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Background: TRPML1 is essential for the light response of retinal depolarizing bipolar cells.
Results: Recombinant purified TRPM1 is mostly dimeric, and a low resolution cryo-EM structure is presented.
Conclusion: Because most TRP channels function as tetramers, active TRPM1 channels likely require additional partner

subunits.

Significance: The results suggest a novel paradigm for structure and regulation within the TRP channel family.

Transient receptor potential melastatin-1 (TRPM1) is essential
for the light-induced depolarization of retinal ON bipolar cells.
TRPM1 likely forms a multimeric channel complex, although
almost nothing is known about the structure or subunit composi-
tion of channels formed by TRPM1 or any of its close relatives.
Recombinant TRPM1 was robustly expressed in insect cells, but
only a small fraction was localized to the plasma membrane. Simi-
lar intracellular localization was observed when TRPM1 was het-
erologously expressed in mammalian cells. TRPM1 was affinity-
purified from Sf9 cells and complexed with amphipol, followed by
detergent removal. In blue native gels and size exclusion chroma-
tography, TRPM1 migrated with a mobility consistent with deter-
gent- or amphipol-bound dimers. Cross-linking experiments were
also consistent with a dimeric subunit stoichiometry, and cryoelec-
tron microscopy and single particle analysis without symmetry
imposition yielded a model with approximate 2-fold symmetrical
features. Finally, electron microscopy of TRPM1-antibody com-
plexes revealed a large particle that can accommodate TRPM1 and
two antibody molecules. Taken together, these data indicate that
purified TRPM1 is mostly dimeric. The three-dimensional struc-
ture of TRPM1 dimers is characterized by a small putative trans-
membrane domain and a larger domain with a hollow cavity. Blue
native gels of solubilized mouse retina indicate that TRPM1 is pres-
ent in two distinct complexes: one similar in size to the recombi-
nant protein and one much larger. Because dimers are likely not
functional ion channels, these results suggest that additional part-
ner subunits participate in forming the transduction channel
required for dim light vision and the ON pathway.
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ON bipolar cells of the vertebrate retina relay information
from rod and cone photoreceptors to downstream neurons,
predominantly A-ITamacrine cells and OFF bipolar cells, where
it is subject to further signal processing before being commu-
nicated to retinal ganglion cells and their target areas in the
brain (1). Postsynaptic signaling in ON bipolar cells begins with
the metabotropic glutamate receptor mGluR6, which, via the
heterotrimeric G protein G, ultimately controls the open state
of a non-selective cation channel (2—8). In the dark, this path-
way is chronically activated by the constitutive release of gluta-
mate from photoreceptor terminals, maintaining the postsyn-
aptic transduction channel in a closed state. Light-induced
hyperpolarization of photoreceptors leads to a decrease or ces-
sation of glutamate release and consequent deactivation of the
mGluR6 pathway (7, 9-11). G« is rapidly inactivated through
GTPase-accelerating protein complexes including RGS7/
RGS11 and GB5 (12-15), and the transduction channel is
opened, resulting in depolarization.

TRPM1,”> a member of the transient receptor potential family
of cation channels, is essential for expression of the light-regu-
lated conductance in ON bipolar cells. TRPM1 is an ~180-kDa
protein localized to the somas and dendrites of both rod and
cone ON bipolar cells and colocalized with mGluR6 at the den-
dritic tips (16 —20). TRPM1 knock-out mice have a no-b-wave
(nob) electroretinogram phenotype (17, 21) and defective ON
bipolar cell signaling in whole-cell recordings (17, 22, 23). In
addition, a nob mouse derived from a mutagenesis screen was
found to have a point mutation in the predicted pore region of
TRPM1 (24). Genetic lesions in the TRPM I gene are also asso-
ciated with complete congenital stationary night blindness in

2 The abbreviations used are: TRPM, transient receptor potential melastatin;
nob, no-b-wave; NYX, nyctalopin; TRPV, transient receptor potential vanil-
loid; Sf9, S. frugiperda clone 9; DMSO, dimethyl sulfoxide; PIC, protease
inhibitor cocktail; BN, blue native; Bis-Tris, 2-[bis(2-hydroxyethyl)amino]-2-
(hydroxymethyl)propane-1,3-diol; Ab, antibody; hpi, h postinfection; CB,
cracking buffer; CMC, critical micelle concentration; DST, disuccinimidyl
tartrate; PAAGE, polyacrylamide/agarose gel electrophoresis; HBSS, Hanks’
balanced salt solution; WGA, wheat germ agglutinin; NHS, N-hydroxysuc-
cinimide; TM, transmembrane.
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humans (25-28). Complete congenital stationary night blind-
ness patients with mutations in TRPM1 have electroretinogra-
phy results consistent with a defective ON pathway in both rods
and cones (25, 26). The OFF pathway is spared, which is why
mutation of TRPM 1 (or other complete congenital stationary
night blindness genes such as GRM6 or nyctalopin (NYX)) does
not result in a more severe blinding phenotype.

Virtually nothing is known about the structure of any of the
TRPM family proteins apart from the isolated coiled coil
domain of TRPM?7, which forms an antiparallel four-stranded
coiled coil (29). Single particle reconstructions of the distantly
related TRPV1 (30, 31), TRPV2 (32), TRPV4 (33), and TRPA1
(34) indicated 4-fold symmetric complexes with a small trans-
membrane domain and a larger basket-shaped cytoplasmic
domain. Homology between TRPM1 and the TRPV family is
strictly limited to the transmembrane domain (~40% similar-
ity), which accounts for only ~20% of the TRPM1 sequence.

To study the biochemical and structural properties of
TRPM1, we developed an expression and purification proce-
dure capable of generating large amounts of folded and soluble
protein. The purified protein was found to be mostly dimeric,
and cryoelectron microscopy was used to determine the shape
of TRPM1 dimers. In addition, highly specific TRPM1 mono-
clonal antibodies (mAbs) were generated and used for detec-
tion of native TRPM1-containing complexes in retina.

EXPERIMENTAL PROCEDURES

Cells—Spodoptera frugiperda clone 9 (Sf9) cells were main-
tained in InsectXpress medium (Lonza) supplemented with
10% heat-inactivated fetal bovine serum (FBS) (HyClone), 50
units/ml penicillin, and 50 ug/ml streptomycin (HyClone).
Human embryonic kidney (HEK) cells were maintained in Dul-
becco’s modified Eagle medium (Corning) supplemented with
10% FBS and penicillin/streptomycin as above. 1D4 hybrido-
mas (35) were cultured in serum-free Cell mAb Medium (BD
Biosciences) supplemented with penicillin/streptomycin as
above. TRPM1 hybridomas were cultured in Iscove’s Modifica-
tion of DMEM (Corning) with either 15% FBS for expansion or
10% low IgG serum (Sigma) for antibody purification and
penicillin/streptomycin.

Molecular Cloning and Baculovirus Construction—Full-length
Trpml (GenBank™ accession number NM_001039104.2) was
cloned from mouse retina cDNA (36) using primers 5'-ACTC-
TCTTACCTCAGCTGACCAG-3' and 5'-ATGGTCTGGCT-
GTTGAGTGCTTG-3" and 15 ng of template DNA. The open
reading frame with a C-terminal 1D4 tag (TETSQVAPA) (37)
was subsequently cloned into the Spel/Kpnl sites of the pFbl
vector (Invitrogen) for baculovirus construction and Kpnl/
Notl of pCDNA3.1 (Invitrogen) for expression in mammalian
cells. Nyx (GenBank accession number NM_173415.4) was
cloned from mouse retina cDNA using primers 5'-ACAGCT-
GAGTGGCTCTAAGCCACC-3"and 5'-GTGGTTTGGGTC-
ACCTCAGTGTGG-3" and 100 ng of template DNA. A
product with GST placed behind the Nyx signal sequence
(Nyx(1-19)-GST-Nyx(20-476)) was constructed by overlap
extension PCR and cloned into the Spel/Kpnl sites of pFb1. 5%
DMSO was required for PCR amplification of Nyx. Human Ge,,
(splice variant A) cDNA was purchased from the Missouri Uni-
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versity of Science and Technology cDNA resource center and
cloned into Xbal/EcoRI sites of pFb1.

