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ABSTRACT: Mutations of transmembrane channel-like gene 1 (M C1) cause hearing loss in humans and mice.
TMC1 is the founding member of a family of genes encoding proteins of unknown function that are predicted
to contain multiple transmembrane domains. The goal of our study was to define the topology of mouse
TMC1 expressed heterologously in tissue culture cells. TMC1 was retained in the endoplasmic reticulum (ER)
membrane of five tissue culture cell lines that we tested. We used anti-TMC1 and anti-HA antibodies to probe
the topologic orientation of three native epitopes and seven HA epitope tags along full-length TMC1 after
selective or complete permeabilization of transfected cells with digitonin or Triton X-100, respectively. TMC1
was present within the ER as an integral membrane protein containing six transmembrane domains and
cytosolic N- and C-termini. There is a large cytoplasmic loop, between the fourth and fifth transmembrane
domains, with two highly conserved hydrophobic regions that might associate with or penetrate, but do not
span, the plasma membrane. Our study is the first to demonstrate that TMC1 is a transmembrane protein. The
topologic organization revealed by this study shares some features with that of the shaker-TRP superfamily of

ion channels.

Mutations in transmembrane channel-like gene 1 (TMC1/Tmcl)
can cause dominant or recessive hearing loss in humans and
mice (1, 2). Tmel mRNA is specifically expressed in neurosensory
hair cells of the inner ear (/, 2). Cochlear neurosensory hair cells
of Tmel mutant mice fail to mature into fully functional sensory
receptors (3) and exhibit concomitant structural degeneration
that could be a cause or an effect of the maturational defect (2).
The molecular and cellular functions of TMC1' protein remain
unknown due, at least in part, to in situ expression levels that are
prohibitively low for direct biochemical analysis.

There are seven additional mammalian TMC paralogs whose
structure and function are also unknown. There are no signifi-
cant sequence similarities between any TMC protein and other
proteins of known function. An initial PSORT-II analysis of
human and mouse TMC proteins did not detect any N-terminal
signal sequences or other trafficking signals, but it did predict
that TMC proteins reside in the plasma membrane (4). The TMC
proteins are all predicted to contain 6—10 transmembrane domains
(TMDs) and a novel, conserved region, which we termed the
TMC domain (4). TMHMMZ2.0 analysis of mouse and human
TMCI predicts cytoplasmically oriented N- and C-termini and
six TMDs that are also predicted for the other paralogs (4). Other
algorithms such as PSORT-II and TopPred predict two to four
additional TMDs, for a total of 8—10 TMDs, per TMC homo-
logue (2, 5). PROSITE and NetNGlyc identified several TMC
sequence sites with varying probabilities of glycosylation, but
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neither PSORT-II nor SignalP detected an N-terminal signal
peptide sequence (4). The in situ cellular location of TMC pro-
teins is unknown, but human TMC6 (also known as EVER1) and
TMC8 (EVER?2) proteins expressed in transiently transfected
human HaCaT keratinocyte cells appear to be retained in the
endoplasmic reticulum (6). Truncating mutations of EVERI and
EVER?2 cause epidermodysplasia verruciformis (EV; MIM 226400),
characterized by susceptibility to cutaneous human papilloma
virus infections and associated non-melanoma skin cancers (6).

The purpose of our study was to determine the transmembrane
topology of TMC1. We performed our experiments on mouse
TMC1 (mTMCI) expressed in transiently transfected COS-7 and
HeLa cells. We used differential detergent treatment to distin-
guish cytoplasmic from intraluminal epitopes of transmembrane
proteins in the endoplasmic reticulum (ER). Our results indi-
cate that heterologously expressed mTMC1 is an integral memb-
rane protein with six TMDs and cytoplasmically oriented N- and
C-termini.

