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volume regulation at the cellular level. In human airway
epithelial cells (1) and Chinese hamster ovary (CHO) cells (3),
TRPV4 expression was essential for the regulatory volume
decrease that followed hypotonic cell swelling.
Although much is known about the pharmacology of TRP
channels, far less is understood about their acute or chronic
regulation. It was very recently reported that TRPC channels
may be regulated by rapid translocation to the plasma membrane (5). Few studies have addressed membrane trafficking in
members of the TRPV family. For TRPV1 channels, a
SNARE-dependent exocytic mechanism was inferred (29);
similar events may take place with members of the TRPC
family (7, 39). TRPV2 translocates to the plasma membrane in
response to cell activation with peptide growth factor (21);
recombinase gene activator (RGA) protein directly interacts
with TRPV2 and likely plays a role in this shuttling process (2,
40, 41). The epithelial calcium channel, TRPV5, is reversibly
targeted to the plasma membrane, in part, via an interaction
with NHERF2, and specifically, the second PDZ domain of this
scaffold protein (15, 32); a similar model is likely operative
with TRPC4 (27). We earlier noted probable glycosylation of
TRPV4 (54). Because glycosylation may also influence trafficking and function of voltage-gated-like ion channels (16),
we investigated the role of glycosylation in the function and
targeting of TRPV4.
METHODS

cell volume regulation; hypotonicity; ion channel

potential, or TRP, channels represent a
large family of cation channels regulated by diverse afferent
inputs; a subset of TRP channels respond to environmental
stimuli such as temperature and tonicity (9). TRPV4 [also
known as VR-OAC (24), OTRPC4 (42), VRL-2 (13), and
TRP12 (53)] is the mammalian homolog of the C. elegans
osmosensory protein, OSM9 (24, 42). In transfected (24, 42)
and native (1, 20) cells in culture, TRPV4 is activated by
hypotonic stress; gating by this stimulus may involve arachidonic acid metabolites and/or direct phosphorylation of the
channel via Src-family cytoplasmic tyrosine kinases (49, 50,
54). Based in part on its expression in the blood-brain barrierdeficient osmosensing nuclei of the hypothalamus (24), in
conjunction with the abnormal water metabolism exhibited by
mice harboring targeted deletions of the TRPV4 gene (25, 28),
it has been proposed that the channel is instrumental in the
regulation of systemic tonicity. TRPV4 also plays a role in

Cell surface biotinylation and immunoblotting. For cell surface
biotinylation 48 h after transient transfection, HEK293 or COS-7
monolayers were washed three times with ice-cold PBS, incubated
with 0.5 mg/ml Sulfo-NHS-LC-Biotin (Pierce Biotechnology, Rockford, IL) for 30 min at 4°C, quenched with 100 mM glycine in
ice-cold PBS for 30 min at 4°C, and then washed three times with
ice-cold PBS. Monolayers were lysed in lysis buffer [125 mM NaCl,
50 mM Tris, pH 7.5, 0.1% SDS, 0.5% sodium deoxycholate, 1%
Nonidet P-40, 1 mM sodium orthovanadate, 1 mM 4-(2-aminoetryl)benzenesulfonyl fluoride, 1 g/ml leupeptin, 1 g/ml aprotinin, 1
g/ml pepstatin A, 25 mM ␤-glycerophosphate, 2 mM sodium pyrophosphate] for 30 min at 4°C. The protein concentrations were
determined by the Bradford method (Bio-Rad). Forty microliters of
ImmunoPure Streptavidin Beads or Neutravidin beads (Pierce Biotechnology) were added to ⬃3 mg of biotinylated protein and the
mixture was incubated at 4°C for 4 h. The beads were washed five
times with ice-cold PBS and eluted with 1⫻ SDS sample buffer. The
bead-bound proteins were analyzed by Western blot with affinitypurified polyclonal anti-TRPV4 antibody (54). Whole cell lysates (20
g) were resolved in parallel for immunoblotting where indicated. For
cell fractionation studies, membrane and cytosolic fractions were
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TRPV4 on Asn-651 influences membrane trafficking. Am J Physiol
Renal Physiol 290: F1103–F1109, 2006. First published December