Recombinant bacmids were made using the Bac-to-Bac pro-
cedure (Invitrogen). Bacmid DNA was prepared after a second
round of colony purification and screened by PCR with M13
primers. Sf9 cells in 25-cm? flasks were transfected with 15 ul of
bacmid DNA and 12 ul of Cellfectin or Cellfectin II (Invitrogen)
in Grace’s unsupplemented medium according to the manu-
facturer’s instructions. The P1 virus stock was harvested after 4
days. Viruses were passaged blind: P2 stocks were made by
infecting Sf9 cells in a 75-cm? flask with 1 ml of P1 virus; P3
stocks were made by infecting 150-cm? flasks with 0.5 ml of P2.
All infections were initiated with a 1-h adsorption in minimal
volume at room temperature followed by addition of medium
and incubation at 27 °C for 3— 4 days. P3 virus was typically used
for protein expression.

Gel Electrophoresis and Western Blotting—SDS-PAGE was
performed according to the method of Laemmli (38). TRPM1
samples were incubated in SDS loading buffer for 5-15 min at
42 °C and typically resolved with 8% acrylamide gels. Proteins
were transferred to nitrocellulose in TG (25 mM Tris, 192 mm
glycine), and membranes were blotted with primary antibody as
follows: 1D4, 0.1 pg/ml; TRPM1 274G7, 1 pg/ml; TRPM1
545H5, 1 pg/ml; TRPM1 biotin-545H5, 1:500; actin (Develop-
mental Studies Hybridoma Bank, University of lowa, JLA20),
1:1,000; Ge, (Millipore MAB3073), 0.3 ug/ml. Anti-mouse
IRDye680 (LI-COR Biosciences) at 1:10,000, anti-mouse horse-
radish peroxidase (HRP) (Jackson ImmunoResearch Laborato-
ries) at 1:2,000, or streptavidin-HRP (Cell Signaling Technol-
ogy) at 1:3,000 was used for detection with the Odyssey infrared
imager (LI-COR Biosciences) or SuperSignal West Pico chemi-
luminescent substrate (Thermo) and exposure to film.

Cross-linking reactions were resolved using hybrid SDS gels
with 3-3.5% acrylamide and 0.5% agarose in a Laemmli buffer
system as described (39). Proteins were transferred in TG to
polyvinylidene fluoride (PVDF) membrane and blotted as
above. Markers were Coomassie-stained on the blot after trans-
fer. Unstained HiMark (Invitrogen) was used for the 500-, 290-,
and 240-kDa marker bands, and nebulin from mouse muscle
extract was used as a 730-kDa marker (40). Soleus/gastrocne-
mius muscle was dissected from hind limbs of CD1 mice,
minced in PBS with 2X Complete protease inhibitor mixture
(PIC) (Roche Applied Science) and 2% SDS, homogenized, and
centrifuged at 1,000 X g for 15 min. ~20 ug of solubilized mus-
cle extract was used for the marker lane, and the identity of the
nebulin band was confirmed by Western blotting with nebulin
antibody (Santa Cruz Biotechnology, sc-28286; 1 ug/ml).

Blue native (BN-) PAGE (41) was performed with Bis-Tris,
3-12% acrylamide gels (Invitrogen) according to the manu-
facturer’s instructions with cathode buffer containing 0.02%
Coomassie G-250. Before loading, samples were mixed with 2.5
wl of 4X NativePAGE loading dye (Invitrogen) and 1 ul of 5%
Coomassie G-250 in a total volume of 10 pl. NativeMark (Invit-
rogen) soluble molecular weight markers were used without
additive according to the manufacturer’s instructions. Electro-
phoresis was performed with the tank submersed in ice water.
For Western blotting, the gel was first soaked for 30 min in TG
with 0.1% SDS and then transferred in TG to PVDF membrane
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at ~65 mA overnight. The membrane was fixed for 15 min in
8% acetic acid, rinsed in water, allowed to air dry, then rewet,
and destained in methanol. The marker lane was cut off and
stained with Coomassie; the rest of the membrane was sub-
jected to Western blotting as described above. For estimation of
nominal molecular weight, a linear fit to log(molecular mass) as
a function of relative mobility was constructed using only the
apoferritin, phycoerythrin, and lactate dehydrogenase bands
(720, 480, 242, and 146 kDa), which comprised the most linear
portion of the curve (see Fig. 4C). Estimation using a polyno-
mial fit to all seven bands in the standard yielded similar results
(not shown). It should be noted that mobilities of membrane
proteins measured by this procedure have been found to devi-
ate systematically from those expected from calibration with
soluble proteins (42, 43).

1D4 Antibody Production and Conjugation—1D4 antibody
(1D4Ab) (35) was purified from hybridoma culture supernatant
supplemented with 50 mwm Tris-Cl, pH 8 using protein G-
Sepharose 4 Fast Flow (GE Healthcare) and/or HiTrap protein
G HP (GE Healthcare). The column was washed in 20 mMm
sodium phosphate, pH 7 and eluted with 0.1 m glycine, pH 3.
1D4Ab-conjugated Sepharose was prepared with 4 g of CNBr-
activated Sepharose 4B (GE Healthcare) and 50 mg of Ab
according to the manufacturer’s instructions. 1D4Ab-Sephar-
ose was stored at 4 °C as a 30% slurry in 0.1 M NaHCO,, 0.5 m
NaCl, 0.02% sodium azide, pH 8.5 for up to ~1 year.

Protein Expression and Purification—Sf9 cells were infected
in 150-cm? flasks with 0.5 ml of P3 virus. Adsorption was car-
ried out in a 2.5-ml total volume at room temperature for 1 h
with frequent agitation. Alternatively, batches of 5 X 10° cells
were infected in suspension with 5 ml of P3 virus. Adsorption
was carried out at 2.5 X 107 cells/ml at room temperature for
1 h with frequent agitation, and then cells were diluted to 1 X
10° cells/ml in spinner bottles. Cells were grown at 27 °C in
InsectXpress medium + FBS as described above. At ~48 h
postinfection (hpi), cells were pelleted and washed in cracking
buffer (CB; 25 mm Tris, 300 mMm sucrose, 15 mm EDTA, 2 mm
MgCl,, pH 8.1). Cell pellets were frozen in liquid nitrogen and
stored at —80 °C. Cells were lysed in CB with 1X Complete PIC
using 25 passes through a microfluidizer (Microfluidics) at
~100 p.s.i. Cell debris and nuclei were removed by centrifuga-
tion at 4,000 X g for 5 min and 10,000 X g for 25 min, and
membranes were pelleted by centrifugation at 100,000 X g for
2.5 h. Membrane pellets were homogenized in CB + PIC with a
Potter-Elvehjem Teflon homogenizer, frozen in liquid nitro-
gen, and stored at —80 °C. Membranes were solubilized in 25
mM Tris, 150 mMm sucrose, 200 mm NaCl, 7.5 or 15 mM EDTA, 1
mM MgCl,, 1.5X PIC,2 mMm DTT, and 2.3 mg/ml fos-choline-14
(Anatrace), pH 8.1 with incubation for 90 min on a Nutator.
Following centrifugation at 100,000 X gfor 1 h, the supernatant
was incubated with 1D4Ab-Sepharose for 4 h on a Nutator, and
the resin was washed in a column with ~30-50 bed volumes of
wash buffer (25 mm Tris-Cl, 200 mm NaCl, 1 X PIC, 2 mm DTT,
0.7 mg/ml fos-choline-14, pH 8.1). To elute TRPM1, the resin
was suspended in wash buffer containing 5 mg/ml 1D4 peptide
(GenScript) with pH adjusted to ~8 by addition of 0.01 N NaOH
and incubated for 1 h. Purified protein was quantified by den-
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sitometry of Coomassie-stained gels including a BSA standard
curve.