EXPERIMENTAL PROCEDURES

Antibodies. We derived polyclonal antisera 272, 277, 274, and
255 from rabbits immunized with keyhole limpet hemocyanin
(KLH)-conjugated synthetic peptides corresponding to mTMCI1
amino acids 21-39 (EEDKLPRRESLRPKRKRTR), 53—72
(DEETRKAREKERRRRLRRGA), 216—236 (GSLPRKTVP-
RAEEASAANFGYV), and 731-747 (MKQQALENKMRNK-
KMAA), respectively. We ordered peptides from Princeton Bio-
Molecules (Langhorne, PA) and antibodies from Covance Research
Products (Denver, PA). We purchased polyclonal anti-3-tubulin
and monoclonal anti-PDI (Abcam, Cambridge, MA), mono-
clonal anti-a-tubulin (Molecular Probes, Carlsbad, CA), polyclonal
anti-GRP94, and monoclonal anti-KDEL (Stressgen, San Diego,
CA). Monoclonal anti-hemagglutinin (HA) antibodies were from
Abcam and polyclonal anti-HA antibodies from Covance.
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FiGure 1: Potential models of membrane topology, immunogenic peptides, and epitope tags of mTMCI. (A) Deduced amino acid sequence of
mTMCI and transmembrane domains predicted by TMHMM2.0 [red (/7)], MEMSAT [blue (27)], PSORT-II [orange (28)], and TopPred
[green (29)]. Each algorithm used standard parameters for eukaryotic membrane proteins. (B) Schematic illustration of mTMCI1 showing six
regions (black for TM1—TM6) with hydropathy values higher than 1.6 and four regions (gray) with hydropathy values between zero and 1.6. Also
shown are the positions of the TMC domain and of the four synthetic peptides used to generate anti-TMC1 antisera 272, 274, 277, and 255.
(C) Schematic illustration of HA-tagged mTMC1 expression constructs with tag insertion positions (black triangles).

Plasmids. We PCR-amplified the full-length mouse Tmcl
open reading frame from a previously reported cDNA clone in
pGEM T-easy (I). Our sense (5-GCT AGC ATG TTG CAA
ATC CAA GTG-3') and antisense (5-GGA TCC CTG GCC
ACC AGC AGC TGC-3') amplification primers contained Nhel
and BamHI restriction sites, respectively, for subsequent cloning.
We used site-directed mutagenesis (QuickChange, Stratagene,

La Jolla, CA) to insert one HA epitope tag (YPYDVPDYA) (7)
per expression construct at each of seven sites. Each pair of 67 bp
mutagenic primers contained 27 bp (5-TAC CCA TAT GAC
GTC CCG GACTAC GCC-3) encoding the HA tag, flanked by
two 20 bp Tmcl sequences encoding each side of the target
insertion site. The HA tag was inserted between amino acids 237
and 238 (HA1), 327 and 328 (HA2), 402 and 403 (HA3), 510 and
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FIGURE 2: Specificity of mTMC1 antibodies. COS-7 cells were trans-
fected with HA-tagged mTMCI (construct HA2) and costained with
either anti-HA or anti-tubulin antibody and each of three different
anti-TMC1 antisera. (A) Immunoreactivity with anti-TMCI anti-
serum 272, 255, or 274 (green) (left column). Immunoreactivity with
anti-HA antibody (red) (middle column). Merge of left and middle
panels (right column). Immunoreactivity with anti-HA completely
overlaps with that of each of the different anti-TMCI1 antibodies.
(B) Merge of anti-tubulin (red) immunoreactivity used to visualize all
cells and antiserum 272, 255, or 274 (green) immunoreactivity. Anti-
TMCI1 immunoreactivity is seen only in transfected cells.

511 (HA4), 568 and 569 (HAS), 616 and 617 (HA6), and 671 and
672 (HA7) (Figure 1C). Clones were sequenced, to verify correct
insertion of the HA tag sequence without unwanted mutagenic
events, and digested with Nhel and BamHI. The cDNA inserts
were purified by 1% agarose gel electrophoresis and QIAquick
gel extraction (Qiagen, Valencia, CA) and subcloned into Nhel-
and BamHI-digested pcDNA3.1(—) (Invitrogen, Carlsbad, CA).