20, 2005; doi:10.1152/ajprenal.00245.2005.—We identified a consensus N-linked glycosylation motif within the pore-forming loop between the fifth and sixth transmembrane segments of the osmoresponsive transient receptor potential (TRP) channel TRPV4. Mutation of
this residue from Asn to Gln (i.e., TRPV4N651Q) resulted in loss of a
slower migrating band on anti-TRPV4 immunoblots and a marked
reduction in lectin-precipitable TRPV4 immunoreactivity. HEK293
cells transiently transfected with the mutant TRPV4N651Q exhibited
increased calcium entry in response to hypotonic stress relative to
wild-type TRPV4 transfectants. This increase in hypotonicity responsiveness was associated with an increase in plasma membrane targeting of TRPV4N651Q relative to wild-type TRPV4 in both HEK293 and
COS-7 cells but had no effect on overall channel abundance in whole
cell lysates. Residue N651 of TRPV4 is immediately adjacent to the
pore-forming loop. Although glycosylation in this vicinity has not
been reported for a TRP channel, the structurally related hexahelical
hyperpolarization-activated cyclic nucleotide-gated channel, HCN2,
and the voltage-gated potassium channel, human ether-a-go-go-related (HERG), share a nearly identically situated and experimentally
confirmed N-linked glycosylation site which promotes rather than
limits channel insertion into the plasma membrane. These data point
to a potentially conserved structural and functional feature influencing
membrane trafficking across diverse members of the voltage-gatedlike ion channel superfamily.
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RESULTS

We earlier noted that immunoblots of heterologously expressed and natively expressed TRPV4 revealed multiple
AJP-Renal Physiol • VOL

bands on SDS/PAGE, perhaps consistent with glycosylation.
Treatment of cell lysates with endoglycosidase-F resulted in
convergence of these bands to a single faster-migrating band
(54). We speculated that glycosylation of TRPV4 might play a
functional role and, in particular, in the ability of TRPV4 to
reach the cell membrane after synthesis. We scanned the
predicted murine TRPV4 amino acid sequence for potential
N-linked glycosylation motifs using on-line software in the
public domain (NetNGlyc 1.0 Server on the CBS Prediction
Servers http://www.cbs.dtu.dk/services/NetNGlyc/). Of 38 total Asn residues, five putative N-linked glycosylation motifs
(consensus: NX[ST]) were identified at murine TRPV4 residues 201, 207, 651, 784, and 835 (Fig. 1A). Only one of these
five putative sites, N651, was located in a potential extracellular milieu, in the predicted pore-forming loop spanning
residues 637 through 692 of the channel. Importantly, this
high-probability N-glycosylation site was also conserved in all
species from which TRPV4 has been cloned (Fig. 1B).
We used site-directed mutagenesis to mutate this potential
N-linked Asn glycosylation site to a Gln residue (i.e., to
TRPV4N651Q). When whole cell lysates were prepared from
HEK293 cells transiently transfected with TRPV4, two immunodetectable TRPV4 species were evident via SDS/PAGE;
only the lower, more rapidly migrating band was present in
lysates prepared from cells transfected with the mutant
TRPV4N651Q (Fig. 2A). This was consistent with the pattern we
observed when lysates from TRPV4-transfected cells were
subjected to endoglycosidase-F treatment (54), suggesting that
glycosylation of the channel had largely been eliminated.
Lectins are plant-derived glycoproteins that bind carbohydrate side chains of other proteins with high efficiency and
specificity. The lectin concanavalin A binds a-linked mannose,
an invariant constituent of N-linked oligosaccharides (26). We
used agarose-bound concanavalin A to affinity-precipitate N-

Fig. 1. Structure of potential N-linked glycosylation sites in murine TRPV4.
A: 6 membrane-spanning domains of TRPV4 are depicted, as are 5 putative
N-linked glycosylation motifs (NX[ST]). The single extracellular motif, N651,
is in the pore-forming loop between membrane-spanning domains five and six.
