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a b s t r a c t

Transient Receptor Potential (TRP) channels are related to adaptation to the environment and somato-
sensation. The transient receptor potential vanilloid (TRPV) subfamily includes six closely evolutionary
related ion channels sharing the same domain organization and tetrameric arrangement in the
membrane.

In this study we have characterized biochemically TRPV2 channel membrane protein folding and
transmembrane (TM) architecture. Deleting the first N-terminal 74 residues preceding the ankyrin repeat
domain (ARD) show a key role for this region in targeting the protein to the membrane. We have
demonstrated the co-translational insertion of the membrane-embedded region of the TRPV2 and its
disposition in biological membranes, identifying that TM1-TM4 and TM5-TM6 regions can assemble as
independent folding domains. The ARD is not required for TM domain insertion in the membrane. The
folding features observed for TRPV2 may be conserved and shared among other TRP channels outside the
TRPV subfamily.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Transient Receptor Potential (TRP) channels are polymodal
cation channels with physiological key roles represented in six
subfamilies in mammals [1]. The vanilloid subfamily in mammals
consists of 6 members (TRPV1-6) with a very defined topology of
two cytosolic domains flanking amembrane-embedded region. The
TRPV1-4 subgroup has been defined as non-selective cation chan-
nels, whereas TRPV5-6 are calcium selective. The closest homologs
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are TRPV5 and TRPV6, sharing a 75% sequence identity [2]. The
most studiedmember of the TRPV subfamily is TRPV1, the capsaicin
receptor, which structure has been recently solved at high resolu-
tion. This structure showed a tetrameric arrangement of 6 trans-
membrane (TM) helices per monomer in TRPV1 with a topology
and tetrameric arrangement similar to sodium channels [3], which
is likely to be shared among the different TRPV members. The
TRPV1-4 subgroup has a low sequence identity (TRPV1 and TRPV2
are the closest homologs with about 50% sequence identity),
although evolutionary pressure patterns are similar [4].

Translocation of TRPV2 towards the plasmamembrane has been
observed in the presence of physical stimuli, growth factors or
chemotactic peptides [5]. Recently, the possibility has arisen that
TRPV2 functions as an intracellular or plasma membrane ion
channel in a cell type/tissue dependent manner [6]. Thus it is key to
define which TRPV2 domains are in charge for the sub-cellular
localization and the proper folding of the channel.

Most membrane-embedded proteins are inserted and assem-
bled in the ER membrane at sites termed translocons [7]. During
this process, the translocon mediates the integration of TM se-
quences into the non-polar core of the membrane and delivers
hydrophilic cytoplasmic and luminal domains to the appropriate
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compartments. Simultaneously, the nascent protein may undergo
covalent modifications (e.g. N-glycosylation) and fold properly to
eventually adopt its native state. N-glycosylation is cotranslation-
ally performed in the lumen of the ER by the enzyme oligo-
saccharyltransferase, which is adjacent to the translocon [8]. TRPV2
has canonical N-glycosylation sites, N571N572ST, thus integration of
the protein into ER-derived membranes can be monitored by N-
glycosylation.

In this study we have applied a combination of biochemical
approaches focusing on key molecular aspects of the TRPV2 chan-
nel related to membrane location, transmembrane architecture and
folding. Some of the conclusions derived from this study can be
relevant for the othermembers of the TRPV subfamily and other ion
channels.

2. Materials and methods

2.1. Plasmids

cDNA sequences for rat TRPV2 were cloned into a pCDNA3
vector. The TRPV2 ORF was encoded in frame with an EGFP tag and
an 8XHis-tag at the C-terminus. The N-terminus truncations for
TRPV2 were obtained by classical PCR cassette reaction and ligated
into pCDNA3 within NdeI and NotI sites.