Purified protein in elution buffer was mixed with amphipol
A835 (Anatrace) at a 1:1 (w/w) ratio and incubated with end-
over-end mixing for 3 h. BioBeads SM-2 (Bio-Rad) were pre-
pared by stirring in methanol for 15 min, washing extensively
with methanol followed by water, and degassing. Detergent was
removed from the protein-amphipol complexes by addition of
~0.2 g/ml BioBeads, mixing for 90 min, addition of another
~0.2 g/ml BioBeads, and mixing for an additional 60 —90 min.
The sample was separated from the beads and centrifuged to
remove aggregates. All steps were performed at 4 °C.

Detergent Screens—Sf9 cell membranes were prepared as
described above for protein purification. HEK cells were trans-
fected with polyethylenimine Max (PEI) (molecular weight,
40,000; Polysciences). 12 ug of pCDNA3.1-TRPM1-1D4 were
mixed with 0.3 ml of 1 mg/ml PEL, pH 7 in 1.5 ml of serum-free
DMEM supplemented with 20 mm HEPES, pH 7.4; vortexed;
incubated for 10 min; and then added to 10-cm dishes contain-
ing cells ~50-60% confluent in 15 ml of serum-free medium.
The medium was replaced with serum-containing medium
after 2—-3 h. At ~50 h post-transfection, cells were collected
with a cell scraper and washed in CB. Cells from five dishes were
suspended in CB + PIC, passed 30 times through a 23-gauge
needle, and centrifuged at 4,000 X gfor 5 min. Membranes were
pelleted as for Sf9 cells, homogenized in 2 ml of CB + PIC, and
frozen in liquid nitrogen.

Membranes were solubilized as for protein purification
except using the following detergents: decyl B-maltoside, 4.3%,
50X CMC; dodecyl B-maltoside, 0.44%, 50X CMC; CYMAL-6,
1.4%, 50X CMC; Triton X-100, 0.75%, 50X CMC; octyl B-glu-
coside, 5.3%, 10X CMC; fos-choline-12, 2.4%, 50X CMC; fos-
choline-14, 0.23%, 50X CMC; and CHAPS, 4.9%, 10X CMC.
All detergents were from Anatrace except Triton X-100
(OmniPur) and CHAPS (Mallinckrodt Baker). Following cen-
trifugation at 100,000 X g for 1 h, pellets were homogenized in
SDS sample buffer, and pellet and supernatant fractions were
subjected to SDS-PAGE and 1D4 Western blotting. The deter-
gent screen of retina TRPM1 was as for Sf9 cells except that
whole clarified lysate prepared as described below was used,
and solubilization was performed in 25 mm Tris, 200 mm NaCl,
15 mm EDTA, 2 mm DTT, 2X PIC.

Size Exclusion Chromatography—Purified protein was sub-
jected to gel filtration with Bio-Sil 400 (Bio-Rad) or Superose 6
PC 3.2/30 (GE Healthcare) columns using an HPLC instrument
(Shimadzu). The column was equilibrated in 25 mm Tris, 200
mM NaCl, 15 mm EDTA, 2 mm DTT, 0.3 mg/ml fos-choline-14,
pH 8.2 for protein-detergent complexes or in 25 mMm Tris, 200
mwm NaCl, 2 mm DTT, pH 8.1-8.2 for protein-amphipol com-
plexes. Molecular mass markers were as follows: thyroglobulin,
670 kDa; y-globulin, 158 kDa; ovalbumin, 44 kDa; myoglobin,
17 kDa; vitamin B12, 1.4 kDa (all from Bio-Rad); thyroglobulin,
669 kDa; ferritin, 440 kDa (both from GE Healthcare); and
bovine IgM, 970 kDa (Sigma). For estimation of nominal molec-
ular weight, a linear fit to log(molecular mass) as a function of
retention time was constructed using only the thyroglobulin
and ferritin peaks.
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Cross-linking—Prior to cross-linking, protein was dialyzed
extensively against 25 mm HEPES-NaOH, 200 mm NaCl, 2 mm
DTT, pH 8.1 with a dash of solid PMSF. 10X stocks of disuc-
cinimidyl tartrate (DST) (Thermo) were prepared in anhydrous
DMSO immediately before use. Cross-linking reactions con-
tained 0, 0.25, or 2.5 mM DST as indicated and 10% DMSO, and
protein concentrations were ~50-200 ug/ml unless indicated
otherwise. Reactions were incubated for 30 min at room tem-
perature; then stopped by addition of 0.1 M Tris-Cl, pH 8.2; and
further incubated for 15 min at room temperature.

Immunofluorescence Microscopy—Sf9 cells plated on glass
coverslips in 12-well plates were infected with 60 ul of P3 virus.
At ~42-46 hpi, cells were fixed in 2% paraformaldehyde in PBS
for 10 min, washed in PBS, and permeabilized in PBSAT (PBS +
1% BSA + 0.1% Triton X-100) for 15—30 min. Cells were labeled
with 1 pug/ml 1D4Ab in PBSAT for 45 min followed by donkey
anti-mouse Alexa Fluor 488 (Invitrogen) at 1:1,000 in PBSAT
along with DAPI for 30 min. Coverslips were mounted with
Prolong Gold (Invitrogen). For labeling membranes, live cells
were washed in HBSS, incubated in HBSS containing 10 ug/ml
rhodamine-labeled wheat germ agglutinin (WGA; Vector Lab-
oratories) for 15 min, washed in HBSS, then fixed, and labeled
with 1D4Ab as described above. All steps were carried out at
room temperature. HEK293 cells grown in DMEM were plated
on poly-D-lysine-coated coverslips and transiently transfected
with TRPM1-1D4 using Lipofectamine 2000 (Invitrogen). At
~36 h post-transfection, coverslips were immersed in warm
HBSS containing 5 wg/ml rhodamine-labeled WGA, incubated
at 37 °C for 10 min, and then washed in warm HBSS. Post-WGA
labeling, cells were fixed in 2% paraformaldehyde in PBS for 10
min, washed in PBS, and permeabilized in PBSAT for 15 min.
Cells were labeled as described for Sf9 cells, and coverslips were
mounted with Prolong Gold. Fixation and all subsequent steps
were performed at room temperature. Cells were imaged with a
TCS-SP5 confocal microscope (Leica). For Fig. 3B, transfected
cells were trypsinized and replated on poly-D-lysine-coated
coverslips at ~20 h post-transfection, labeled as for Sf9 cells
at ~42 h, and imaged with a DeltaVision deconvolution
microscope.