This site is conserved among all species from which TRPV4 has been cloned
(B). GenBank accession numbers are shown for TRPV4 predicted amino acid
sequence. Of note, numbering of amino acid residues differs from that of
mouse for the conceptual translations of human isoform-b and chicken TRPV4.
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prepared via ultracentrifugation as previously reported (44). Immunoblotting was performed with anti-TRPV4, anti-EGFR, and antiERK primary antibodies.
Transient transfection and fura-2 ratiometry. HEK293 cells were
transiently transfected with Lipofectamine PLUS (Life Technologies)
in accordance with the manufacturer’s directions using 15 l of PLUS
reagent and 30 l of Lipofectamine and 4 –10 g of plasmid DNA
reagent per 100-mm dish of cells. After 48 h, cells were harvested,
washed, and resuspended in 10 ml of HBSS (130 mM NaCl, 4.7 mM
KCl, 1.25 mM CaCl2, 1.18 mM MgSO4, 5 mM glucose, 15 mM
HEPES, pH 7.5) supplemented with 2 M fura-2-AM and 100 l of
2% Pluronic F-127 (20% stock solution in DMSO, Molecular Probes,
Eugene, OR) per 100 mM dish, and then incubated for 45 min at 37°C.
Cells were pelleted at 1,000 g for 5 min at 25°C, resuspended with 1–2
ml of HBSS to achieve final concentration of ⬃ 2– 8 ⫻ 107 cells/ml,
and maintained on ice for 30 min. The suspended, fura-2-loaded cells
(50 l) were assayed for intracellular calcium concentration ([Ca2⫹]i)
at 37°C in a prewarmed, thermostatically controlled cuvette filled with
prewarmed (37°C) HBSS (⬃300 mosmol/kgH2O) or hypotonic HBSS
(⬃150 mosmol/kgH2O) under constant gentle stirring (2-ml final
volume) as previously reported (54). Fluorescent emission was monitored at 510 nm and recorded once per second in the presence of
alternating excitation at 340 and 380 nm using a Hitachi F-2500
fluorescence spectrophotometer (Hitachi Instruments, Naperville, IL).
Calibration of the fura-2 signal was performed as previously described
(35) using fura-2 䡠 Ca2⫹ dissociation constant of 224 nM (19). For
each experiment, data from three separate cuvettes of treated cells
were averaged; experiments were repeated at least three times.
Analysis of glycosylation. Putative TRPV4 glycosylation sites were
sought with the NetNGlyc 1.0 Server utility (6) on the Center for
Biological Sequence Analysis Prediction Servers (Technical University of Denmark; http://www.cbs.dtu.dk/services/). TRPV4N651Q was
generated from murine TRPV4 cDNA via site-directed mutagenesis
using primers mTRPV4-N651Q-5⬘ (GACGAGGACCAGAGCCAGTGCACGGTGCCCACG) and mTRPV4-N651Q-3⬘ (CGTGGGCACCGTGCACTGGCTCTGGTCCTCGTC), with noncanonical nucleotides shown in bold. For lectin affinity precipitation studies, whole cell
lysates prepared as described above were incubated with concanavalin
A-agarose beads (Vector Laboratories). Following washing steps,
bound proteins were eluted with 1⫻ SDS sample buffer and loaded
directly on SDS/PAGE; whole cell lysates were resolved in adjacent
lanes for comparison and resultant blots were probed with antiTRPV4 antibody. Transmembrane segments were predicted using the
“DAS” Transmembrane Prediction Server (http://www.sbc.su.se/
⬃miklos/DAS/) and the Dense Alignment Surface algorithm (11).
The hexahelical nature of TRPV4, HCN2, and HERG channels (55)
was most reliably detected with this algorithm.