2.2. Cell culture and transfection

HEK293 cells were cultured in Dulbecco's modified Eagle's
medium (DMEM) supplemented with 10% FBS, 100 units/mL
penicillin and 100 mg/mL streptomycin. Transfectionwas performed
using polyethyleneimine (PEI, Polysciences, 23966). HEK293 cells
overexpressing the transfected constructs were harvested 48 h af-
ter transfection and cells were lysed and membrane proteins sol-
ubilized for 15 min at 4 �C in detergent-containing buffer (50 mM
TriseHCL pH 7.4, 150 mM NaCl, 2 mM EDTA, 1% Triton, 5% glycerol,
1 mM benzamidine and EDTA-free protease inhibition cocktail,
ROCHE 11873580001). The total fractions were centrifuged at
14000 g for 10 min. The supernatant was labeled as soluble (S) and
the non-solubilized pellet was dissolved using a volume of buffer
equal to the supernatant's volume and labeled as non-solubilized
(P). EGFP-containing cell extracts could be visualized in an SDS-
PAGE using a blue light box to monitor EGFP emission. Quantifi-
cation of bands has been carried out using ImageJ gel analyzer
tool [9].

2.3. MTT viability assay

24 h after transfecting HEK293T cells, cells were plated at
40,000 cells/well density in a 96 well plate. 48 h transfected cells
were incubated with 3-(4,5-Dimethylthiazol-2-yl)-2,5-
Diphenyltetrazolium Bromide (MTT) reagent (Invitrogen, M6494)
for 3.5 h at 37 �C and the absorbance at 590 nmwas measured with
a FluoStar Optima microplate reader (BMG Labtech).

2.4. Biotinylation assay

Transfected HEK293 cells werewashedwith phosphate buffered
saline (PBS) and incubated with sulfo-NHS biotin (0.5 mg/ml) for
30 min at 4 �C in an orbital shaker. After incubation cells were
washed with PBS, quenched with a solution of 50 mM glycine and
50 mM ammonium chloride in PBS and washed with PBS. Cells
were lysed in IP buffer pH¼ 7.4 (PBS, 1% Triton, 5% glycerol, 2.5 mM
calcium chloride, 1 mM magnesium chloride, 5 mM EDTA, 5 mM
EGTA, 10 mM sodium pyrophosphate, 50 mM sodium fluoride,
1 mM NaVO3, 1 mM benzamidine and EDTA-free protease
inhibition cocktail, ROCHE). Cell extracts were incubated for
15 min at 4 �C and centrifuged at 14,000� g for 10 min. 500 mg of
total protein from the cell extracts were incubated for 3 h at 4 �C
with 50 mL neutravidin beads. Immunoprecipitated complexes
were denatured with SDS-PAGE sample buffer (90 �C for 5 min),
separated by SDS-PAGE and analyzed by immunoblotting. Scanned
films were quantified using ImageJ gel analyzer tool [9]. For
exocytosis inhibition, transfected HEK293 cells were treated with
50 mM Exo1 (SantaCruz, sc-200752) 2 h prior to biotinylation
treatment. To allow the comparison of protein levels between the
samples, all samples were loaded into the same gel.

2.5. Immunoblotting

Lysates and inmunoprecipitates were loaded into SDS-PAGE and
transferred to a nitrocellulose membrane. Membranes were
blocked in TBS-T with 5% (w/v) non-fat dry milk powder and
incubated with primary anti His-Tag antibody from Developmental
Studies Hybridoma Bank (DHSB mouse P5A11) at 1:1000 dilution
and secondary antibody (Santa Cruz, anti mouse sc-2031) at 1:3000
dilution. Detection was carried out with Crescendo reagent (Milli-
pore, WBLUR0100).

2.6. Microscopy and image analysis

Transfected cells on glass bottom microwell dishes (MATTEK)
were in vivo visualized using a Leica TCS SP5 confocal microscope
with a lens PL APO 40x/1.25e0.75. Cells were incubated 5 minwith
CellMask Deep Red PlasmaMembrane (Life Technologies, C-10046)
and HOESCH dyes (Life Technologies, H1399) before visualization.
At least five fields were captured for each sample, yielding a total of
�40 cells visualized.