Tissue Culture and Transient Transfection. COS-7 and
HeLa cells were grown in DMEM (Invitrogen) with 10% fetal
bovine serum in an incubator at 37 °C with 5% CO,. For immuno-
fluorescence assays, cells were grown on glass coverslips in six-
well plates (Corning Glass, Lowell, MA) and transfected with the
expression construct using Lipofectamine 2000 (Invitrogen) for
COS-7 cells or FuGENE HD (Roche, Indianapolis, IN) for
HeLa cells. COS-7 and HeLa cells were incubated in the trans-
fection mix in a 5% CO, incubator at 37 °C for 18—24 h. Cells
were grown in T75 flasks (Corning Glass) and incubated with
transfection mix for 18—24 h for protein extraction.

Protein Extraction. Transiently transfected cells were deta-
ched with PBS containing 1 mM EDTA for 5—10 min at 37 °C.
All of the following procedures were conducted on ice or at 4 °C.
Cells were washed twice in PBS, resuspended in MB buffer
[210 mM mannitol, 70 mM sucrose, | mM EGTA, and 10 mM
Hepes (pH 7.5), protease inhibitor cocktail III (Calbiochem,
Gibbstown, NJ)], and incubated for 1 h. Cells were lysed by 20
passages through a 29 gauge x 1/21in. (0.34 mm x 13 mm) needle
ona I mL syringe (Kendall, Tyco Healthcare Group, Mansfield,
MA). Microscopic examination assured that cell lysis was 99%
complete. The lysed cell suspension was centrifuged at 600g for
10 min to pellet the nuclei. The supernatant was regarded as a
whole cell lysate. Microsomes were prepared by a 20 min centri-
fugation of the whole cell lysate at 6800g to remove mitochon-
dria. The resulting supernatant was centrifuged for 1 h at 100000g
to produce a microsomal pellet, which was resuspended in MB
buffer.

Labay et al.

Western Blot Analysis. Whole cell extracts and microsomal
preparations were denatured when they were boiled in NuPAGE
LDS sample buffer (Invitrogen) for 5 min. Samples were
separated by SDS—PAGE on 4 to 12% Bis-Tris gels using either
MOPS or MES buffer (Invitrogen). Proteins were transferred to
PVDF membranes (Millipore, Billerica, MA), blocked overnight
with 5% nonfat dry milk in TBST [10 mM Tris-HCI (pH 7.5),
150 mM NaCl, and 0.05% Tween 20], and probed with either
anti-TMCI1 antibody 277 or polyclonal anti-HA antibody (both
at a 1:400 dilution). Proteins were detected by ECL using a
1:10000 dilution of horseradish peroxidase-conjugated anti-rab-
bit IgG (Amersham, Piscataway, NJ) or with the Typhoon Trio
Plus imaging system (GE Healthcare Life Sciences, Piscataway,
NJ) using a 1:2500 dilution of ECL Plex Cy5 fluorescent anti-
rabbit secondary antibody (Amersham).