Image processing and statistical analysis. For quantitation of
autoradiograms, exposed films were scanned (Canon LiDE80) and
data were reduced using ImageJ (http://rsb.info.nih.gov/ij/; National
Institutes of Health) and Excel (Microsoft). For all depicted scans of
enhanced chemiluminescence exposures of immunoblots, contrast
was improved by decreasing the maximum input level from 255 to
⬃175 (Adobe PhotoShop CS) to mimic the true appearance of the
exposed film. In Fig. 2A, a small handdrawn arrow to the left of the
upper TRPV4 band in the middle lane was digitally removed to
improve the appearance (there was no signal behind the arrow). All
experiments were performed a minimum of three times. Significance
was assigned to P ⬍ 0.05 by t-test for correlated samples using raw
data, or for independent samples using normalized data (VassarStats;
http://faculty.vassar.edu/lowry/VassarStats.html). Only pair-wise comparisons were used for this study (i.e., TRPV4 vs. TRPV4N651Q).
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glycosylated proteins from HEK293 cells that had been transiently transfected with wild-type TRPV4, TRPV4N651Q, or
empty vector alone. Although equivalent amounts of TRPV4
and TRPV4N651Q were expressed in the transfectants, there
was a dramatic reduction in the amount of TRPV4N651Q bound
by the lectin-agarose beads, relative to TRPV4 (Fig. 2B).
Taken together, these data in Fig. 2 indicated that we had
successfully eliminated nearly all of the TRPV4 glycosylation
through mutation of this single residue.
We anticipated that mutagenesis of this site might produce a
hypofunctioning channel. Unexpectedly, on transient expression in HEK293 cells, TRPV4N651Q exhibited greater responsiveness to hypotonicity. Specifically, calcium influx following
hypotonic stress in fura-2-loaded TRPV4N651Q transient transfectants exceeded that of cells transfected with the wild-type
TRPV4 (Fig. 3A). In cells transfected with vector alone, there
was only minimal response to hypotonicity. Peak calcium
influx occurred at ⬃75 s of exposure to hypotonicity; at this
time point, the increment in intracellular calcium was significantly greater in the TRPV4N651Q transfectants than in the
TRPV4 transfectants (Fig. 3B). Of note, in these studies, as in
AJP-Renal Physiol • VOL

our earlier observations with TRPV4 in this model (54),
calcium transients in the presence of either wild-type TRPV4
or TRPV4N651Q were completely dependent on the presence of
extracellular calcium (data not shown). We also tested the
effect of more modest hypotonic stress (10 rather than 50%).
Of note, when this more modest degree of hypotonic stress was
applied, maximal calcium entry occurred at ⬃100 s following
application of the stimulus rather than at 75 s and this time
point was used for comparison. In addition, owing to the more
modest effect, fura-2 ratio in response to hypotonicity in the
absence of extracellular calcium was determined for each of
the transfectants at this time point and this value was subtracted. Therefore, extracellular calcium-dependent calcium
entry in response to 10% hypotonicity is reported (Fig. 3C). In
five of five experiments, a stronger signal was observed in both
TRPV4-transfected and in TRPV4N651Q-transfected cells than
in vector-transfected cells; in four of five experiments, the
effect of TRPV4N651Q exceeded that of wild-type TRPV4 (data
not shown). However, interassay variability resulted in only the
TRPV4 transfectants achieving clear statistical significance
relative to vector (Fig. 3C); there was a trend for the effect of
TRPV4N651Q to exceed that of wild-type TRPV4 and vector
alone. These data in general were supportive of those derived
from transfectants exposed to more profound hypotonic stress.
For clarity, we focused on the effect of the major hypotonic
challenge.
Because defects in glycosylation may influence trafficking
of proteins to the plasma membrane, and trafficking of voltagegated ion channels in particular (30, 33), we next investigated
whether the wild-type and mutant channels were expressed at
the cell surface with equal efficiency. Anti-TRPV4 immunofluorescence confocal microscopy was performed using HEK
and COS-7 cells that had been transiently transfected with
either TRPV4 of TRPV4N651Q. The intercell variability within
each transfectant was high (i.e., ⬎2-fold) making direct comparison between wild-type and mutant TRPV4 infeasible (data
not shown); selection of truly “representative” fields for comparison between transfectants was not possible. We isolated
membrane fractions via differential centrifugation and noted
increased TRPV4N651Q expression relative to that of wild-type
TRPV4 (data not shown).