2.7. Transmembrane topology experiments

TRPV2 truncated constructs were obtained by using forward
primers that include the SP6 promotor sequence at the 50 end and
reverse primers at defined positions with an N-glycosylation C-
terminal tag followed by tandem stop codons (Table S1) [10].
In vitro transcription and translation were performed as previously
reported [11]. After membrane pelleting, samples were analyzed by
SDS-PAGE, and gels were visualized on a Fuji FLA3000 phosphor-
imager using the ImageGauge software. The membrane insertion
efficiency of a given truncated form was calculated as the quotient
between the intensity of the singly glycosylated band divided by
the summed intensities of the non-glycosylated and singly glyco-
sylated bands.

2.8. TRPV2 modeling and docking into the TRPV2 EM map

The rat TRPV2 homology model was built using the Modeller
[12] built-in in UCSF Chimera [13] using the rat TRPV1 coordinates
(PDB code 3j5p). The membrane-embedded domain of TRPV2 was
restrained to the topology experiments. TRPV2 homology model
docking into the electron microscopy (EM) map of TRPV2 (code
EMDB-5688, [14]) was carried out in UCSF Chimera. The TRPV2 EM
map was flipped horizontally to show the same handedness of the
TRPV1 structure.

3. Results and discussion

3.1. N-terminus of TRPV2 is involved in cell membrane localization

To characterize structural and physiological aspects related to
the N-terminus of TRPV2 we studied two N-terminal truncations of



Fig. 1. Heterologous expression of TRPV2 N-terminal constructs. A. The domain or-
ganization of a TRPV2 monomer is displayed as a color-coded cartoon: N-terminus,
blue; ARD, black; pre-TMD, pink; TMD, white; C-terminus, grey; EGFP, green; His-tag,
orange. The N-glycosylation site is highlighted by a Y-shaped symbol. B. In-gel fluo-
rescence indicating the expression of the truncations in HEK293T cells. TRPV2 wild
type and truncations were extracted from membranes and present in the soluble
fraction. C. MTT assay to determine the survival rate of HEK cells transfected with the
defined rat TRPV2 truncations. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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rat TRPV2 (rTRPV2); first, a deletion involving the 74 residues
preceding the ARD (DN74-rTRPV2), and second, a truncation
involving the entire ARD (DARD-rTRPV2), i.e. a rat TRPV2 protein
variant with the first 336 residues deleted (Fig. 1A). Taking
advantage of rTRPV2-EGFP fusions, we analyzed the protein
expression levels by in-gel fluorescence of the full-length and
truncated forms for rTRPV2 in HEK293T cells (Fig. 1B). Complete
solubilization was not achieved using Triton X-100, but the full
length and truncated forms were observed at similar levels in the
non-solubilized (P) and the solubilized (S) fractions (Fig. 1B). Due to
the heterologous expression of the different isoforms, we needed to
verify that no observable differences arose from toxicity effects
derived from protein overexpressions in HEK293Tcells. The toxicity
associated to the expression of GFP fused proteins was evaluated by
means of an MTT assay, comparing to non-transfected cells, and to
the EGFP alone (vector). No significant toxicity effects on HEK293T
cells related to the presence of rat TRPV2 could be observed
(Fig. 1C), as compared to another study showing cytotoxic effects in
mouse TRPV2-transfected cells [15]. We also evaluated the cellular
distribution of the full-length TRPV2 compared to the truncated
forms. In Fig. 2A we provide an illustrative representation for the
TRPV2 subcellular localization of the different constructs, all of
them resulting in an internal-membrane rich TRPV2 localization.
Image analysis of co-localization shows that the deletion of either
the first 74 or 336 residues (DN74 or DARD constructs) of TRPV2
leads to a strong reduction of TRPV2 in the plasma membrane of
HEK293T cells (Fig. 2A). To quantitate the localization of TRPV2 in
the plasma membrane we performed a surface biotinylation assay
[6,16]. TRPV2 was precipitated from biotinylated HEK293T cells
(Fig. 2B) indicating that a fraction of TRPV2 is present in the plasma
membrane of the transfected cells. The percentage of membrane-
localized TRPV2 is significantly decreased either by the DN74 or
DARD truncations (first 74 or 336 amino acids, respectively)
(Fig. 2C). As a control, we inhibited TRPV2 targeting from the ER to
the membrane by treating HEK293T transfected cells with an
exocytosis inhibitor, 2-(4-Fluorobenzoylamino)-benzoic acid
methyl ester (Exo1) (Fig. 2C), which induces a rapid collapse of the
Golgi [17].

