1 revealed bands
that are consistent with previous studies (4) and have previ-
ously been predicted to correspond to simple and complex gly-
cosylated forms of TRPV1 (Fig. 1B). In cells expressing a
glycosylation-defective TRPV1 mutant (N604T), only ungly-
cosylated TRPV1 (86 kDa) was detected. To assess whether
TRPV1 is glycosylated at the plasma membrane, we biotiny-
lated and enriched cell surface proteins by streptavidin pull-
down, followed by Western analysis. Unglycosylated and glyco-
sylated TRPV1 were detected at the plasma membrane of cells
expressing wild-type but not N604T (Fig. 1C). By combining
the signal densities of all glycosylated species, similar levels of
expression were measured for wild-type and N604T TRPV1 in
whole lysates. Despite the presence of multiple bands, signal
density measurements of TRPV1 in the biotinylated cell surface
fractions (relative to the TfR immuno-blot control) revealed no
significant difference between wild-type and N604T TRPV1
protein (p = 0.08, paired ¢ test, n = 6).
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Thus, TRPV1 is N-glycosylated at asparagine 604, and glyco-
sylated TRPV1 is present in the soma (ganglia) and in axons
(nerve trunks). Glycosylated TRPV1 is present at the cell-sur-
face, but glycosylation is not essential for the localization of
TRPV1 at the plasma membrane in our expression system.

N-Glycosylation Impedes Acute TRPV1 Desensitization—To
assess the functional importance of TRPV1 glycosylation, we
compared capsaicin-induced increases in [Ca®*], between pop-
ulations of HEK-293 cells expressing wild-type or N604T
TRPV1. The resting [Ca® "], was slightly higher in cells express-
ing wild-type TRPV1 (Fura-2 ratios: wild-type 1.64 = 0.04 ver-
sus N604T 1.36 = 0.01, p < 0.001 ¢ test, Fig. 2, A and B). Since
wild-type and N604T TRPV1 were expressed at similar levels
(Fig. 1, B and C), this difference is a consequence of altered
function of N604T TRPV1. However, there were marked differ-
ences in the duration of capsaicin signals between cells express-
ing wild-type and N604T TRPV1. In cells expressing wild-type
TRPV1, capsaicin stimulated a concentration-dependent
increase in [Ca®*]; that was sustained for >105 s (Fig. 24). In
contrast, capsaicin responses in cells expressing N604T TRPV1
were sustained at low concentrations of capsaicin but transient
at concentrations of capsaicin of =300 nm (Fig. 2B). This fading
of responses likely represents acute TRPV1 desensitization.
Altered desensitization was maintained in cells expressing HA-
tagged wild-type or N604T TRPV1 (Fig. 2C).

To evaluate this difference in capsaicin-evoked desensitiza-
tion, we expressed the data as a capsaicin concentration-depen-
dent desensitization curve. We defined desensitization as the
maximal Fura-2 ratio detected within 60 s after capsaicin expo-
sure minus the ratio at 105 s, and plotted this against the tested
capsaicin concentrations (Fig. 34). Whereas wild-type TRPV1
exhibited minimal desensitization to any concentration of cap-
saicin, N604T TRPV1 strongly desensitized to >300 nm capsa-
icin (Fig. 3B) and it had a bell-shaped concentration response,
which is consistent with the ability of high concentrations of
capsaicin to overcome desensitization induced by prior appli-
cation of lower concentrations (21).

By altering the TRPV1 induction time with tetracycline, we
were able to study the effect of channel expression on capsaicin-
induced desensitization. Analysis of expression kinetics and
degree of desensitization indicated that the differential desen-
sitization of wild-type TRPV1 and N604T TRPV1 is a conse-
quence of altered channel function rather than expression lev-
els (supplemental Figs. S2 and S3).