To quantify cell surface expression of wild-type and glycosylation-defective TRPV4, we performed cell surface biotinylation experiments. HEK293 cells were transiently transfected
with either wild-type TRPV4 or TRPV4N651Q and subjected to
cell surface biotinylation; labeled channels were affinity-precipitated with avidin-agarose and resolved via SDS/PAGE.
Although there was no difference in the levels of expression in
whole cell lysates (Fig. 4, A and B), the mutant was expressed
at a significantly higher level at the cell surface (Fig. 4, A and
C). These data indicated that the hyperresponsiveness of the
TRPV4N651Q transfectants was likely a consequence of increased plasma membrane expression of the channel. We
confirmed these observations in the COS-7 cell line (Fig. 4A).
Importantly, we do not assert that there is acute recruitment of
either wild-type or glycosylation-deficient TRPV4 to the cell
surface in response to anisotonicity, per se. Rather, the functional changes between the wild-type and mutant channel were
interpreted to correlate with their differing expression levels.
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Fig. 2. Point mutation of N651 of murine TRPV4 dramatically decreases
glycosylation. A: HEK293 cells were transiently transfected with murine
TRPV4 cDNA, mutant TRPV4 in which a charge-conserving mutation was
made from Asn (N) to Gln (Q) at position 651 (TRPV4N651Q), or with empty
vector alone. Two TRPV4 species are evident on SDS-PAGE of whole cell
lysates prepared from TRPV4-transfected cells; however, only the more
rapidly migrating band is evident in the TRPV4N651Q-transfected cells. B:
concanavalin A-agarose affinity precipitates from HEK cells transiently transfected with TRPV4, TRPV4N651Q, or empty vector alone. Far less mutant
TRPV4 than wild-type TRPV4 was precipitated by the lectin-bound beads
(top), even though expression was roughly equivalent in the whole cell lysates
(bottom).
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DISCUSSION

We earlier noted probable glycosylation of the osmosensing
TRPV channel, TRPV4 (54), but were unaware of its functional significance. Here, we describe glycosylation of TRPV4
and map the site of N-linked oligosaccharide attachment to the
pore-forming loop via a combination of mutagenesis, immunoblotting, and functional studies. Mutation of this glycosylation motif increases trafficking of TRPV4 to the plasma membrane and consequently increases net calcium entry in response
to TRPV4 agonist (i.e., hypotonicity).
Little is known about the role of glycosylation in the function of other TRP channels. TRPC3 and TRPC6 undergo
mono- and diglycosylation, respectively (14, 48), but these
sites on the first and second extracellular loops bear no evident
relationship to the pore-forming loop. These motifs are functionally significant; however, elimination of the glycosylation
site unique to TRPC6 and retention of the glycosylation site
shared by both converts the tightly receptor-regulated TRPC6
to the constitutively active TRPC3 phenotype (14).
While this manuscript was in review, Chang et al. (8)
reported that, similar to what we observed with TRPV4,
TRPV5 expression in the plasma membrane is upregulated
when its solitary glycosylation site is mutated. These data
bolster our unexpected observation concerning the role of
glycosylation in the regulation of TRPV4. This group went on
to demonstrate that dynamic deglycosylation of TRPV5 may
occur at the membrane and is likely mediated by the intrinsic
glucuronidase activity of the anti-aging hormone (23), klotho,
acting via the circulation or tubule lumen (8). A similar
mechanism may be operative in the regulation of TRPV4.