Surface Biotinylation—Sf9 cells plated in 6-well plates were
infected with 100 ul of P3 virus. At ~45-46 hpi, cells were
dislodged and washed three times in PBS, pH 8.1. Cells
were labeled in suspension with 2 mm NHS-PEG,-biotin
(Thermo) in PBS, pH 8.1 for 30 min at room temperature with
end-over-end mixing. The reaction was quenched by adding 6
volumes of blocking buffer (PBS with 0.1 M glycine, pH 8) and
washing twice more in blocking buffer. Cells were lysed in cold
lysis buffer (25 mm Tris, 200 mMm NaCl, 15 mm EDTA, 2 mm
DTT, 2X PIC, 0.23% fos-choline-14) for 30 min on ice and
centrifuged at 16,000 X g for 10 min to remove insoluble mate-
rial. The supernatant was incubated with streptavidin-agarose
beads (Thermo) at 4 °C for 2.5 h to precipitate biotin-labeled
proteins, and beads were washed five times in lysis buffer. Sam-
ples were denatured by sequential 10-min treatments at 42 and
100 °C in Laemmli sample buffer containing 2% SDS, 8 M urea,
3.6 mM biotin and subjected to SDS-PAGE.

Electron Microscopy and Image Processing—For cryoelectron
microscopy, purified TRPM1 protein solution (2 ul) was
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applied onto Quantifoil holey grids with a thin continuous car-
bon film coating. The grids were blotted, rapidly frozen in liq-
uid ethane using a Vitrobot IV (FEI Co.), and stored in liquid
nitrogen for imaging. Frozen-hydrated TRPM1 specimens
were imaged using a JOEL JEM2010F electron microscope at
200 kV equipped with a Gatan liquid nitrogen cryoholder
and 4,000 X 4,000 charge-coupled device camera. Images were
acquired using a dose of 15-18e/A% and magnification of
60,000X (1.81 A/pixel). ~8,500 ice-embedded TRPMI parti-
cles were picked and corrected for the contrast transfer func-
tion using the Ctfit routine in EMAN (44). An initial three-
dimensional model was generated based on the class averages
sorted from aligned images using a reference-free procedure in
EMAN. To avoid model bias, the structure was re-refined from
a cylinder starting model with C1 symmetry. The refined mod-
els were essentially the same. The final C2 three-dimensional
map was generated and refined from a set of ~7,900 particles
using standard iterative projection matching, class averaging,
and Fourier reconstruction in EMAN. Models generated inde-
pendently from even and odd halves of the data were used to
generate a “gold standard” Fourier shell correlation curve,
which indicated a resolution of 22 A at the 0.143 threshold and
31 A at the 0.5 threshold.

For negative stain imaging of TRPMI, specimens were
applied to carbon-coated copper grids and stained with 2% ura-
nyl acetate. Data were collected with a JEM2100 microscope at
200 kV at a dose of 15—18e/A? and a magnification of 60,000X.
A low resolution map was reconstructed from 3,000 particles as
described above for ice images and low-pass filtered to 30 A.

For imaging of TRPM1-1D4Ab complexes, 1D4-amphipol
was dialyzed extensively to remove the elution peptide and
incubated with 1D4Ab in a 1:1 molar ratio of IgG to TRPM1
dimers for 30 min on ice. Grids with continuous carbon film
coating were applied to a sample drop for ~1 min, washed with
three drops of water, and stained using Nanovan (Nanoprobes)
for 2 X ~30 s. ~3,500 particles were picked from 66 frames,
and three-dimensional maps were constructed by iterative
refinement using the model of TRPM1 alone from negatively
stained samples as the initial model. The final maps were low-
pass filtered to 30 A.

Animals—TRPM1 knock-out mice (Trpm1™!%; Lexicon
Pharmaceuticals) were obtained from the European Mutant
Mouse Archive and back-crossed to C57BL/6 for 15 genera-
tions. Age-matched wild-type C57BL/6 mice (Baylor College of
Medicine Center for Comparative Medicine) were used in
experiments with the knock-outs. Detergent screens were per-
formed with wild-type CD1 mice (Charles River). All proce-
dures were approved by the Baylor College of Medicine Insti-
tutional Animal Care and Use Committee.

Monoclonal Antibody Generation—Hybridoma clones were
generated by the Baylor College of Medicine Baculovirus/
Monoclonal Antibody core facility. Briefly, mice were immunized
with full-length purified TRPM1 complexed with amphipol.
Hybridoma culture supernatants were screened by ELISA with
purified TRPM1, Western blotting of retina lysate, and immu-
nohistochemistry of retina sections. Selected hybridomas were
cloned by limiting dilution and rescreened as above. Two clones
(545H5 and 274G7) were used in this study with indistinguish-
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FIGURE 1. Expression of TRPM1 in Sf9 cells. A, Sf9 cells were infected with baculovirus expressing TRPM1-1D4 (panels i and ii) or a control virus (GST-
nyctalopin; panel iii). At 46 hpi, cells were fixed, permeabilized, and labeled with 1D4Ab (green) and DAPI (blue). Cells were imaged by confocal fluorescence
microscopy; projections (panel i) or single optical slices near the middle of the cells (panels ii and iii) are shown. Scale bar, 10 wm. B, 1D4 Western blot of cells
infected with TRPM1-1D4-expressing baculovirus or mock-infected and harvested at the indicated time point. G, live cells infected with baculovirus express-
ing TRPM1-1D4 or Ger, were treated with biotinylation reagent (+NHS-b) or mock-treated (—NHS-b) at ~46 hpi. The reaction was quenched, cells were
lysed in fos-choline-14, and biotinylated proteins were precipitated with streptavidin-agarose. Total (7), flow-through (FT), and bead-bound (B) fractions
are shown. The flow-through was subjected to a second round of binding with fresh beads. No TRPM1 was detected in the second bound fraction (B2),
indicating that the capacity of the beads was not exceeded. Similar results were obtained from two independent experiments. D, Sf9 cells infected with
baculovirus expressing TRPM1-1D4 were labeled with WGA (red) at 42 hpi, then fixed, permeabilized, and labeled with 1D4Ab (green). A single optical

slice is shown. Scale bar, 10 um.

able results. TRPM1 mAbs were purified from culture superna-
tant as described above for 1D4. Purified antibody (1 mg/ml)
was biotinylated by dialyzing in PBS, incubating with 20-fold
molar excess NHS-PEG,-biotin at room temperature for 30
min, and then dialyzing again in PBS to remove free biotin.

Retina Lysate—Retinas were collected into cold PBS, washed
several times in PBS, and homogenized in 25 mm Tris, 200 mm
NaCl, 15 mm EDTA, 2 mm DTT, 2X PIC. Cells were lysed by
30-100 passes through a 23-gauge needle and brief sonication
in an ice/ethanol bath, and debris and nuclei were removed by
centrifugation at 4,700 X g for 10 min. For BN-PAGE, the clar-
ified lysate was solubilized with 2.3 mg/ml fos-choline-14 for
30-60 min and centrifuged at 100,000 X g for 30 min. Total
protein was determined by BCA assay (Thermo).

Sequence Analysis and Homology Modeling—TMHMM 2.0
(45) was used for predictions of transmembrane (TM) heli-
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ces. Pairwise alignment of profile hidden Markov models and
homology modeling were performed using HHpred (46) and
Modeller (47). The rat TRPV1 atomic resolution structure
(Protein Data Bank code 3J5P (30)) was used as the template.

