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The transient receptor potential vanilloid 4 (TRPV4) is a non-
selective cation channel responsive to various stimuli including
cell swelling, warm temperatures (27–35 °C), and chemical
compounds such as phorbol ester derivatives. Here we report
the three-dimensional structure of full-length rat TRPV4 puri-
fied from baculovirus-infected Sf9 cells. Hexahistidine-tagged
rat TRPV4 (His-rTRPV4) was solubilized with detergent and
purified through affinity chromatography and size-exclusion
chromatography. Chemical cross-linking analysis revealed that
detergent-solubilized His-rTRPV4 was a tetramer. The 3.5-nm
structure of rat TRPV4was determined by cryoelectronmicros-
copy using single-particle reconstruction from Zernike phase-
contrast images. The overall structure comprises two distinct
regions; a larger dense component, likely corresponding to the
cytoplasmic N- and C-terminal regions, and a smaller compo-
nent corresponding to the transmembrane region.

Transient receptor potential (TRP)2 channels form a diverse
family of nonselective cation channels,most of which are highly
permeable to Ca2�. The TRP superfamily is classified into
seven subfamilies according to sequence homology: the TRPC
(canonical) family, the TRPV (vanilloid) family, the TRPM
(melastatin) family, the TRPP (polycystin) family, the TRPML
(mucolipin) family, the TRPA (ankyrin) family, and the
TRPN (NOMPC) family (1). Several TRPV andTRPMchannels
are known to be temperature-sensitive, although each has a
different range of temperature sensitivity. All TRP channel sub-
units have six putative transmembrane segments that are
thought to form tetramers similar to Shaker potassium chan-
nels (2, 3). Themost distinct differences in TRP channels are in

the largeN- andC-terminal cytoplasmic regions, which contain
putative protein interaction and regulatory motifs (1, 3–5).
TRPV4 is a non-selective cation channel that was originally

identified as an osmosensor that detects hypotonic stimuli
(6–9). More recent studies indicate that TRPV4 is not only
activated by osmotic stimuli but also by warm temperatures,
the phorbol derivative 4�-phorbol-12,13-didecanoate (4�-
PDD), and lipid products of the arachidonic acid cascade (10–
13). In addition to these, TRPV4 has been reported to have an
association with many proteins (PACSIN3 (14), OS9 (15),
microtubule-associated protein 7 (16), inositol 1,4,5-trisphos-
phate receptor 3 (17), aquaporin 5 (18), TRPP2 (19), caveolin 1
(20), CFTR chloride channel (21), and BK channel (22)). It
reminds us that TRPV4 should be flexible to interact with a
variety of proteins. TRPV4 has a 40% amino acid sequence
homology toTRPV1 andTRPV2 (6, 7). The structure of TRPV4
is predicted to have a transmembrane region homologous to
the 6TM tetrameric cation channels and ankyrin repeat
domains (ARDs) in theN-terminal sequence (6). Because of the
sequence homology amongTRPVchannels, the effects of swap-
ping of the regions were examined in trafficking to the plasma
membrane and electrophysiological properties (23, 24).
In structural biology there has recently been considerable

interest in elucidating themolecularmechanisms of TRP chan-
nel gating and regulation (25). X-ray crystallography of frag-
ments of the cytoplasmic region has been employed to under-
stand its regulatory mechanism at atomic resolution (26–31),
and electron microscopy (EM) of full-length TRP channels has
been used to observe the entire structure of channel molecules.
TRP channels are thought to be flexible mostly in the cytoplas-
micN- andC-terminal regions. This flexibilitymakes it difficult
to crystallize in three dimensions, and then x-ray crystallogra-
phy of TRP channels has been focused on the fragment of the
functionally important domains. Many of TRP channels share
sequence homology, and some are homologous to other chan-
nel proteins. Even with such highly homologous sequences,
homologymodeling could be done in independent homologous
domains, and the modeling of the entire structure, which con-
sists of structurally homologous domains with flexible linker
regions, still needs to be examined with further analysis (32).
The EM structural analysis with single particle reconstruction
is advantageous in elucidating the entire structure ofmacromo-
lecular complexes, which is difficult to crystallize. Recently, EM
structures have been determined for TRPC3 (33), TRPM2 (34),
and TRPV1 (35). Each structure has a unique architecture. The
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cryo-EM structure of TRPC3 at 1.5-nm of resolution showed a
large volumewith amesh-like structure. The negatively stained
TRPM2 structure at 2.8-nm resolution showed a featureless
region including the transmembrane region, with some fea-
tures in cytoplasmic region. The cryo-EM structure of TRPV1
at 1.9-nmresolution revealed a “hanging gondola” shape, a term
that has been applied to EM reconstructions of voltage-gated
channels (36, 37) and cyclic nucleotide-gated channels (38, 39).
In this study we have obtained the complete structure of

recombinant rat TRPV4 channel protein at 3.5-nm of resolu-
tion by single-particle EMusing Zernike phase contrast images.
Recombinant expression and purification of rat TRPV4 was
obtained using the baculovirus expression system. The purified
protein was assayed by chemical cross-linking and N-terminal
labeling to be a tetramer; thus, 4-fold symmetry was applied
during three-dimensional reconstruction. The resulting three-
dimensional model shows two-layered architecture with a
small transmembrane region, similar to that of TRPV1. The
obvious difference between TRPV1 and TRPV4 is the shape
and dimensions of the large component likely corresponding to
the cytoplasmic region.