In sequence length, TRPV2 is the shortest within the TRPV1-4
subgroup (e.g. human sequences for TRPV1, TRPV2, TRPV3, and
TRPV4 are 839, 764, 790, and 871 residues, respectively), displaying
the shortest N-terminal region compared to TRPV1, TRPV3, and
TRPV4. We observe that the first N-terminal 74 residues of TRPV2
play a role in the subcellular localization of the protein, such as
targeting to the plasma membrane, since the deletion of this region
leads to strong intracellular accumulation of the protein channel
(Fig. 2).

3.2. Cotranslational insertion of TRPV2 membrane-embedded
domain

To address that the N-terminus truncations do not yield intra-
cellular accumulation of the channel due to improper packing/
folding of the TRPV2 membrane-embedded domain we have per-
formed further membrane protein topology studies.

TRPV2 lacking the first 336 residues and defining the
membrane-embedded domain (residues 337e654) was translated
in vitro in reticulocyte lysate in the presence of rough microsomes
(RM). Most of this proteinwas glycosylated, which is detected by an
increase in molecular mass of about 2.5 kDa (Fig. 3, lane 3). The
TRPV2 membrane-embedded sequence contains an endogenous
acceptor site for N-linked glycosylation: N571N572ST. No glycosyla-
tion was observed when a double mutant harbouring the consec-
utive Asn residues replaced by serines was translated in the
presence of RMs (Fig. 3, lane 5). Therefore, the acceptor site



Fig. 2. TRPV2 cellular localization. A. Confocal imaging for HEK293T cells transfected with rat TRPV2 truncations. The left panel corresponds to the EGFP signal; the middle panel
corresponds to the CellMask dye. The two right panels (merge) overlays the EGFP and CellMask channels also including the HOESCH channel to mark nuclei. B. Biotinylation assay
for TRPV2 and the N-terminal truncations determining the amount of protein present in the plasma membrane. For each biotinylation experiment (N ¼ 3), and for quantification
purposes, samples were loaded in the same gel, and analyzed in the same film. C. Quantification of 3 independent biotinylation assays.
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N571N572ST is cotranslationally glycosylated in vitro, suggesting that
the cytosolic N-terminus comprising the first 336 residues (DN74
and DARD constructs) is not required for membrane packing/
folding of the protein.
3.3. Ordered membrane insertion of TRPV2 membrane-embedded
domain

Next, we predicted the topology of TRPV2 membrane-
embedded region using two commonly used prediction algo-
rithms, i.e. the TM hidden Markov model (TMHMM) [18] and the
experimentally based DG Predictor [19] methods to assess the
segments with the higher probabilities to span biological
Fig. 3. TRPV2 is cotranslationally inserted into RMs and glycosylated at N571N572ST
acceptor site. Full-length TRPV2 membrane-embedded region and TRPV2-derived
construct NN > SS containing the mutations Asn571Ser and Asn572Ser. Both con-
structs were translated in vitro in the presence of [35S]Met/Cys and in the absence (�)
and in the presence (þ) of dog pancreas RMs. Bands of non-glycosylated proteins are
indicated by a white dot and glycosylated proteins are indicated by a black dot. Mo-
lecular weight markers are shown on the left (lane 1).
membranes. As seen in Fig. 4A both methods roughly agree in their
prediction outputs. Nevertheless, the membrane-buried segment
of TM3 does not coincide in both predictions.