Glycosylation has been reported to influence trafficking
and/or function of other voltage-gated-like ion channels. This
AJP-Renal Physiol • VOL

protein superfamily includes the TRP, two pore segment
(TPC), voltage-gated sodium (NaV), voltage-gated calcium
(CaV), hyperpolarization-activated cyclic nucleotide gated
(HCN), cyclic nucleotide-gated (CNG), voltage-gated potassium (KV), two-pore potassium (K2p), calcium-activated potassium (KCa), and inwardly rectifying potassium (Kir) channel
families (55). Of these, the architecture of the KV, HCN, CNG,
and KCa channels most closely resembles that of the TRP
channels, with six membrane-spanning domains and a poreforming loop between helices five and six. Interestingly, the
most abundant evidence for a functional role for glycosylation
comes from this subgroup; two members, human ether-a-gogo-related gene (HERG) channel and the HCN2 cyclic nucleotide-gated channel, share N-linked glycosylation sites in the
pore-forming loop that influence membrane trafficking and are
potentially analogous to that of TRPV4 (Fig. 5). In HERG
channels (also known as KV11.1), mutagenesis of this glycosylation site causes aberrant targeting (18, 33); a naturally
occurring human mutation appears to be linked to a variant of
the “long QT syndrome” and its attendant predisposition to
potentially lethal cardiac dysrhythmias (37). In HCN2, a channel mutated for the putative glycosylation site similarly failed
to traffic to the plasma membrane (30). Unlike these members
of the voltage-gated-like chanome (55), TRPV4 membrane
trafficking is downregulated rather than facilitated by glycosylation.
Other “hexahelical” members of the voltage-gated-like ion
channel superfamily are influenced by glycosylation. The prototypical voltage-gated potassium channel, Shaker (KV1.1), is
regulated by glycosylation at the level of both function and
membrane trafficking (12, 22, 43, 51, 52, 57), although not all
reports arrived at this conclusion (36). Other closely related
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Fig. 3. Cells transfected with TRPV4N651Q are hyperresponsive to hypotonic stress. A: HEK293 cells transiently transfected with murine TRPV4, TRPV4N651Q,
or empty vector were loaded with fura-2 and subjected
to hypotonic stress (arrowhead). Fura-2 ratio (in arbitrary units; U) as an index of intracellular calcium
concentration is depicted as a function of time (s). B:
increment in fura 2 ratio (relative to basal fura-2 ratio)
in response to hypotonic stress (300 mosmol/kgH2O
3 150 mosmol/kgH2O) at t ⫽ 75 s is shown for
TRPV4 and TRPV4N651Q transfectants (n ⫽ 3;
means ⫾ SE). For comparison, the increment in fura-2
ratio in cells transfected with empty vector alone was
⬃0.2 (data not shown). C: increment in fura-2 ratio in
response to a more subtle hypotonic stress (300
mosmol/kgH2O 3 270 mosmol/kgH2O) at t ⫽ 100 s
in HEK cells transiently transfected with empty vector
alone or with wild-type TRPV4 or TRPV4N651Q. For
these experiments, the time point of 100 s was selected
because it coincided with the maximal response to this
lesser osmotic challenge. In addition, for these data
alone, the contribution of hypotonic stress to the intracellular calcium transient in the absence of extracellular calcium (calculated from experiments performed in parallel) was subtracted. (The contribution
of this effect to the data in B was negligible.) P values
for the indicated comparisons are shown above the
bars.
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Fig. 5. Glycosylation sites adjacent to the poreforming domain in multiple voltage-gated cation
channels. Transmembrane segments were predicted
for murine TRPV4 (mTRPV4), murine HCN2, and
HERG (human Kv11.1) using the “DAS” Transmembrane Prediction Server (http://www.sbc.su.se/
⬃miklos/DAS/) and the Dense Alignment Surface
algorithm (11). Only the regions of each protein
corresponding to the six membrane-spanning helices
(S1-S6) are shown (i.e., residues ⬃465–720 for
mTRPV4, ⬃185– 440 for mHCN2, and ⬃385– 685
for HERG) and are numbered 1 through 6; the
pore-forming hairpin is indicated by the arrowhead.
Locations of the glycosylation sites are shown in red
[present data and (30, 33)]; in each case, the indicated site has been experimentally confirmed and
appears to be the only high-abundance glycosylation
site in the protein. For each panel, horizontal scale
depicts relative amino acid number and vertical scale
represents DAS profile score (an index of hydrophobicity expressed in arbitrary units). The horizontal
gray line and dashed line indicate “loose” and “strict”
cutoff criteria, respectively, for membrane-spanning
domains.