Capsaicin concentration-response curves derived from the
maximal Fura-2 ratios were biphasic in cells expressing wild-
type and N604T TRPV1, but maximum responses were greater
in cells expressing wild-type TRPV1 (Fig. 3C) (wild-type 3.93 =
0.18 versus N604T 2.98 = 0.21, p = 0.01 ¢ test). Since the more
rapid desensitization of N604T TRPV1 would be expected to
depress the maximal responses to capsaicin, we also analyzed
the maximal rate of change of [Ca®"], an early index of
response that should be less affected by acute desensitization
(Fig. 3A). The resulting concentration-response curves were
almost identical, with similar maximum responses and poten-
cies (Fig. 3D) (ECs,, -log M, wild-type 6.36 = 0.13 versus N604T
6.17 = 0.08, p = 0.07 ¢ test).
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FIGURE 2. Time courses of TRPV1 HEK-293 cell responses to capsaicin. Capsaicin was applied at time 0 at concentrations from 1 nmto 10 um to HEK-293 cells
expressing TRPV1 (A) or N604T TRPV1 (B) for clarity, the responses to the 3, 30, 300, and 3000 nm have no marker points. C, responses to 10 um capsaicin of cells
expressing HA-tagged (squares) or untagged (circles) versions of the TRPV1 (open symbols) and N604T channels (filled symbols). Data are from n = 6 experiments

conducted in triplicate.
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FIGURE 3. Capsaicin concentration-response curves for HEK-293 TRPV1
cellsand N604T TRPV1 cells. Data are from the experiments shown in Fig. 2,
expressed as mean = S.E. A, schematic representing measurements for max-
imal rate of change, maximum [Ca?*]; and desensitization. Desensitization
was calculated as the difference between the maximum [Ca®*]; during the
first 60 s of agonist exposure and the Fura-2 ratio at 105 s post-application.
TRPV1 cells (open symbols) and N604T TRPV1 cells (filled symbols). B, capsaicin
concentration-dependent desensitization curves. C, Capsaicin concentra-
tion-dependent curves expressed as A[Ca’"]; represents that maximal

i

change in [Ca®*];in the first 60 s. D, responses expressed as the maximal rate
of change to minimize effects of desensitization.

Thus, despite a similar potency and efficacy of the immediate
response to capsaicin in cells expressing wild-type and N604T
TRPV1, a sustained response to higher concentrations of cap-
saicin is only observed in cells expressing the wild-type channel.
Our results suggest that N-glycosylation impedes TRPV1
desensitization.