Since N-linked glycosylation occurs in a compartment-specific
manner, this modification can provide valuable topological infor-
mation [20]. Thus, to experimentally map the membrane-
embedded domain of the TRPV2, we used N-glycosylation as a to-
pological reporter [21]. We prepared a series of protein truncates
containing an added C-terminal glycosylation tag (NSTMGM) that
has been proven to be efficiently modified in the in vitro translation
system [10]. As shown in Fig. 4B, translation products containing
residues 336e432 (truncated 96-mer polypeptides) of TRPV2,
including the first predicted TM segment (TM1), were efficiently
glycosylated in the presence of RMs (52 ± 4% of glycosylation),
supporting the expected N-terminal cytoplasmic orientation for
TM1. Truncated 134-mer polypeptides, which include residues
336e470 (Fig. 4A), were not glycosylated (6 ± 3% of glycosylation),
indicating that the second predicted TM segment (TM2) efficiently
integrates into the membrane (see Fig. 4B top for an illustrative
scheme). The precise location of the third predicted TM segment
was tested by translating a 159-residue truncation (residues
336e495). According to the TMHMM prediction, TM3 would span
from residue 462 to residue 484, whilst according to the DG Pre-
dictor TM3 would end at residue 492. It has been previously re-
ported that glycosylation occurs when the acceptor Asn is ~11e13
residues away from the membrane [22,23]. Therefore, since 159-
mer polypeptides are not glycosylated (see Fig. 4B, lane 6), TM3
may extend up to Met492. To corroborate TM3 positioning, we
added a previously used flexible amino acid linker [24] to extend
the Asn glycosylation acceptor site farther away from the mem-
brane ((159 þ 10)-mer). Translation in vitro of this construct in the
presence and in the absence of RMs (Fig. 4B, lanes 7 and 8) rendered
glycosylated forms, placing the C-terminal end of the membrane-
embedded TM3 segment around residue 492, in perfect agree-
ment with the segment predicted by the DG Predictor (residues
471e492).

Furthermore, insertion of TM4 was analyzed by translating a
200-residue truncation (residues 336e536). The low level of
glycosylation observed (26 ± 4%, Fig. 4B lane 10) indicates that the
predicted fourth TM segment was significantly inserted. Truncated
polypeptides encompassing residues 336e609, which include the
native potential glycosylation site N571N572ST, were doubly



Fig. 4. TRPV2 TM segments are sequentially inserted into the ER membrane. A. Topology prediction for full-length TRPV2 membrane-embedded region using TMHMM [18] and the
experimentally based DG Predictor [19] methods. In the TMHMM prediction method (top line), TM domains (red rectangles), cytoplasmic loops (blue lines) and luminal loops (pink
lines) are indicated. In the DG Predictor, the DG graph (blue line) shows the predicted membrane-insertion efficiency along the sequence and the predicted TM domains are
highlighted in brown. A set of oligonucleotides (arrows) was designed to generate TRPV2-truncated forms, which are indicated by the length of the truncated polypeptide (-mer)
and the starting and ending residue in the TRPV2 sequence. B. In vitro expression and representative SDS-PAGE analysis of TRPV2 truncates. The presence of RMs and non-
glycosylated and glycosylated polypeptides (empty and black dots, respectively) is indicated. Models of the membrane topology of truncated TRPV2 constructs are illustrated,
in which a fused C-terminal N-glycosylation tag (rectangle) provides a simple readout for topology determination. C. Homology model of the tetrameric TRPV2 has been built using
the membrane-embedded domain topology resulting from this study and docked into the TRPV2 EMmap at 13.6 Å [14]. A monomer of the channel has been depicted using colored
cylinders using the following color code: TM1, cyan; TM2, green; TM3, yellow; TM4, red; TM5, purple; TM6, blue. The spheres displayed in the top view indicate the limits of the
lipid bilayer estimated using the OPM database [28]. D. In vitro translation of C-terminal-tagged mRNAs encoding TRPV2 and TRPV2-derived (NN > SS) constructs including TM5
(residues 517e609) and TM5-6 hairpin (residues 517e654) was performed in the presence (þ) and absence (�) of membranes as indicated. Bands of non-glycosylated polypeptides
are indicated by a white dot and singly- and doubly-glycosylated proteins are indicated by one and two black dots, respectively. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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glycosylated, indicating that TM5 efficiently integrates into the
membrane. Finally, the single glycosylation of 318-mer construct
(residues 336e654) carrying the C-terminal glycosylation tag,
combined with the absence of glycosylation in the mutated version
(NN > SS) of TRPV2 membrane-embedded region (Figs. 3 and 4B),
supports the presence of an inserted sixth TM segment.
3.4. Fitting of a homology model of TRPV2 into the TRPV1 solved
structure