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Fig. 4. TRPV4N651Q exhibits increased cell surface expression. A: HEK and COS7 cells were transiently transfected
with TRPV4 or with TRPV4N651Q and cells were either
subjected to cell-surface biotinylation or sham treatment
(“No biotinylation”); whole cell lysates and avidin-affinity
precipitates of whole cell lysates were prepared from each
group and resolved via SDS-PAGE and then immunoblotted with anti-TRPV4. Quantitation of the relative abundance of TRPV4 and TRPV4N651Q in whole cell lysates
from HEK cells (B) and in avidin-affinity precipitates from
surface-biotinylated HEK cells (C) is shown.
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channel activity and/or membrane trafficking. These data point
to a potentially conserved structural and functional feature
among diverse members of the voltage-gated-like ion channel
superfamily that plays an important role in channel trafficking
to the plasma membrane.
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members of the KV1.x subfamily may be similarly regulated
(38, 52), as are KV4 (47) and the nonvoltage-gated minK
channel (a subunit of KV7.1) (17, 47).
In addition to the examples above, voltage-gated-like ion
channels lacking the hexahelical architecture may also be
regulated by glycosylation (10, 31, 34). Much like the case
with KV11.1, a naturally occurring point mutation of a putative
glycosylation site in the human cardiac voltage-gated sodium
channel, NaV1.5, was associated with a form of the long QT
syndrome (16, 46, 56). Elimination of glycosylation in the
skeletal muscle variant, NaV1.4, and in the related NaV1.9,
through mutagenesis or enzymatic action, similarly altered
channel functional properties (4, 45, 56).
With respect to TRPV4, it is possible that there are additional glycosylation sites. Although mutation of the N651 site
abolished the slower-migrating species on SDS/PAGE, it did
not eradicate all lectin-precipitable TRPV4. The other highprobability sites for N-linked glycosylation are all intracellular
and hence represent unlikely targets. O-linked glycosylation
occurs on Ser or Thr residues, or on hydroxylysines in collagen
(26); however, no high probability O-glycosylation sites were
identified in TRPV4 (data not shown). Because mutation of a
single residue resulted in elimination of almost all of lectin
binding (i.e., ⬎80%; Fig. 2B), there is unlikely to be a remaining “stoichiometric” glycosylation site. We believe the most
likely explanation for the residual binding of TRPV4N651Q to
the lectin-conjugated beads is nonspecific adherence to the
solid phase itself; we were, however, unable to obtain unconjugated beads of this identical chemistry from the manufacturer
to test this hypothesis. It is also noteworthy that, in some
experiments, the migration of the TRPV4N651Q mutant was
perhaps slightly faster than that of the presumed nonglycosylated (i.e., faster migrating) form of wild-type TRPV4. It is
possible that this wild-type TRPV4 species is not completely
devoid of glycosylation; we were unable to exclude this possibility in our initial observation (54).
TRPV4 influences the regulatory volume decrease that follows acute hypotonic cell swelling in in vitro models (1, 3). We
have not specifically investigated the role of the N651 residue
of TRPV4 in this process. Because mutation of this residue
increases trafficking of this channel to the membrane and
therefore increases acute calcium entry in the setting of hypotonic stress, we speculate that its regulatory volume decrease
response is preserved and potentially even enhanced. But the
differing levels of cell surface expression between the wildtype and mutant channels preclude the design of rigorously
controlled experiments.
In summary, there is a single high-probability N-linked
glycosylation site in TRPV4 that faces the extracellular milieu
and is phylogenetically conserved. From a structural perspective, this site is immediately adjacent to the hydrophobic
“hairpin” of the pore-forming loop. Mutation of this residue to
Gln abolishes TRPV4-associated glycosylation as assessed via
mobility on SDS/PAGE, and by lectin affinity precipitation.
This mutation is also associated with enhanced trafficking of
the channel to the plasma membrane as evidenced by functional studies and cell surface biotinylation. Two other members of the voltage-gated cation channel superfamily, HCN2
and HERG (KV11.1), also have putative N-linked glycosylation sites adjacent to the pore-forming loop; mutagenizing the
responsible Asn residue in these channels, however, abolishes
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