Nonspecific removal of TRPV1 N-glycosylation using phar-
macological and enzymatic approaches was also performed.
Inhibiting glycoprotein synthesis of wild-type or N604T
TRPV1 cells with tunicamycin (30 pg/ml for 4 h) causes com-
parable reductions in capsaicin responses. This is indicative of a
role for glycoproteins in the synthesis and assembly of TRPV1
in both cell types (supplemental Fig. S4A4). Treatment of living
TRPV1 cells with the endoglycosidase PNGaseF (1000 units/ml
for 4 h) also shows no effect on TRPV1 capsaicin responses
(supplemental Fig. S4B). This supports a mutagenic approach
for understanding the functional importance of TRPV1
N-linked glycosylation.
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Cells Expressing Glycosylation-defective N604T TRPVI1 Uni-
formly Desensitize to Capsaicin—W estern analysis of HEK cells
expressing wild-type TRPV1 revealed various states of channel
glycosylation, possibly between individual cells. If N-glycosyla-
tion impedes desensitization, then cell-to-cell variability in
TRPV1 desensitization would be large in cells expressing wild-
type but not N604T TRPVI1. To examine this hypothesis, we
studied the kinetics of capsaicin-evoked changes in [Ca>"], in
individual cells expressing wild-type or N604T TRPV1. Cells
were challenged with a single concentration of capsaicin (wild-
type, 0.3-3 um, N604T 0.3—-10 um). Consistent with our obser-
vations in populations of cells, the average resting [Ca*>*], in
cells expressing wild-type TRPV1 was slightly higher than in
cells expressing N604T TRPV1 (95% confidence intervals, wild-
type 0.216 to 0.219 versus N604T 0.185 to 0.187). However, the
basal values were more variable between cells expressing wild-
type than N604T TRPV1 (Fura-2 standard deviations, wild-
type 0.140 versus N604T 0.093) (Fig. 4A). This heightened var-
iability of [Ca’®"], in cells expressing TRPV1 remained in
capsaicin-evoked responses, with some cells expressing a sus-
tained response to capsaicin and others a transient response. In
contrast, cells expressing N604T TRPV1 always displayed a
transient response (Fig. 4B). A plot of desensitization versus the
rate of activation of wild-type TRPV1 revealed two distinct
populations of cells, one with direct proportionality between
desensitization and activation, and another where there is little
desensitization relative to the activation (Fig. 4C). An arbitrary
linear boundary divides these populations, yielding 21.9 to
23.7% (95% confidence interval) of the cells expressing sus-
tained responses. The responses of cells expressing N604T
TRPV1 was much less variable and similar to the desensitizing
response observed for this mutant in populations of cells (Fig.
4D). Almost all of the N604T cells gave transient responses,
with only 2.4 to 3.1% (95% confidence interval) displaying sus-
tained responses. It is likely that the subpopulation of wild-type
TRPV1-expressing cells exhibiting sustained responses is also
responsible for the difference in time course seen at the popu-
lation level because while they are a relatively minor population
(~20%), their individual maximal Fura-2 response was more
than twice that of the larger subpopulation (95% confidence
intervals 1.09 to 1.12 versus 0.41 to 0.42). Thus, variability in
desensitization rates between cells expressing wild-type
TRPV1 is likely due to cell-to-cell differences in TRPV1
glycosylation.
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FIGURE 4. TRPV1 desensitization in cell populations. A, typical Fura-2 ratiometric images and time-course of [Ca®*]; (340/380 nm; mean = S.D.) from
individual HEK-293 cells expressing TRPV1 in one microscopic field (200X, ~500 cells), following application of 1 um capsaicin. B, 200X microscopic field and
time-course (mean = S.D.) of N604T mutant TRPV1 cells following application of 3 um capsaicin. 1 min vehicle only control and 5 min capsaicin treatments are
indicated. C and D, relationship between maximal rate of change in [Ca®"]; (activation) within the first 60 s of capsaicin exposure and desensitization after 180 s
are shown for individual HEK293 cells expressing TRPV1 (C) or N604T (D). Negative values of desensitization result from responses that increase between 60 s
and 180 s. Each graph shows the results from multiple experiments in which responses of all cells in a microscopic field were assessed. Wild-type TRPV1 (C) data
are from 8324 cells in 14 experiments with capsaicin concentrations of 0.3, 1, and 3 um. N604T data (D) are from 10054 cells in 15 experiments with capsaicin
concentrationsof 0.3, 1, 3,and 10 um. The dashed lines are an arbitrary boundary between cells expressing well-sustained responses and cells with desensitizing

responses.

N-Glycosylation Determines TRPV1 Desensitization in Sen-
sory Neurons—To determine if acute desensitization of native
TRPV1 occurs in sensory neurons, we measured the capsaicin
(1 um) responses of neurons from trigeminal ganglia. A range of
desensitization rates was detected (Fig. 5, A--C), consistent
with a range of glycosylated forms of native TRPV1 to be pres-
ent in sensory neurons. To determine if the differences in
desensitization between wild-type and N604T TRPV1 are also
retained in sensory neurons, we expressed wild-type and
N604T rat TRPV1-GFP fusion proteins in DRG neurons from
trpvl '~ mice. Consistent with responses measured in cell
lines, 1 uMm capsaicin evoked sustained increases in [Ca®"]; in
neurons expressing wild-type TRPV1-GFP (over a 85 s period)
and acute desensitization in neurons expressing N604T-GFP
(Fig. 5D). Neurons expressing wild-type TRPV1 showed vari-
able capsaicin desensitization rates, whereas variability was
minimal in neurons expressing N604T TRPV1.