EXPERIMENTAL PROCEDURES

Construction of Baculovirus and Infection of Sf9 Cells—A
baculovirus containing His-rTRPV4 was constructed by using
the Baculovirus Expression System with Gateway Technology
(Invitrogen). The DNA fragment encoding rat TRPV4, a gift
fromM. Caterina (Johns Hopkins University), was amplified by
PCRusing primers designed for the BP recombination reaction.
This fragment was then inserted into the donor vector
pDONR221 (Invitrogen) by recombination. The entire se-
quence of amplified rat TRPV4 was confirmed by DNA
sequencing using a BigDye Terminator cycle sequencing kit
and a genetic analyzer (ABI PRISM 3100, Applied Biosystems).
The DNA fragment encoding rat TRPV4 was further cloned
into the entry vector pDEST10 (Invitrogen), which attached the
hexahistidine tag to theN terminus of rat TRPV4. The resulting
entry vector was used for transformation of Escherichia coli
DH10Bac competent cells (Invitrogen) to obtain the bacmid
DNA containing His-rTRPV4. The bacmid DNA was purified
and used to produce baculovirus with Sf9 cells according to the
procedure from the Bac-to-Bac Baculovirus Expression System
(Invitrogen). The resulting baculovirus was amplified five times
to obtain a high titer virus stock, which was then used for pro-
tein expression. We examined the expression profile of His-
rTRPV4 by varying the multiplicity of infection (m.o.i.) and the
time of post-infection. The amount of expressed His-rTRPV4
was assessed by Western blotting using an anti-His-tag poly-
clonal antibody (MBL) and a secondary antibody conjugated
with alkaline phosphatase. SDS-PAGE analysis was performed
using NuPAGE 4–12% BisTris gel with MOPS running buffer
(Invitrogen).
Ca2� Imaging—Sf9 cells were grown to the mid-logarithmic

phase in a suspension culture at 27 °C in serum-free medium
(SF-900II SFM, Invitrogen) and then plated on a cover glass for
at least 1 h at room temperature. Cells were washed with fresh
medium and then infected with baculovirus containing His-
rTRPV4 at an m.o.i. of 0.5. After 48 h at 27 °C in a humidified

incubator, cells were washedwith freshmedium and then incu-
bated withmedium containing 5 �M Fura-2 AM (Invitrogen) at
room temperature for 1 h. A cover glass waswashedwith stand-
ard bath solution (10mMMES, 10mMNaCl, 60mMKCl, 17mM

MgCl2, 10 mM CaCl2, 4 mM glucose, 100 mM sucrose, 0.1%
bovine serum albumin, pH 6.2), and Fura-2 fluorescence was
measured in the same solution. The cover glass wasmounted in
a chamber (RC-26G,Warner Instruments) connected to a grav-
ity-flow system to deliver various stimuli and heated bath solu-
tions. Heat stimulation was applied by increasing the bath tem-
perature with a preheated solution through an inline heater
(SH-27B;Warner Instruments). After heat stimulus, the stand-
ard bath solution containing 10�M4�-PDDor 5�M ionomycin
was applied to confirm the cellular response to TRPV4 agonist
and cell viability, respectively. A xenon lamp was used as an
illumination source. Fura-2 loaded in the cells was excited at
wavelengths of 340 and 380 nm, and emissionwasmonitored at
a wavelength of 510 nm with a CCD camera (CoolSnap ES;
Roper Scientific/Photometrics) to obtain fluorescence intensi-
ties of Ca2�-bound and Ca2�-free Fura-2, respectively. Data
were acquired and analyzed using IPlab software (Scanalytics).
The chamber temperature was monitored with an analog-to-
digital converter with pClamp software (Molecular Devices).
Protein Purification—Sf9 cells were grown at a density of

2.0 � 106 cells/ml in a suspension culture at 27 °C in SF-900II
SFM and were then infected with baculovirus containing His-
rTRPV4 at an m.o.i. of 5.0. After 72 h of cultivation, cells were
harvested by centrifugation at 4000 � g for 20 min at 4 °C. The
cells were washed with Tris-buffered saline (TBS) (25 mMTris-
HCl, 150 mM NaCl, pH 7.4), centrifuged as above, immediately
frozen, and stored at �30 °C until use. Frozen cells were sus-
pended into 10 volumes (v/w) of TBS containing a protease
inhibitor mixture (Complete EDTA-free protease inhibitor
mixture, Roche Applied Science) and disrupted with a Teflon
homogenizer. The cells were further processed by French press
(Thermo Fisher Scientific) at a pressure of 10,000 p.s.i. The cell
lysate was centrifuged at 4000 � g for 20 min at 4 °C to remove
cell debris, and then the supernatant was ultracentrifuged at
100,000� g for 60min at 4 °C. The precipitate was stored as the
membrane fraction at �30 °C.