RESULTS

Expression and Purification of TRPMI1—When murine TRPM1
with a C-terminal 1D4 tag was overexpressed in Sf9 cells using
recombinant baculovirus, Western blots of infected cells
revealed robust expression of a 1D4-tagged protein consistent
with the expected molecular mass of 184 kDa (Fig. 1B). By
immunofluorescence confocal microscopy, TRPM1 appears to
be uniformly localized in infected cells with no obvious aggre-
gates (Fig. 1A). Analysis of subcellular localization is problem-
atic in Sf9 cells because most of the cell volume is occupied by
the nucleus. However, co-staining with WGA, a lectin marker
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FIGURE 2. Detergent screen. Sf9 cell membranes were incubated with the
indicated detergent for 90 min at 4°C followed by centrifugation at
100,000 X g for 1 h. A, SDS-PAGE and 1D4 Western blot of pellet (P) and
supernatant (S) fractions. B, BN-PAGE and 1D4 Western blot of supernatant
fractions from membranes solubilized in fos-choline-12 (Fos-12) and fos-cho-
line-14 (Fos-14). DM, decyl B-maltoside; DDM, dodecyl B-maltoside; OG, octyl
B-glucoside.

for membranes, indicates that TRPM1 is predominantly intra-
cellular with little or no co-localization with the plasma mem-
brane (Fig. 1D). To determine whether any TRPM1 could be
detected at the plasma membrane, surface-localized proteins
were biotinylated in live cells followed by cell lysis and strepta-
vidin-agarose precipitation (Fig. 1C). Only a small fraction of
TRPM1 was present in the bead fraction: quantification of band
intensities yielded an estimate of ~5% for the amount of
TRPML1 that is accessible to surface labeling. In contrast, bacu-
lovirus-expressed Ga,, which is expected to be entirely intra-
cellular, was not detected in the bead fraction. Immunofluores-
cence microscopy of transfected HEK cells likewise indicates
that the vast majority of expressed TRPM1 is intracellular (see
Fig. 3, A and B).

Several detergents were screened for the ability to solubilize
TRPM1 from isolated Sf9 cell membranes (Fig. 24). None of the
detergents tested without charged moieties were useful for sol-
ubilizing TRPM1; only two relatively harsh zwitterionic deter-
gents, fos-choline-12 and fos-choline-14, yielded significant
amounts of solubilized protein. Similar results were obtained
with protein expressed in Saccharomyces cerevisiae yeast (not
shown) and HEK cells (Fig. 3C) and with native TRPM1 in
mouse retina tissue (see Fig. 9B). BN-PAGE and a 1D4 Western
blot of the solubilized Sf9 membranes are shown in Fig. 2B. A
distinct band with an apparent mobility of ~500-600 kDa as
well as a diffuse band at higher molecular mass was observed.
The relative distribution of these bands was highly variable in
different preparations of solubilized membranes. These results
suggest that the solubilized membranes may contain multiple
oligomeric species of TRPM1. Alternatively, the higher molec-
ular mass band may represent aggregates, complexes with
incompletely solubilized lipids, or binding with endogenous
cellular component(s). TRPM1 was affinity-purified from fos-
choline-14-solubilized Sf9 membranes by binding to 1D4Ab-
conjugated Sepharose followed by elution with a 9-amino acid
peptide corresponding to the 1D4 epitope (Fig. 4A4).

Purified TRPM1 Is a Dimer—BN-PAGE of purified protein
yielded a single major band with an apparent molecular mass of
~564 *+ 20 kDa (Fig. 4C; see “Experimental Procedures”). In
contrast to the BN-PAGE results with solubilized mem-
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FIGURE 3. Expression of TRPM1 in mammalian cells. HEK cells transiently
transfected with TRPM1-1D4 (A) or co-transfected with TRPM1-1D4 and GFP
(B) were fixed and permeabilized at 36 -42 h post-transfection and labeled
with 1D4Ab (A and B) and WGA (A) as a membrane marker. Single optical
sections (A) or single slices through the reconstructed volume after deconvo-
lution (B) are shown. Scale bar, 10 um. C, detergent screen with membranes
from transfected HEK cells as described in Fig. 2. Fos-12, fos-choline-12; Fos-
14, fos-choline-14; DM, decyl B-maltoside; DDM, dodecyl B-maltoside; OG,
octyl B-glucoside; P, pellet; S, supernatant.

branes, only a very small fraction of the purified protein was
observed in higher molecular mass bands. This behavior was
consistent among 12 preparations of purified protein and
was highly stable, with indistinguishable results seen after 8
weeks of storage at 4 °C. Protein purified in fos-choline-12
also had a similar behavior in BN-PAGE (not shown). In size
exclusion chromatography with buffer containing fos-cho-
line-14, purified TRPM1 migrated in a peak with an apparent
size of ~500—-600 kDa (Fig. 4B), consistent with the BN-
PAGE results. Higher order oligomeric species were not evi-
dent by gel filtration.

For analysis by electron microscopy, purified protein was
complexed with amphipol A835 (78) followed by detergent
removal with polystyrene adsorbent beads. Approximately 50%
of the input protein was recovered in the supernatant after cen-
trifugation (Fig. 4D). In size exclusion chromatography with
detergent-free buffer, the TRPM1-A835 complexes migrated as
a single peak with mobility similar to that of the detergent-
solubilized protein (~530 = 20 kDa) (Fig. 4E).
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FIGURE 4. Purification of TRPM1 from Sf9 cell membranes. A, SDS-PAGE
and Coomassie staining of purified protein. B, size exclusion chromatography
of purified protein in buffer containing fos-choline-14. Fractions were sub-
jected to SDS-PAGE and Western blotting (bottom). C, BN-PAGE of purified
protein in fos-choline-14 followed by Coomassie staining (left) or 1D4 West-
ern blotting (middle). The calibration curve used for determining the appar-
ent molecular mass (right, dashed line) was constructed from the 720-, 480-,
242-,and 146-kDa markers. D, Coomassie-stained SDS-PAGE of input protein,
protein stuck to BioBeads after amphipol exchange and detergent removal,
and supernatant (S) and pellet (P) fractions after centrifugation at
16,000 X g. Approximately 50% of the input protein was recovered in the
supernatant; further centrifugation at 100,000 X g did not result in addi-
tional loss of protein. E, size exclusion chromatography of TRPM1-am-
phipol complexes in detergent-free buffer. Fractions were subjected to
1D4 Western blotting (bottom) to confirm the identity of the peak. Peak
positions of molecular weight markers in B and E are shown as open dia-
monds. mAU, milli-absorbance units.

The molecular mass of the purified protein calculated from
standard curves generated from soluble proteins in both BN-
PAGE and gel filtration is very close to that of a TRPM1 trimer.
However, both of these techniques are likely to overestimate
the mass of membrane proteins due to the binding of detergent,
amphipol, and/or Coomassie Brilliant Blue dye molecules (42,
43, 48). For example, using n-['*C]dodecyl B-p-maltoside, Heu-
berger et al. (42) determined that ~200 detergent molecules
bound to the monomeric form of the lactose transporter LacS,
adding nearly 100 kDa to the mass, and when washed with the
same concentration of Coomassie dye used for BN-PAGE, all of
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the detergent molecules were displaced by bound Coomassie
dye. By performing BN-PAGE of several well characterized
small membrane proteins, they determined that the molecular
mass calibration of the membrane proteins was greater than
that of soluble proteins by a factor of 1.8. AMPA receptor com-
plexes were also found to migrate in BN-PAGE at an apparent
molecular mass ~1.5-2 times the calculated mass (49, 50). Sim-
ilarly, binding of amphipol A835 to bacteriorhodopsin was
determined to add 54 kDa to the apparent molecular mass (51).
In addition to binding of detergent, dye, and amphipol mole-
cules to membrane proteins, a hollow interior cavity or elon-
gated shape will also affect the mobility. Therefore the migra-
tion of TRPM1 in BN-PAGE and gel filtration is more likely
indicative of a dimer or possibly a monomer, rather than a
trimer or tetramer, of TRPM1.