N-Glycosylation Is Required for Capsaicin-evoked Pore Dila-
tion of TRPV1—Since N-glycosylation of residues adjacent to
the channel pore may influence ion selectivity of TRPV1, we
investigated capsaicin-dependent uptake of the large fluores-
cent cationic dye, YO-PRO-1, into HEK-293 cells expressing
wild-type or N604T TRPV1 using fluorimetry (15). A low rest-
ing uptake of YO-PRO-1 was identical for cells expressing wild-
type or N604T TRPV1 (Fig. 6A). Consistent with the previous
uptake studies (15), capsaicin evoked a large, concentration-de-
pendent uptake of YO-PRO-1 into cells expressing wild-type
TRPV1 (Fig. 6B) but not into cells expressing N604T TRPV1
(Fig. 6C). Analysis of YO-PRO-1 uptake demonstrated a large
and significant difference in permeability between wild-type
and N604T TRPV1 (Fig. 6D). Thus, N-glycosylation is required
for capsaicin-evoked permeation of large ions by TRPV1.
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FIGURE 5. Capsaicin-dependent responses in TRPV1-expressing sensory
neurons. A, time course of native TRPV1 Fura-2 [Ca®*]; responses (mean +
S.D.)in cultured trigeminal neurons. Cells stimulated with 1 um capsaicin for 5
min at time point O s (solid line). B, relationship between maximal rate of
change in [Ca®"]; (activation) within the first 60 s of capsaicin exposure and
desensitization after 180 s (described in Fig. 4). Data are from 253 neuronsin 8
experiments from 3 rats. C, individual Fura-2 [Ca®*]; time course data from a
random selection of 100 representative trigeminal neurons illustrates the
range of possible capsaicin-dependent responses. D, Fura-2 [Ca®'];
responses (mean = S.D.) for first 90s of T um capsaicin response from cultured
trpv1 ™'~ mouse dorsal root ganglia transfected with wild-type- or N604T-
TRPV1-GFP. For clarity some N604T error bars have been removed.

DISCUSSION

This study investigates the effect of N-glycosylation on the
function of TRPV1. Our results show a clear difference between
the wild-type and N604T mutant TRPV1 channels with respect
to their propensity to acute desensitization and permeability to
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FIGURE 6. TRPV1 glycosylation is required for capsaicin concentration-
dependent accumulation of YO-PRO-1. A, following YO-PRO-1 addition at
time 0, the accumulation of YO-PRO-1 was measured (excitation 485
nm/emission 516 nm) in wild type and N604T TRPV1 HEK-293 cells prior to
capsaicin application (mean = S.E.). Some error bars and symbols have been
omitted for clarity. YO-PRO-1 accumulation was then measured over time
following capsaicin addition (at time 280 s; symbols for capsaicin concentra-
tions as indicated) to cells expressing wild-type TRPV1 (B) or N604T mutant
(Q). D, concentration-effect curves from the data in B and C using the last
measurement of YO-PRO-1 fluorescence (10 min after capsaicin addition) as
the response index (wild-type, open circles; N604T, closed circles). All data
average of n = 5 experiments, each with three replicates.

the cationic dye, YO-PRO-1. These differences are a result of
the absence of glycosylation in the N604T mutant and thus
show an important role of N-glycosylation of the TRPV1
channel.

The rat TRPV1 channel protein has a single site for N-glyco-
sylation in the pore loop (Asn-604) and mutagenesis and
PNGase treatment results confirm that both simple (most likely
high-mannose) and complex glycosylation at that site occurs in
HEK-293 cells. The cell surface biotinylation experiments show
that multiple glycosylated forms occur on the cell surface, and
that there is no significant difference in the total amounts of
wild-type and N604T TRPV1 receptor protein at the cell
surface.