Themembrane fractionwas processedwith aTeflon homog-
enizer in 5 ml of TBS containing 20 mM n-dodecyl-�-D-malto-
side (DDM) (Dojindo) and protease inhibitor mixture. After
incubation for 60min at 4 °C, the sample was diluted twice with
TBS containing 40 mM imidazole to reduce the concentration
ofDDMto 10mM.After ultracentrifugation at 10,000� g for 30
min at 4 °C, the DDM-soluble fraction was applied to a His
GraviTrap column (GE Healthcare) equilibrated in advance
with TBS containing 20 mM imidazole and 5 mM DDM. The
column was washed with 20 ml of TBS containing 5 mM DDM
and 20 mM imidazole, and then the bound protein was eluted
three times with 5 ml of TBS containing 5 mM DDM and 500
mM imidazole. The eluate was collected and concentrated 10
times with a centrifugal filter device (Microcon YM-100, Milli-
pore). The concentratewas filteredwith a 0.22-�mpolycarbon-
ate filter (Ultrafree-MCCentrifugal Filter Units, Millipore) and
then purified by Superdex 200 (3.2/30) size-exclusion chroma-
tography in a SMART system (GE Healthcare) with TBS con-
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taining 1 mM DDM at a flow rate of 40 �l/min. Elution was
monitored by absorbance at 280 nm and was fractionated into
20-�l fractions. Protein concentrations were determined spec-
trophotometrically at 280 nmusing the extinction coefficient as
previously reported (40).
Chemical Cross-linking Analysis—For chemical cross-link-

ing, the buffer components of purified His-rTRPV4 were
exchanged by using a PD-10 desalting column equilibratedwith
phosphate-buffered saline containing 1 mM DDM. Glutaralde-
hyde was added to a final concentration of 10 mM, and samples
were incubated at room temperature for 30 min. The cross-
linking reactionwas terminated by the addition ofTris-HCl, pH
8.0, to a final concentration of 50 mM. After 15 min of incuba-
tion, samples were subjected to SDS-PAGE using a NuPAGE
4–12% BisTris gel with MOPS running buffer and assessed by
Coomassie staining as well as by Western blotting using an
anti-His-tag antibody.
N-terminal Labeling and Transmission Electron Microscopy—

Purified His-rTRPV4 at a concentration of �50 �g/ml was
adsorbed onto glow-discharged copper EM grids with thin car-
bon films. Samples were washed with three drops of MilliQ
water, the excess of water was blotted off, and aNi-NTA-Nano-
gold (Nanoprobes) solution was applied immediately onto the
grids. Excess Ni-NTA-Nanogold was washed out by applying
three drops of MilliQ water. The grids were then negatively
stained twice for 30 s with NanoVan (Nanoprobes) staining
reagent, blotted, and dried in air. Micrographs of stained parti-
cles were recorded with a JEM-1010 transmission electron
microscope (JEOL) at a nominal magnification of 150,000 and
80-kV acceleration voltage. Images were recorded on a CCD
camera (Megaview II, SIS) with a pixel size of 0.5 nm at the
specimen.
Cryoelectron Microscopy and Image Processing—The puri-

fiedHis-rTRPV4was embedded in a thin layer of vitreous ice on
a holey carbon grid. Commercially available holey carbon grids
(R1.2/1.3, Quantifoil MicroTools) were made hydrophilic by
glow-discharge in air just before specimenpreparation. 2.5�l of
His-rTRPV4 at a concentration of 100 �g/ml was applied, the
excess solution was blotted with filter paper, and the grid was
quickly plunged into liquid ethane cooled by liquid nitrogen
using a Leica CPC cryo-station (Leica Microsystems). The grid
was transferred into a JEM-3100FFC (JEOL) cryo-EMequipped
with a field emission gun and an in-column (omega-type)
energy filter. The microscope was operated at 300 kV acceler-
ation voltage, with in-focus Zernike phase-contrast imaging
(41). The specimen temperature was maintained at �55 K, as
described (41). The Zernike phase plate, inserted at the back
focal plane of the objective lens, was made of a vacuum-evapo-
rated amorphous carbon filmwith a thickness of�27 nm, opti-
mized for 300-kV electrons (41). The central hole in the phase
platewas 0.7�m in diameter. The phase platewas continuously
maintained above 150 °C to prevent beam-induced contamina-
tion (42). Data were collected at a nominal magnification of
40,000 using zero-loss energy filtering with a 20-eV slit width
and an incident electron dose of 20 e�/Å2. Images were
recorded on a 2k x 2k CCD camera (Megascan 795, Gatan) with
a pixel size of 0.524 nm at the specimen.