Next, we built a homology model of rat TRPV2 based on the
recently solved structure of rat TRPV1 (PDB code 3j5p, [3]) using the
DG Predictor [19] predicted TM segments and the present experi-
mental results as constraints (represented by ribbons in Fig. 4C).
The TRPV2 membrane-embedded domain sequence prediction
satisfies the TM helix disposition of TRPV2 built on the coordinates
of the TM1-TM6 of TRPV1 (Fig. 4C, coloured cylinders). In addition,
we fitted the homology model of TRPV2 on the low resolution EM
map of TRPV2 (code EMDB-5688, [14]) (not shown).

Both the TRPV2 model and the 3D structure of TRPV1 show a
large spatial gap between the TM1-4 and the TM5-6 segments due
to a relatively long membrane interface domain between TM4 and
TM5. This fact suggested the possibility of TM1-4 and TM5-6 acting
as independent folding/assembly subunits.
3.5. Membrane insertion of TM5-TM6 hairpin

TRPV2 channel functions as a tetramer. As shown in Fig. 4C, in
each monomer TM5 and TM6 seem to cluster away from the rest of
the membrane-embedded domain (TM1-4) as an a-helical hairpin.
This simple structural motif is thought to occur relatively
frequently in integral membrane proteins and may serve as an
important structural and/or functional element [25]. In the TRPV1
case, this helical hairpin has been implicated in the formation of the
central ion-conducting pore of the tetramer [3]. To explore the
possibility that TRPV2 TM5 and TM6 region could integrate into the
membrane as an independent folding motif, we translated from
Arg517 to Glu609 (Fig. 4D), a region that includes the extra-
membranous loop connecting TM4 to TM5, the fifth TM segment
and the native glycosylation site N571N572ST. As shown in Fig. 4D
(lanes 1e3), doubly glycosylated forms were observed, suggesting
that TM5 isolated from the rest of the membrane-embedded region
is able to direct its integration into the ER membrane through the
translocon. Furthermore, translation of truncated C-terminal
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reporter tag fusions encompassing from Arg517 to Asp654, which
extended the polypeptide to include TM6, show singly glycosylated
forms, suggesting a-helical hairpin insertion (Fig. 4D, lane 5).
Notably, single glycosylation and no glycosylation were observed
when the native glycosylation acceptor site was mutated in these
two constructs (Fig. 4D, lanes 3 and 6). Combined, these results
support the independent a-helical hairpin motif integration into
biological membranes.

Taking into account our experimental topological analysis,
together with TRPVs evolutionary information [4] and the recent
TRPV1 and TRPV2 structures [3,14], it is evident that the
membrane-embedded domain of the TRPV1-4 shares a common
membrane disposition. Interestingly, the insertion into the bilayer
of TRPV channels is cotranslational and does not require the cyto-
solic N-terminal region (first 74 residues and the ARD), since our
translation/insertion experiments were carried out in the absence
of this domain. We have also identified that the TM1-TM4 and the
TM5-TM6 regions of TRPV2 are capable of assembling separately in
the membrane, acting as independent folding units. Thus, an in-
dependent folding of the TM1-TM4 and TM5-TM6 can be assumed
for TRPV1-4 channels, and it cannot be ruled out for the equivalent
region of other ion channels with similar topology such as potas-
sium and/or sodium channels [26,27].
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