Since the N-glycans attached to TRPV1 are estimated by gel
migration to contribute ~10% to the mass of the protein, it is
probable that glycosylation is important and can influence
channel function as for other TRP channels (7, 22). TRPV4 has
a glycosylation site at Asn-651 which, like N604 of TRPV1, is in
the pore-forming region of the channel. A glycosylation-null
mutant of TRPV4 exhibits increased [Ca”>"]; in response to
hypotonic stress (9), an effect ascribed to increased plasma
membrane targeting of the mutant relative to wild-type TRPV4.
We saw no significant difference in the cell surface expression
between the wild-type and N604T mutant TRPV1 channels and
so, in contrast, our findings indicate changes in channel func-
tion rather than trafficking or expression. Functional regulation
of TRP channel activity by glycosylation has been described for
TRPC3 and TRPC6 channels, which are glycosylated at sites
distant from the pore. TRPC6 mutation to express the TRPC3
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pattern of glycosylation confers a TRPC3 level of constitutive
activity (23). Our observation of higher basal intracellular
[Ca®"], in cells expressing wild-type TRPV1 compared with the
N604T-expressing cells is consistent with such an effect of gly-
cosylation on unstimulated channel activity. Although basal
[Ca®*], in both cells types were dependent on the time of chan-
nel induction, the N604T-expressing cells had lower [Ca®"],
than wild-type TRPV1-expressing cells at any time point. Thus,
it is possible that the absence of glycosylation reduces constitu-
tive TRPV1 channel activity. Channels that do not desensitize
might more strongly affect basal [Ca®>"]; than channels that
rapidly desensitize so that the difference between TRPV1 and
N604T basal activity might be due to the different desensitiza-
tion properties. We note that for channels like TRPV1, that
respond to temperature and pH, it is difficult to draw a distinc-
tion between constitutive activity and alterations in the set-
point for those constitutively present stimuli.

The glycosylation of TRP channels may be physiologically
regulated. Activity of TRPV5 in renal tubules is increased by the
endogenous enzyme klotho via hydrolysis of terminal sialic acid
residues from the N-glycan, which causes retention of the con-
stitutively active channel in the plasma membrane (7, 8). The
existence of the TRPV1 channels on the cell surface with differ-
ing degrees of glycosylation indicates that such a mechanism is
also possible with TRPV1 channels, but there is no evidence
regarding differential behavior of the TRPV1 channels with
simple and complex glycosylation.

The presence of glycosylation on TRPV1 was first demon-
strated in 2001 (3, 4), but the first functional study of the role of
glycosylation was by Wirkner ez al. in 2005 (6). That study
showed that the N604T mutation altered the influence of pH on
the responses to capsaicin, and, in contrast to our results,
increased sensitivity to capsaicin while reducing the maximal
response. However, that study could not investigate the influ-
ence of the N604T mutation on channel desensitization
because it involved the use of Ba>* ions in place of Ca®>* ions
thereby preventing TRPV1 channel desensitization, which is
largely dependent on calcium-dependent enzymes (10, 13,
24.-29). There are several other important methodological dif-
ferences between that study and ours. Whereas we studied
TRPV1 stably expressed in isogenic, inducible HEK-293 cells
and we measured [Ca®"]; at 37 °C, the other study involved
expression of the channels in transiently transfected cells and
made electrophysiological measurements at room tempera-
ture. We reason that a stable isogenic cell line should yield more
consistent responsiveness than transiently transfected cells,
and previous electrophysiological studies have shown that
there are differences between the behavior of TRPV1 channels
at 25°C and 37 °C (21). Our results show that the average
response to TRPV1 activation is sustained over the period of
the assay whereas the N604T-expressing cells exhibit apprecia-
ble acute desensitization. Measurements at the individual cell
level showed that those average responses of wild type TRPV1
cells consist of a mixture of desensitizing and non-desensitizing
responses.