Image processing and three-dimensional reconstruction
were performed by using Version 1.8 of the EMAN software
package (43). A total of 3916 particles were selected manually
from the CCD images using the BOXER program from the
EMAN package. The box size was 48 � 48 pixels. Iterative
refinement of the three-dimensional model was performed
with the initial model generated using C4 symmetry, as sug-
gested by chemical cross-linking analysis andN-terminal label-
ing. The particleswere classified into 133 classes corresponding
to a 6° angular step. The final three-dimensional map was
reconstructed after eight iterations from 2808 particles. The
resolution of the final three-dimensional map was estimated
using Fourier shell correlation between two maps made sepa-
rately from twohalves of the data set. The standard 0.5 criterion
was used. Themapwas surface-rendered usingCHIMERA (44).

RESULTS

Expression and Purification of TRPV4—Recombinant expres-
sion of rat TRPV4 was successfully accomplished by using the
baculovirus expression system with Sf9 cells. A hexahistidine
tag at the N terminus was used for both Western blotting and
affinity purification. Western blotting analysis (Fig. 1a)
revealed that the expression of recombinant His-rTRPV4
increased with post-infection time and with the m.o.i. Protein
expression for purification was performed 72 h post-infection
at an m.o.i. of 5.0.
The function of expressed His-rTRPV4 was evaluated by

Ca2� imaging. Increased intracellular Ca2� concentration
([Ca2�]i) was observed as increases in the ratio of Fura-2 fluo-
rescence intensity between 340- and 380-nm excitation wave-
lengths. Fig. 1b shows pseudocolored images of the fluores-
cence ratio of Sf9 cells infected with baculovirus containing
His-rTRPV4 and the corresponding traces of the ratio during
stimulation. The function ofHis-rTRPV4was confirmed by the
response to heat stimuli and 4�-PDD, which is known to be a
robust and potent activator of TRPV4 (11, 45). The heat- or
4�-PDD-evoked [Ca2�]i increase was observed only in Sf9 cells
infected with baculovirus containing His-rTRPV4 (data not
shown). The responses to 4�-PDD were almost the same as
those to ionomycin, which was performed to show the cell via-
bility. These results indicated the His-rTRPV4was active in Sf9
cells.
Purification of His-rTRPV4 was performed by affinity chro-

matography and size-exclusion chromatography. DDM-solu-
bilized His-rTRPV4 appeared as a concentrated major band in
Coomassie staining of SDS-PAGE after affinity purification
(Fig. 2). The size-exclusion chromatogram (Fig. 2a) indicated
that the majority of the proteins appeared in an initial peak
corresponding to a retention volume of 0.85ml, which is equiv-
alent to the void volume of the column. Thus, most of the con-
centrated His-rTRPV4 was found to be aggregated. However,
the second peak, between the molecular mass standards thyro-
globulin (670 kDa) and �-globulin (158 kDa), was revealed by
SDS-PAGE analysis to have amolecular mass corresponding to
the amino acid composition of His-rTRPV4 (103 kDa) (Fig. 2b).
The estimated molecular mass of the second peak, roughly 500
kDa, suggested that it was an oligomeric state of His-rTRPV4.
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Subunit Stoichiometry of PurifiedTRPV4—TRPV4 is thought
to be a tetramer similar to Shaker potassium channels (2, 3). To
evaluate the subunit stoichiometry of the purified His-rTRPV4
in the DDM-solubilized state, we applied both chemical cross-
linking analysis and N-terminal labeling. Chemical cross-link-
ing followed by SDS-PAGE analysis reveals the molecular

weight of the complex. Specific labeling of a genetically
encoded hexahistidine at the N terminus of the protein indi-
cates the subunit stoichiometry by the number of gold particles
attached to the protein particle as observed by EM.
Chemical cross-linking analyses of purified His-rTRPV4 are

shown in Fig. 2c. Chemical cross-linking using glutaraldehyde
showed a smeared band by Coomassie staining, but Western
blotting of the same sample showed a clear band just above the
390-kDa molecular mass marker.
The combination of Ni-NTA-Nanogold labeling and Nano-

Van staining resulted in clear images of the small Nanogold
label (1.8-nm diameter) in negatively stained particles (Fig. 2d).
The images were taken as in-focus bright field images to clarify
the shape of the Nanogold label and to evaluate its size. Most
of the small, high contrast particles had diameters correspond-
ing to theNanogold label. The number ofNanogolds associated
with protein particles varied, most likely due to the orientation
of proteins and the labeling efficiency. However, proteins with
four Nanogolds often showed a clear 4-fold symmetry so that
we concluded that His-rTRPV4 remains a tetramer in the
DDM-solubilized state.
Cryoelectron Microscopy and Three-dimensional Reconstruc-

tion—AZernike phase-contrast cryo-EM image of purifiedHis-
rTRPV4 is shown in Fig. 3. Enlarged views of the particles indi-
cated with white arrows are shown at the right. Cryo-EM
imaging of membrane proteins in the detergent-solubilized
state is known to be difficult due to structural heterogeneity and
low contrast. The cryo-specimens sometimes have an excessive
thickness of vitreous ice, resulting in low contrast. One
approach to overcome this issue is to take images at high defo-
cus to increase the contrast at lower spatial frequencies. Here,
we obtain higher contrast by using a Zernike phase plate. Com-
pared with conventional under-focus imaging, Zernike phase-
contrast imaging has a much higher contrast at lower spatial
frequencies, making it easier to identify and align the particles
and obviating the need for contrast transfer function correction
and the acquisition of images at various defocus values (46).
For three-dimensional reconstruction, we applied C4 sym-