To further assess the oligomeric nature of the TRPM1 com-
plex, purified protein samples in detergent or amphipol were
cross-linked with the lysyl-directed reagent DST and resolved
by SDS-polyacrylamide/agarose gel electrophoresis (PAAGE)
(Fig. 5A4). The major cross-linked species migrated at ~300—
400 kDa, almost certainly representing a dimer. In some exper-
iments, appearance of the cross-linked band was accompanied
by significant depletion of the monomer band (see for example
Fig. 5, A and B), suggesting that the vast majority of molecules
can be cross-linked. The efficiency of cross-linking was vari-
able between experiments. The reason for the variability is
unknown, but because BN-PAGE and gel filtration results were
highly reproducible, it likely reflects experimental variability in
the cross-linking procedure rather than variability in the oligo-
merization state of the protein. A very small amount of higher
molecular mass cross-linked complexes was also sometimes
detected. To rule out the possibility that the observed cross-
linked products are the result of collisional cross-linking at high
protein concentrations, reactions were performed with protein
ataseries of dilutions over a 100-fold range (Fig. 5B). The cross-
linked dimer, accompanied by depletion of the monomer band,
was evident at all concentrations.

To confirm that the major species is not a monomer, cross-
linking reactions were subjected to size exclusion chromatog-
raphy, and fractions were analyzed by SDS-PAAGE and 1D4
Western blotting (Fig. 5C). Control and cross-linked samples
migrated in similar peaks, with the apparent molecular mass of
the peak being ~10% larger in cross-linked samples. The peak
shift may be due to mass added by cross-linkers and/or changes
to the hydrodynamic radius imposed by cross-linking. Impor-
tantly, cross-linked dimers and total protein migrated in similar
positions, suggesting that the majority of the protein is in at
least a dimeric state. The migration of TRPM1 in BN-PAGE
and size exclusion chromatography, which suggests that the
protein is smaller than a trimer, together with the cross-linking
data, which suggest that the subunit stoichiometry is at least 2,
strongly indicates that the purified protein is mostly dimeric.

Electron cryomicroscopy images of ~3,700 particles embed-
ded in vitreous ice were used to generate preliminary three-
dimensional reconstructions with either no symmetry (C1) or
2-fold rotational symmetry (C2) imposed (Fig. 6). Reconstruc-
tion without any assumption about symmetry can result in
noise erroneously contributing to the alignments and produc-
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FIGURE 5. Cross-linking of purified TRPM1. A, purified protein in fos-
choline-14 (fos-14) or complexed with amphipol (APol) was treated with
0.25 or 2.5 mm DST or mock-treated with DMSO and analyzed by SDS-
PAAGE and 1D4 Western blotting. Calculated sizes of the cross-linked
bands relative to the monomer molecular mass (184 kDa) are indicated. A
shorter exposure of the same blot (bottom) is included to show the deple-
tion of the monomer band in cross-linked samples. B, protein (prot) in
fos-choline-14 was cross-linked at the indicated concentration and then
diluted to equivalent concentrations for SDS-PAAGE and 1D4 Western
blotting. C, size exclusion chromatography of cross-linked TRPM1. Pro-
tein-amphipol complexes cross-linked with 2.5 mm DST or mock-treated
with DMSO were separated on a size exclusion chromatography column,
and column fractions from the cross-linked sample were subjected to SDS-
PAAGE and 1D4 Western blotting (bottom). The lane with the highest total
protein, determined by quantification of total signal intensity in each lane,
is indicated with an asterisk. Peak positions of molecular weight markers
are shown as open diamonds. mAU, milli-absorbance units.

ing symmetry-breaking artifacts (44). However, it should still
yield a model in which symmetrical features, if they exist, are
detectable. Imposing the correct symmetry during reconstruc-
tion should then improve the model without grossly altering its
shape. Indeed, the strong similarity of the C1 and C2 models
indicates that the particles do in fact exhibit C2 symmetry, pro-
viding further evidence that the protein is a dimer.
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Finally, three-dimensional reconstructions from images of
negatively stained TRPM1 complexed with 1D4 IgG further
confirm the dimeric nature of the purified protein (Fig. 7).
Without symmetry imposition, extra density is evident on two
sides (Fig. 7C). Reconstruction using C2 symmetry revealed a
large complex that can accommodate TRPM1 and two IgG
molecules (Fig. 7, C and E). The central portion of the complex
resembles TRPM1 alone, indicating that binding of the 1D4Ab
does not alter the oligomerization state. The assignment of Fab
and Fc domains is uncertain as is which of the two IgG domains
apparently connected to the TRPM1 body is bound to the 1D4
epitope. However, the bottom-most IgG domain (Fig. 7, D and
E, indicated by arrows) has a significantly stronger density con-
necting it to TRPM1 (Fig. 7D), suggesting that this is the 1D4-
binding Fab and therefore the likely location of the TRPM1 C
terminus. Density is visible for the other Fab and the Fc region
despite significant flexibility between the IgG domains perhaps
because very weak interactions with other parts of the IgG are
stabilized by 1D4 binding.

Three-dimensional Structure of TRPMI—Biochemical experi-
ments (Figs. 4 and 5), electron microscopy of TRPM1-1D4Ab
complexes (Fig. 7), and preliminary three-dimensional recon-
struction without symmetry imposed (Fig. 6) indicated that the
purified TRPM1 is a dimer. Therefore, C2 symmetry was
imposed for the final TRPM1 model.

An example electron micrograph of TRPM1 on carbon film
and embedded in vitreous ice is shown in Fig. 84. A three-
dimensional reconstruction was obtained from ~7,900 parti-
cles in ice images (Fig. 8D). TRPM1 contains a smaller “top”
domain and a larger basket-shaped “bottom” domain with a
hollow cavity. The top domain comprises ~20% of the total
volume of the model, which is in good agreement with the
~16-25% of TRPM1 predicted to form the TM domain. The
top-to-bottom thickness of the top domain (~45 A) is also con-
sistent with the thickness of a lipid bilayer. These results sug-
gest the assignment of this portion of the complex as the puta-
tive TM domain.

Analysis of Endogenous TRPM 1 in Retina—To detect native
TRPM1, mAbs were generated against full-length purified
TRPM1-amphipol complexes. Western blotting of mouse ret-
ina lysate with two mAb clones (274G7 and 545H5) detected a
band consistent with the ~180-kDa molecular mass of TRPM1
(Fig. 94). To avoid detection of endogenous IgG by the anti-
mouse secondary antibody, 545H5 was biotinylated and
detected with streptavidin-HRP. Comparison of samples from
wild-type and Trpm1 ™/~ mice demonstrated that these anti-
bodies are highly specific.