We assessed TRPV1 desensitization by measuring [Ca®"],,
whereas electrophysiological approaches have been used previ-
ously to examine TRPV1 desensitization. The methods have
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their own strengths and weaknesses. The [Ca**], assay we used
measures influx and accumulation of just one ion through the
channel rather than current carried by all permeant ions and it
has low temporal resolution. However, physiologically relevant
changes in [Ca®"], that are subject to intracellular homeostatic
control are measured at 37 °C in hundreds of cells per experi-
ment. Despite these useful characteristics, future studies
employing electrophysiological measurement of ion fluxes
under highly controlled conditions will be needed to precisely
study the biophysical basis of the regulation. Comparisons
between these approaches are not straightforward for the rea-
sons noted above but it is worth noting that the maximal rate of
increase of Fura-2 ratio that we used as an index of activation
(to avoid the confounding influence of desensitization on the
maximal response) is, at least mathematically, equivalent to a
calcium flux and so might be comparable to a calcium current.
Using a microscope-based fluorescence assay, multiple types of
TRPV1 responses were identified in HEK-293 cells: many of the
TRPV1-expressing cells desensitize rapidly, similar to the
N604T TRPVI1, some have stable responses and other
responses increase in amplitude during the period of exposure
to capsaicin. These findings are in accord with reports of sub-
stantial variability in the desensitization of capsaicin-induced
responses, both in electrophysiological and [Ca®>"], assays (27,
30-33). The differences between wild-type and N604T TRPV1
cells indicate that glycosylation is necessary, but may not be
sufficient for sustained responses in HEK-293 cells.

Our results show that TRPV1 glycosylation is required for
capsaicin-induced pore dilation as indicated by the permeation
of YO-PRO-1 in a concentration and time-dependent manner
(15). Dilated TRPV1 channels are resistant to desensitization by
several possible mechanisms. The dilated state may preclude
conformational transition to a desensitized state, phosphoryla-
tion events necessary for dilation may preclude interactions
with accessory proteins responsible for desensitization, the
dilated channels may be in specialized membrane microdo-
mains, or due to a combination of these mechanisms. We can-
not be sure that pore dilation is correlated with sustained
responses because our YO-PRO-1 uptake experiments measure
dye uptake by the whole cell population, although it seems
likely. However, because the YO-PRO-1 uptake experiments
were conducted in the absence of extracellular Ca*>* ions, the
absence of YO-PRO-1 accumulation in the N604T cells cannot
be ascribed to the normal Ca”"-dependent desensitization.

The detection of glycosylated TRPV1 in neuronal cell lysates,
the detection of variable capsaicin-induced TRPV1 responses
in primary sensory neurons, and the presence of a sub-popula-
tion of neurons exhibiting a lack of desensitization with a
remarkable similarity to capsaicin responses from wild-type
TRPV1 in HEK cells are consistent with physiologically-rele-
vant regulation of TRPV1 by glycosylation. The terminals of
pain-sensing primary afferent neurons are very sensitive to the
pungent TRPV1 agonists, capsaicin and resiniferatoxin (34—
36). Treatment of sensory neurons with capsaicin or resinifera-
toxin leads to Wallerian-like degeneration and retraction of
nerve processes, which then slowly re-grow over a period of
several weeks (37) and this approach has been used to treat
intractable pain. The observation that the glycosylation state of
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TRPV1 affects the extent of desensitization provides a mecha-
nism whereby neurons could show differential sensitivity to
TRPV1 agonists. We speculate that differences in the pattern of
glycosylation could also occur within individual neurons and
that this could provide a plausible explanation of why neurites
die and cell bodies are preserved from potentially lethal ion
influx (38).

In conclusion, we found that a sustained response to capsai-
cin requires TRPV1 glycosylation and the propensity to acutely
desensitize is altered by TRPV1 glycosylation. The uptake of
large cations, as measured by YO-PRO-1, requires TRPV1 gly-
cosylation, indicating that channel permeability is modulated
by this post-translational modification. These observations
may have clinical relevance since TRPV1 activation and loss of
ion selectivity can facilitate the delivery of local anesthetics to
nociceptive neurons to inhibit pain generation and transmis-
sion (16).
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