metry. Surface representations of His-rTRPV4 are shown in
Fig. 4a at two different contour levels enclosing a volume cor-
responding to 500 and 630 kDa for gray solid surface and gray
mesh, respectively. Because the resolution of the three-dimen-
sional model was estimated to be 3.5 nm, as shown by Fourier
shell correlation (Fig. 4b), themodel was low pass-filtered to 3.0
nm for additional clarity. The three-dimensional model corre-
sponding to a molecular mass of 500 kDa, which was estimated
from size-exclusion chromatography, was segregated in two
components without connections; even it was bigger than its
mass of tetrameric protein moieties. The molecular mass
should contain residual lipids and additional detergent mole-
cules surrounding the transmembrane region of the channel
but was estimated as a globular shape. Therefore, the model is
also presented to have a connection between the two compo-
nents with gray mesh enclosing a volume corresponding to
630 kDa.
The model shows two components, both with square cross-

sections twisted 15° from each other (Fig. 5a). The smaller,
upper component has a dimension of �85 Å, and the larger

FIGURE 1. Expression profile and [Ca2�]i changes in Sf9 cells infected with
baculovirus containing His-rTRPV4. a, Western blot analysis of expression
of His-rTRPV4 by using an anti-hexahistidine antibody is shown. Differences
in post-infection time and m.o.i. are shown. (i) shows the difference in m.o.i. at
72 h post-infection. (ii) shows the difference in post-infection time at an m.o.i.
of 5.0. b, shown is fluorescence imaging of Sf9 cells infected with baculovirus
containing His-rTRPV4 observed during heat and agonist stimulation.
Pseudocolored images represent the 340/380-nm ratio for Fura-2 fluores-
cence. The corresponding traces during stimuli are shown below. The period
of each stimulus is indicated above the traces, and the measured temperature
changes are plotted at the bottom.
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component has a dimension of �112 Å. The overall height of
themodel is�130Å. Volume analysis of the three-dimensional
model performed using CHIMERA revealed that the small
component accounted for 30% of the total volume. A primary
sequence analysis performed using the program SOSUI (47)
concluded that 27%of the amino acids comprise the transmem-
brane region, and the remaining residues are located in the
cytoplasmic region of the molecule. The assignment of the
transmembrane region is also confirmed by comparison of
the shape and dimensions between transmembrane regions of
structurally homologous 6TM tetrameric cation channels. Fig.
5b shows calculated volume representations at 3-nm of resolu-
tion from the atomic coordinates of both MlotiK1 (blue, PDB
code 3BEH) and Kv1.2-chimera (yellow, PDB code 2R9R)
superposed with each ribbon representation of the atomic
coordinates. The shape and dimensions of both channels are

almost identical in this resolution,
and some of the helices stick away
from volume representations. This
means that the 3-nm resolution
could not provide such a slight dif-
ference in arrangement of the TM
segments. Although the compari-
son shows that our 3.5-nm map of
TRPV4depicts the general architec-
ture of 6TMtetrameric cation chan-
nel, the tetrameric pore-forming
domain with four domains at the
corner. These results suggest that
the small component likely cor-
responds to the transmembrane
region.
Fitting the Atomic Structure of

Structurally Homologous Proteins—
Based on biochemical andmutagene-
sis data, the topology of TRP chan-
nels has been proposed to resemble
that of voltage-gated potassium
channels (1, 5). TRPV4 shares the
tetrameric stoichiometry in the
detergent-solubilized state, as con-
firmed by chemical cross-linking
(Fig. 2c) and N-terminal labeling
(Fig. 2d). Two high resolution struc-
tures of the 6TM tetrameric cation
channel are now available. The
x-ray crystallography of purified
eukaryotic potassiumchannelKv1.2
reveals its open conformation and
the arrangement of TM segments
1–4, the voltage sensor (48). Com-
pared with the Kv1.2, the recently
solved prokaryotic potassium chan-
nel MlotiK1 shows its closed con-
formation. The MlotiK1 is a ligand-
gated channel that has a C-terminal
cytoplasmic cyclic nucleotide bind-
ing site and a non-voltage-depen-

dent channel in which TM segments 1–4 do not act as voltage
sensors. Because TRPV1 has been shown to have weak voltage
dependence (49), the superposition with Kv1.2 was performed
(35). On the other hand, the voltage dependence of TRPV4 has
not been clearly shown so far. Furthermore, the protein was
purifiedwithout 4�-PDD in the present study; itmeans that the
structure of the TM segment 1–4 should be similar to that of
MlotiK1 at a closed conformation. Here we showed the super-
position of the atomic structure of the transmembrane region
of theMoltiK1 on our 3.5-nmmap of TRPV4 (Fig. 6a–c). Using
the “fit in map” command of CHIMERA, the shape and dimen-
sions of the tetramer of TM segments of MlotiK1 fitted well
onto our model’s small component. The most distinct fitting
error is the size of central pore-forming domain (Fig. 6a). Fig. 6f
shows a close-up view of the superposition of one of the
MlotiK1monomeronourmap to show the fitting ofTMsegment