Screening detergents for effective solubilization of native
TRPM1 (Fig. 9B) yielded virtually identical results to those
obtained with recombinant TRPM1 in Sf9 cell membranes (Fig.
2). Native TRPM1-containing complexes were analyzed by BN-
PAGE of retina lysate solubilized with fos-choline-14 (Fig. 9C).
Two bands were detected: one with an apparent molecular
mass ~20% larger (~667 *= 38 kDa) than that of purified
recombinant TRPM1 and one significantly larger (>1 MDa).
Thus a substantial portion of TRPM1 in solubilized retina is in
a complex that is too small to be a homotetramer. Given its
similarity in size to the purified protein, this complex is likely to
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FIGURE 6. Comparison of TRPM1 models reconstructed from ~3,700 ice images with C1 (top) or C2 (bottom) symmetry. Front, bottom, and top views and

corresponding section views are shown.
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FIGURE 7. Electron microscopy of TRPM1-1D4Ab complexes. Scale bar,
500 A. A, sample field of TRPM1-1D4Ab complexes stained with Nanovan. B,
three-dimensional maps were reconstructed from ~3,500 TRPM1-1D4Ab
particles, and for comparison, a three-dimensional map of TRPM1 alone was
reconstructed from ~3,000 images of negatively stained TRPM1. Class aver-
ages (left) and corresponding projections (right) are shown. C, top, reconstruc-
tions with C1 or C2 symmetry imposed. Bottom, superposition of TRPM1 (blue)
and TRPM1-1D4Ab (gray) maps. Maps were low-pass filtered to 30 A and
displayed at a threshold corresponding to ~360 (TRPM1 dimer) and ~700
kDa (TRPM1 dimer plus two IgG1 molecules), respectively. D, TRPM1-1D4Ab
map rendered at two different thresholds. The arrow indicates the highest
density connection between the IgG and the TRPM1 body. E, the IgG portion
of the map was fit with two Fab (red and magenta) and one Fc (blue) domains
(Protein Data Bank code 1IGY (77)). The proposed 1D4-binding Fab is indi-
cated with an arrow.

be a homodimer. The larger complex likely contains other sub-

units or components of the signal transduction pathway.
TRPM1 TM Domain Homology Model—Although it has been

assumed by analogy with other transient receptor potential

SASBMB

SEPTEMBER 26, 2014 +VOLUME 289+-NUMBER 39

channels that TRPM1 has both termini in the cytoplasm and six
TM passes, its topology is not known with certainty. TM helix
predictions (45) are shown for residues 784 —1176 of TRPM1 in
Fig. 10A, along with the pairwise hidden Markov model (46)
alignment with TRPV1. Detectable homology is limited to the
TRPV1 TM domain and residues 861-1149 of TRPM1. With
the exception of the S2 helix, the TRPV1 TM helices (30) are in
good agreement with the predicted TRPM1 TM helices.
TRPM3, which has ~75% identity to TRPM1 in this region,
yields a reasonable TM prediction (~0.5 probability) for S2 (not
shown). Using the TRPV1 structure (30) as a template, a homol-
ogy model of the TRPM1 TM domain was constructed using
Modeller (47). The homology model and two C2-related sub-
units of TRPV1 are shown in Fig. 10B. A magnified view of the
pore region of the TRPV1 tetramer shows the positions of the
TRPV1 selectivity filter residues and the analogous residues in
TRPM1 (Fig. 10C), which may be candidate selectivity filter
residues. Two subunits of the TRPM1 TM model fit reasonably
well in the putative transmembrane domain of the EM map
(Fig. 10D), although fitting required a significant change from
the orientation of the subunits in TRPV1.

DISCUSSION

In this study, TRPM1 purified from Sf9 cells was found to be
a nearly homogeneous and well-behaved population of dimers.
Single particle reconstruction revealed that the overall shape of
the TRPM1 dimer is somewhat similar to that of TRPV1 (30,
31), TRPV4 (33), and TRPA1 (34) tetramers. The recent high
resolution cryo-EM structure of TRPV1 (30) revealed a tetra-
meric TM domain with remarkable structural similarity to
voltage-gated potassium channels. Despite their low overall
sequence similarity and apparent difference in architecture,
TRPM1 and TRPV1 do share detectable homology of their TM
domains (22% identity in the TM domain; the rest of the sequence
contains no significant similarity). Prediction of TRPM1 TM
helices is also in good agreement with the location of the S1-S6
helices in TRPV1 (see Fig. 10). Furthermore, the TRPM1-depen-
dentbipolar cell transduction channel shares pharmacological fea-
tures with TRPV1 including activation by capsaicin and anand-
amide and inhibition by capsazepine and SB366791 (21). These
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FIGURE 8. Cryoelectron microscopy reconstruction of TRPM1. A, sample field of TRPM1-amphipol embedded in vitreous ice with continuous carbon film.
Scale bar, 500 A. The three-dimensional map was reconstructed from ~7,900 particles with C2 symmetry imposed. Projections from the three-dimensional map
(first column) and corresponding class averages (second column) are shown. B, distribution of particle orientations in the asymmetric unit (minimum, 12;
maximum, 92). C, Fourier shell correlation curve, determined from independent maps made using even and odd halves of the data, indicates a resolution of
~22 A (ataFourier shell correlation of 0.143). D, different views of the final three-dimensional reconstruction of TRPM1 presented at a threshold corresponding

to a molecular mass of 360 kDa.

similarities suggest that the functional TRPM1 pore probably
requires contributions from four subunits.

It is possible that TRPM1 forms higher order oligomers that
were disrupted by our purification procedure. If this is the case,
the fact that dimers were the major species after purification
suggests that there is a stable dimer interface that is distinct
from interactions forming higher order oligomers, and it is
therefore unlikely that TRPM1 forms a tetramer with 4-fold
symmetry such as that reported for TRPV1, TRPV4, and
TRPAL In cross-linking experiments, a very faint higher order
cross-linked band was often detected (see Fig. 5); the molecular
mass of this band was intermediate between that of a trimer and
a tetramer. Larger complexes may have been disrupted by the
rather harsh detergent conditions required for solubilization.
In addition, the asymmetry in reduction potential in the native
membrane environment is by necessity lost during solubiliza-
tion. In this study, all purification steps from solubilization
onward were carried out in the presence of reducing agent,
which could disrupt extracellular disulfide bonds required for
some subunit interactions. Purification in the absence of reduc-
ing agent resulted in profound reductions in the efficiency of
solubilization and overall protein yield even in the presence of
iodoacetamide, suggesting the formation of aggregates (not
shown). The TRPM1 isoform used here contains 25 cysteines at
least 20 of which are predicted to be intracellular and therefore
reduced. The inability to maintain both reduction of intracel-
lular cysteines and oxidation of extracellular cysteines, both of
which may be important for structure and function, is a signif-
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icant caveat of membrane protein purification in general. It is
also possible that the 1D4 epitope tag affects the structure of the
complex. However, the presence of a similarly sized complex in
retina (see Fig. 9) suggests that this is not the case.