FIGURE 2. Oligomerization analysis of purified His-rTRPV4. a, shown is a size-exclusion chromatogram of
proteins in the detergent-solubilized state after affinity purification. The retention volume of the molecular
mass standards is shown by crosses for thyroglobulin (670 kDa), �-globulin (158 kDa), ovalbumin (44 kDa), and
myoglobin (17 kDa). The molecular mass of His-rTRPV4 (including detergent molecules) was estimated as 500
kDa. b, SDS-PAGE analysis of the input, fraction 1, and fraction 2 indicated in the size-exclusion chromatogram
was assessed by Coomassie staining. c, chemical cross-linking analysis of purified His-rTRPV4 was assessed by
Coomassie staining (left) and a Western blot using anti-His-tag antibody (right). The molecular weight of a
cross-linked band above 390 kDa is consistent with a tetramer of His-rTRPV4 subunits (103 kDa). d, shown is a
general view of a Nanogold-labeled and NanoVan-stained His-rTRPV4 and an enlarged view of particles having
multiple Nanogolds.
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3 and 4, which corresponds to a putative binding site of 4�-PDD.
Thesehelices are fittedwell onourmap, but the site betweenTM3
and 4 could not be resolvable in the current resolution.
The ARD is another important domain thought to be struc-

turally homologous in TRP channels. Several structures of
ARDs of TRPV family proteins have been published (26–29).
TRPV4 is thought to have at least threeARDs but possibly six in
its N-terminal cytoplasmic region (29). Here we showed the
superposition of the ARDs of TRPV1 (PDB code 2PNN) onto
the large component of our 3.5-nmmap of TRPV4. The super-
position was performedmanually to fit the x-ray structure onto
the periphery of the large component, placing theC terminus of

ARD close to the connection between the two components and
the hydrophobic surfaces of the ARDs facing the inside of the
large component. The ARDs are fitted well onto the large com-
ponent with its surface morphology (Fig. 6, a–c) and also den-
sity (Fig. 6, d and e).

DISCUSSION

Here we report the structure of the tetrameric TRPV4 chan-
nel determined by single-particle cryo-EM. The three-dimen-
sional model consists of two components; a larger dense part,
likely corresponding to the cytoplasmic N- and C-terminal
regions, and a smaller component corresponding to transmem-
brane region. Assignment of these regions was supported by
volume analysis of the three-dimensionalmap and also by com-
paring the transmembrane region of x-ray structure of the
structurally homologous 6TM tetrameric cation channels with
that of TRPV4 cryo-EM map.
Recently, several EM studies of TRP channels have portrayed

the architecture of the channel complex. The structures of
three TRP channels have been determined by single-particle
EM (TRPC3 (33), TRPM2 (34), and TRPV1 (35)), each with a
unique architecture. The TRPC3 structure, having the highest
resolution (1.5 nm), has a surprising mesh-like density with an
apparent disparity between the molecular weight and the total
volume of the particle. This disparity had already been sug-
gested by previous work with negative staining (50). Immuno-
labeling of the C-terminal region of TRPC3 suggested a larger
putative cytoplasmic region and a smaller, dense transmem-
brane region. The TRPC3 shares sequence features of 6TM
tetrameric cation channels, but the superposition of the atomic
coordinate of Kv1.2 suggests a similar arrangement of the pore-
forming domain but different arrangement of TM segments
1–4. The sections corresponding to the transmembrane region

FIGURE 3. Cryo-EM observation of His-rTRPV4 in the detergent-solubi-
lized state. A typical raw image of purified His-rTRPV4 (left) is shown. Some of
the individual proteins (white arrows) were picked from the raw image, as
shown on the right.

FIGURE 4. Three-dimensional reconstruction using 4-fold symmetry. a, shown is a surface representation of rTRPV4 with the contour level enclosing a
volume corresponding to 500 and 630 kDa for the gray solid surface and gray mesh, respectively. b, Fourier shell correlation (FSC) is shown between recon-
structions from even and odd halves of the data set, plotted against spatial frequency. The value falls to the criterion level of 0.5 at a resolution of 3.5 nm.
c, shown is Euler angular distribution over the asymmetric unit used in the reconstruction. The brightness of each dot corresponds to the number of particles
belonging to the class average Black represents 7 particles, and white represents 43 particles. d, shown is a comparison of class averages (left) with projections
of the final three-dimensional model (right). Corresponding Euler angles and numbers of particles were indicated at the right.
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was much bigger than that of Kv1.2 and suggested that the
pore-forming domainwas coveredwith awireframe outer shell.
Surprisingly, not only the transmembrane region but also the
cytoplasmic region has a core-like small domain and wireframe
outer shell. The structure of TRPM2 was obtained by the same
group using negative staining at a reported resolution of 2.8 nm
(3.7 nm using the 0.5 criterion). The overall shape is similar to
that of TRPC3 as observed in negatively stained specimens and
shows a relatively featureless, dense transmembrane region.
The transmembrane region and upper part of the cytoplasmic
region were covered with continuous smooth surface. That
might be due to the negative staining because the image taken
with negative staining shows a shape of the cast surrounding
the protein particles.
Compared with these two structures, our 3.5-nm map of

TRPV4 is quite similar to that of TRPV1 recently obtained by
cryo-EM, revealing a two-layered architecturewith a four-pillar
connection. The superposition of Kv1.2 on the cryo-EMmap of
TRPV1 revealed structural homology of transmembrane
regions (35). The small component, likely corresponding to the
transmembrane region of our 3.5-nm map shows an almost
identical shape and dimensions to other 6TM tetrameric cation
channels, Kv1.2 and MlotiK1. The comparison reveals struc-
tural homology of transmembrane region to the 6TM tet-
rameric cation channels and also to TRPV1. X-ray crystallogra-
phy of the 6TM tetrameric cation channels, Kv1.2 andMlotiK1,
reveals the mechanism of channel gating in the arrangement of
TM segments. In the case of TRPV4, the 4�-PDD binding site
between TM segments 3 and 4 is important to see in a three-
dimensional structure in a similar sense. The fitting ofMlotiK1
onto our 3.5-nm map showed a good fit but revealed the diffi-
culty in resolving TM helices (Fig. 6f). In seeing the hydropho-
bic surface of pore-forming region, the fitting error is obvious
(Fig. 6a). This might be due to the attached residual lipids and
detergent molecules. Such a fitting error is not obvious at the

surface of TM segments 1–4 but
residual attachments might affect
visibility. To visualize such an im-
portant structure-function relation-
ship, it would be advantageous to
purify the 4�-PDD-bound form of
TRPV4.
The transmembrane region

shows an almost identical shape and
dimensions in the current resolu-
tion, but the large component, likely
corresponding to the cytoplasmic
N- and C-terminal regions, shows
distinct differences in the shape and
density distributions. In the case of
TRPV1, the ARDs were placed into
the map in a vertical orientation
(23). This produced a good fit
because the cytoplasmic region of
TRPV1 is tall but shows a central
cavity. In our map of TRPV4, the
ARDs could not be fitted in a verti-
cal orientation but were tilted

FIGURE 5. The shape and dimensions of surface representation of His-
rTRPV4. a, shown is a surface representation of rTRPV4 viewed from four
different angles. Dimensions and estimated of volume analysis (italics) are
shown. b, shown are surface representations of the transmembrane region of
6TM tetrameric cation channels, TRPV4 (gray), MlotiK1 (blue, PDB code 3BEH),
and Kv1.2-chimera (yellow, PDB code 2R9R). Surface representations calcu-
lated from atomic coordinates are shown at 3 nm of resolution and superim-
posed with its ribbon diagram. The upper three models show extracellular
views of transmembrane regions, and the lower three show side views. The
surface representation of transmembrane region of TRPV4 is superimposed
with gray-meshed entire structure.

FIGURE 6. Superposition of high resolution structures onto the three-dimensional model of TRPV4.
Shown is a superposition of a tetramer of the transmembrane segments of MlotiK1 (PDB code 3BEH) onto the
small component and a tetramer of the ARD of TRPV1 (PDB code 2PNN) onto the large component of our
3.5-nm map of TRPV4. Superposition onto surface representation is shown as a top view (a), a bottom view (b),
and a side view (c). Superposition onto the density map is shown as a side-view projection (d), and horizontal
cross-sections are parallel to the membrane plane (e). Each section is 1.3-nm thick. The number in each section
corresponds to that on the left side of d. A bird’s-eye view of the superposition of MlotiK1 monomer (blue) onto
our 3.5-nm map of TRPV4 is shown. 4�-PDD binding pockets are colored with purple and green for TM segments
3 and 4, respectively.
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toward the connection between the cytoplasmic and trans-
membrane regions (Fig. 6, a–c). The density distribution of the
cytoplasmic region (Fig. 6e) suggests a tight assembly in central
upper part of cytoplasmic region with a hint of a connection
between the transmembrane and cytoplasmic regions. Because
the C-terminal region of TRPV1 could be swapped with that of
TRPV4 (24), that region should have structural similarity to
that of TRPV1.Homologymodeling of theC-terminal region of
TRPV1 shows a tight assembly of the tetramer tomake a coiled-
coil domain just downstream of the TM segment 6 (51). Anal-
ogous to TRPV1, the C-terminal region of TRPV4 should be
located at the upper central part of cytoplasmic region. These
results allow us to place the ARDs on the periphery of cytoplas-
mic region, leaving the vacant space in the upper central part of
the cytoplasmic region for the C-terminal region (Fig. 6e, 6–9).
The C-terminal region of TRPV4 has been revealed to have an
interaction with the microtubule-associated protein 7 (MAP7)
(Suzuki et al. (16)). Furthermore, the last four amino acid resi-
dues of the C terminus of TRPV4 show a PDZ binding-like
motif that might contribute to the interaction of TRPV4 with a
huge variety of PDZ-domain proteins (52). To have such acces-
sibility, the C-terminal region should be located not to the
inside but to the surface of the cytoplasmic region. The vacant
spaces at the upper cytoplasmic region between theARDs are in
good agreement with this issue (Fig. 6, c and d). In addition to
the C-terminal region, the rest of N-terminal region should be
located to the surface of cytoplasmic region. The proline-rich
region just upstream of the first ARD interacts with the SH3
domain of PACSIN3, which is a cytoskeleton protein involved
in synaptic vesicular membrane trafficking and endocytosis
(14). This also leads us to leave the vacant spaces at the bottom
surface of the cytoplasmic region for the rest of the N-terminal
region (Fig. 6, b and e, 9 and 10).
Recently, the similarity of ARD between TRPV1 and TRPV4