Another possibility is that in its native environment TRPM1
is part of a heteromeric channel complex along with one or
more other proteins. This is thought to be the case for TRPP2,
which forms complexes containing three TRPP2 molecules and
one PKD1 molecule (52). PKD1 contains a small region homol-
ogous to the TRPP2 pore loop, which was speculated to partic-
ipate as the fourth subunit in forming the pore (52). In addition,
several transient receptor potential proteins have been shown
to form functional heteromers with other members of the same
family including proteins of the TRPM (53, 54), TRPC (55-57),
and TRPV (58, 59) families. Several other integral membrane
proteins are required for the depolarizing light response of ON
bipolar cells, namely mGluR6 (4), GPR179 (60— 62), and LRIT3
(63, 64). Nyctalopin, which is an integral membrane protein in
mice but not humans (65, 66), is also required (67-70). Aside
from mGIuR6, the functions of these proteins are mostly
unknown, although none of them are immediately obvious can-
didates for contribution to the TRPM1 pore. GPR179 does
appear to play a role in expression of a functional transduction
channel: responses to capsaicin are significantly reduced in the
GPR179"°” mouse even though TRPM1 protein is present at
~75% of wild-type levels and appears to be correctly localized
(61). It is conceivable that one of these partners could stabilize
homotetramer formation by TRPM1. Alternatively, other as-
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FIGURE 9. Analysis of TRPM1 in mouse retina. A, retina lysates (~50 png)
from wild-type (WT) or Trpm1~/~ (KO) mice were subjected to SDS-PAGE and
Western blotting for TRPM1 with mAbs 274G7 and 545H5, or actin antibody,
followed by anti-mouse HRP secondary antibody, secondary antibody only,
or biotinylated 545H5 (biot-545) followed by streptavidin-HRP. Endogenous
antibody heavy chain dimers (Ab HC) are detected by the secondary antibody.
B, detergent screen. WT retina lysate was incubated with the indicated deter-
gentfor 90 min at 4 °Cfollowed by centrifugation at 100,000 X g for 1 h.Pellet
(P) and supernatant (S) fractions were analyzed by SDS-PAGE and Western
blotting with 274G7. C, retina lysates from WT and KO mice were solubilized
with fos-choline-14 (Fos-14) and analyzed by BN-PAGE and Western blot with
biotinylated 545H5 (left) or SDS-PAGE and Western blot with 545H5 or actin
antibody (right). Fos-12, fos-choline-12; DM, decyl B-maltoside; DDM, dodecyl
B-maltoside; OG, octyl B-glucoside.

yet-unidentified proteins or perhaps other splice variants of
TRPM1 may be required for complete channel assembly.

BN-PAGE of solubilized mouse retina revealed the presence
of two distinct TRPM1-containing complexes (see Fig. 9). The
smaller one is likely a TRPM1 homodimer; the ~20% size dis-
crepancy may be due to different post-translational modifica-
tion or association with a small protein. The larger complexis at
least double the size of the smaller one and may represent a fully
formed channel. This complex is significantly larger than the
minor band sometimes observed in BN-PAGE of solubilized
Sf9 membranes (see Fig. 2B). The presence of putative TRPM1
dimers in retina lysate suggests that assembly may occur
through a dimeric intermediate.

Two subunits of the TRPM1 TM domain homology model
(or TRPV1, the template on which it is based) can be fit reason-
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ably well into the putative TM domain of TRPM1 (see Fig. 10),
although the low resolution of the map precludes definitive
placement. The orientation of the two subunits with respect to
each other and with respect to the plane of the membrane
appears to be significantly different from that of TRPV1 (30).
Orienting the two subunits with the pore loops close together
while respecting 2-fold symmetry places the pore loop in the
center of the TM domain. This would suggest that the two
subunits in the dimer correspond to diagonally opposed sub-
units in the fully assembled channel complex. Alternatively, the
purified dimers may not have exact 2-fold symmetry despite the
similarity of the C1 and C2 models (see Fig. 6), or binding of
other subunits may induce a conformational change that rear-
ranges the pore loops.

Virtually nothing is known about the determinants of
TRPM1 oligomerization. A conserved C-terminal coiled coil
domain has been implicated in assembly of other members of
the TRPM family. This domain is required for TRPM2 assem-
bly and function (71), and the TRPM7 domain was crystallized
as a four-stranded antiparallel coiled coil (29), which if pre-
served in the full-length protein would be incompatible with
4-fold symmetry. However, whereas isolated coiled coil
domains of TRPM2, TRPM3, TRPM6, TRPM7, and TRPMS8
formed multimers in solution (four or more), that of TRPM1
appeared to be monomeric (72). This suggests that the coiled
coil domain is not sufficient for oligomerization of TRPM1,
although it does not preclude its involvement.

Only a small fraction of TRPM1 expressed in Sf9 cells was
localized to the plasma membrane (see Fig. 1). Similarly, when
heterologously expressed in mammalian cells, most or all
TRPML1 is localized in internal structures (73, 74) (see Fig. 3).
Consistent with these observations, many attempts in our lab-
oratory to demonstrate a calcium flux activity mediated by
TRPM1 heterologously expressed in Sf9 cells, HEK cells, and
CHO cells have failed. Nevertheless, there have been reports of
cation currents induced by TRPM1 expression in mammalian
cells (22, 54, 74). These currents are likely derived from the
small fraction of TRPM1 that is localized at the plasma mem-
brane. However, the currents have been quite small, and it is not
clear that these expressed channels have the same properties as
the ON bipolar cell transduction channel, nor is it clear that
they are formed without participation of endogenous proteins.
Interestingly, TRPM1 has been reported to form relatively
robust channels when it is co-expressed with TRPM3 or when
selected regions have been substituted with the corresponding
regions of TRPM3 (54). Most recently, it was reported (23) that
in HEK293 cells transiently transfected with TRPM1 the cal-
cium influx in response to addition of extracellular calcium was
not increased over that of untransfected cells. However, expres-
sion of TRPM1 rendered the calcium flux activity sensitive to
capsazepine, which is an inhibitor of the rod bipolar cell trans-
duction current (21). These results are consistent with TRPM1
expression conferring capsazepine sensitivity on an endoge-
nous Ca®" current.

A link between subunit assembly and trafficking has been
demonstrated for several ion channels. For example, the AMPA
receptor subunit GluA2 (formerly GluR2) is largely endoplas-
mic reticulum-retained and unassembled until incorporated
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FIGURE 10. Alignment with TRPV1 and homology model. A, the posterior probability of location in a TM helix, calculated using TMHMM (45), is plotted for
residues 784-1176 of TRPM1. The HHpred (46) secondary structure (s.s.) prediction and alignment with TRPV1 is shown below. The |, +, and. represent very
good, good, and poor matches, respectively. The rat TRPV1 sequence from the structure lacking pore loop residues 604 - 626 (Protein Data Bank code 3J5P (30))
was used. TRPV1 TM helices S1-S6 and pore helix (gray bars) and selectivity filter (sf) (black bar) are indicated. The location of the TRPM1 A1068T nob mutation
(24) is also indicated. B, side view (top) and extracellular view (bottom) of two C2-related (diagonally opposite) TRPV1 TM domains (gray) superposed with the
TRPM1 homology model (red) aligned at the S5 helix. C, extracellular view of the TRPV1 tetramer pore region (gray) and TRPM1 homology model (red). TRPV1
selectivity filter residues Gly-643 and Met-644 are indicated as sticks along with candidate TRPM1 selectivity filter residues Gly-1057 and Glu-1058. D, two
subunits of the TRPM1 TM domain homology model were fit into the EM map. The N and C termini of the model are shown as orange and yellow spheres,
respectively, and the pore helix is red.

into tetramers with other GluA subunits, and it was speculated
that tetramerization masks an endoplasmic reticulum reten-
tion signal in GluA2 (49, 75). Similarly, heteromeric assembly of
the G protein-gated inwardly rectifying potassium channel sub-
unit Kir3.1 is assured by the requirement of an endoplasmic
reticulum export signal from Kir3.2 or -3.4 (76). Assembly of
TRPM1-containing channel complexes and forward trafficking
to the plasma membrane may be coordinately regulated in such
a manner.

In conclusion, we have presented here a low resolution struc-
ture of TRPM1 dimers. The structure suggests that TRPM1
forms an unusual channel complex lacking 4-fold symmetry
and perhaps including subunits from one or more other pro-
teins. Future studies are needed to characterize the quaternary
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structure of the functional TRPM1-dependent channel in its
native environment in the retina.
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