was revealed (53). The ARD of TRPV4 has a binding affinity to
ATP and Ca2�-calmodulin. TRPV4 is sensitized by intracellu-
lar ATP and desensitized by repeated or prolonged stimula-
tions. This similarity reminds us of the common regulatory
mechanism. The distinct difference in the shape and dimen-
sions of the cytoplasmic region between TRPV1 and TRPV4
shownhere could be explained by a different arrangement ofN-
and C-terminal regions in the cytoplasmic region. A similar
difference in arrangement was proposed by molecular model-
ing of TRPV1 (32). The resulting model of a closed conforma-
tion of TRPV1 shows a shape of the cytoplasmic region similar
to that of our 3.5-nm map of TRPV4. The arrangement of the
N-terminal, transmembrane, and C-terminal region was mod-
eled initially having a cavity inside the cytoplasmic region, but
the resulting model shows the interaction between the N- and
C-terminal regions to eliminate the cavity inside. This result
suggests that our 3.5-nm map of TRPV4 shows closed confor-
mation. Clearly, this hypothetical arrangement needs to be sup-
ported by further structural analysis.
Zernike phase-contrast imaging is a novel approach in cryo-

EM, which yields a much higher contrast for identifying and
aligning protein particles. We applied this approach to over-
come the difficulties in single particle EM of this membrane
protein. Our 3.5-nm map does not have enough resolution to

show the structural features for TRPV4 functions, but it does
show the distinct difference in the shape of cytoplasmic region
to the structurally homologous TRPV1. TRPV4 is a polymodal
channel and is reported to have an interaction with many pro-
teins at the cytoplasmic region. Because of such a variety of
interaction, TRPV4 should have flexibility in the cytoplasmic
region. This flexibility may limit the resolution in reconstruc-
tion. The recombinant expression and purification of His-
rTRPV4 achieved here results in sufficient quantities for EM
analysis, but the issue of structural heterogeneity needs still to
be examined.
The TRPV4 structure combined with the atomic structures

of structurally homologous proteins reveals a similarity and a
distinct difference to that of TRPV1. Our 3.5-nm map of
TRPV4 shows an identical shape and dimensions in its trans-
membrane region to the other 6TM tetrameric cation channels
and proposes a different arrangement of the N- and C-terminal
regions in the cytoplasmic region. Further effort to achieve high
resolution three-dimensional maps will be required to clarify
the differences in detail such as different arrangement of helices
with ligand binding, physical stimulus, or protein interactions.
The required resolution to clarify each helix in the EM three-
dimensional map is thought to be less than 1 nm. This resolu-
tion is still challenging to the cryo-EM structural analysis, but
the combination with the lower resolution EM map and x-ray
crystallography or homology modeling with other structurally
homologous domains helps a lot to elucidate the substantial
conformational changes in different channel states or ligand
binding.
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10. Güler, A. D., Lee, H., Iida, T., Shimizu, I., Tominaga, M., and Caterina, M.
(2002) J. Neurosci. 22, 6408–6414

11. Watanabe, H., Davis, J. B., Smart, D., Jerman, J. C., Smith, G. D., Hayes, P.,
Vriens, J., Cairns, W., Wissenbach, U., Prenen, J., Flockerzi, V., Droog-
mans, G., Benham, C. D., and Nilius, B. (2002) J. Biol. Chem. 277,
13569–13577

12. Watanabe, H., Vriens, J., Suh, S. H., Benham, C. D., Droogmans, G., and
Nilius, B. (2002) J. Biol. Chem. 277, 47044–47051

13. Watanabe, H., Vriens, J., Prenen, J., Droogmans, G., Voets, T., and Nilius,
B. (2003) Nature 424, 434–438

14. Cuajungco,M. P., Grimm, C., Oshima, K., D’hoedt, D., Nilius, B.,Mensen-

Three-dimensional Reconstruction of TRPV4 Channel

APRIL 9, 2010 • VOLUME 285 • NUMBER 15 JOURNAL OF BIOLOGICAL CHEMISTRY 11217



kamp, A. R., Bindels, R. J., Plomann,M., andHeller, S. (2006) J. Biol. Chem.
281, 18753–18762
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