Immunofluorescence. All procedures were performed at
room temperature. Cells on coverslips were washed three times
with PBS, fixed with 4% paraformaldehyde in PBS for 10 min,
and washed again three times with PBS for 10 min each. The
plasma membrane was selectively permeabilized with 5 ug/mL
(0.0005%) digitonin (Sigma, St. Louis, MO) in incubation buffer
[0.3 M sucrose, 2.5 mM MgCl,, 0.1 M KCI, | mM EDTA, and
10 mM Pipes (pH 6.8)] for 4 min. Alternatively, permeabilization
of the plasma and ER membranes was achieved by incubation
with 0.25% Triton X-100 in PBS for 10 min. Immediately
following permeabilization, cells were washed three times with
PBS and blocked with 2% bovine serum albumin (Roche) and
5% goat serum (Invitrogen) in PBS for 30 min. Cells were then
incubated for 1 h with primary antibodies: polyclonal antiserum
272, 255, or 274 or a monoclonal antibody to hemagglutinin.
Cells were costained with antibodies to cytosolic tubulin, and ER
luminal protein PDI or GRP94 or soluble ER resident proteins
carrying the KDEL retention signal. We initially used an anti-
PDI antibody to stain COS-7 cells, but it produced strong
background staining with HeLa cells. We also tried antibodies
against KDEL and GRP94 and found that anti-GRP94 gave the
best results with HeLa cells. Cells were washed three times with
PBS and incubated with secondary antibodies (Alexa Fluor,
Invitrogen) for 30 min. After three 15 min washes with PBS, we
mounted the coverslips onto glass slides and added ProLong
Gold antifade reagent (Invitrogen). We randomly chose approxi-
mately 20—30 different areas of each sample for visualization
with a Zeiss LSM510 confocal microscope, a 63x apochromat
oil immersion phase-contrast objective, and Texas Red or FITC
optics.

RESULTS

Potential mTMC1 Transmembrane Topologic Models.
We compared the topologies of mTMCI predicted by four
different algorithms (Figure 1A). Although the number of predic-
ted TMDs varies among algorithms, all of the algorithms predic-
ted the N-terminus of mTMCI to be cytoplasmic. A Kyte—Doolittle
hydropathy plot detects 10 hydrophobic regions, including six
regions with a hydropathy score of >1.6 (Figure 1B) and, thus, a
higher probability of spanning the membrane (8). The latter six
regions are predicted to be TMDs by all of the algorithms, whereas
the four regions with lower hydropathy scores are predicted to be
TMDs by only some of the algorithms (Figure 1A,B).

Validation of mTMC1 Antibodies. We tested the specificity
of mTMCI1 antibodies 272, 274, and 255 in immunofluorescence
staining. We expressed HA epitope-tagged mTMCI (construct
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F1GURE 3: Topology probed by mTMCl1 epitope accessibility. COS-7 or HeLa cells transfected with native mTMC1 were either selectively or fully
permeabilized with digitonin or Triton X-100, respectively. Cells were stained with each of the anti-TMC1 antisera as well as antibodies against ER
luminal protein PDI or soluble ER resident proteins carrying the KDEL retention signal (right panels) or cytosolic tubulin (left panels) to evaluate
the extent of permeabilization. Only merged images are shown for HeLa cells as similar results were obtained for both cell lines. (A and B) N- and
C-terminal epitopes (recognized by antisera 272 and 255, respectively) and tubulin are readily detected following digitonin permeabilization (top
rows), whereas PDI and KDEL are only accessible following full permeabilization by Triton X-100 (bottom rows). (C) PDI and KDEL and the
epitope recognized by antiserum 274 are only accessible after Triton X-100 permeabilization (bottom row).

HAZ2) in COS-7 cells. Cells were permeabilized with Triton X-100
and costained with anti-HA antibody and one of each of the three
anti-TMC1 antisera (Figure 2A), or costained with anti-tubulin
and one of each of the anti-TMC1 antisera (Figure 2B). Immuno-
reactivity with anti-HA completely overlaps with that of each of
the anti-TMCI antibodies, confirming that the TMCI antibodies
specifically recognize TMCI in this assay (Figure 2A). Immuno-
reactivity with anti-TMCI antibody is only detected in trans-
fected cells, further validating the specificity of anti-TMCI
antibodies in this assay (Figure 2B).

Heterologous Expression and Localization of mTMCI.
We repeated the PSORT-II analysis of TMC proteins. The results
indicate that all human and mouse TMC proteins might reside in
the ER membrane, albeit at a lower probability (18—39%) than
in the plasma membrane (56—72%). Immunofluorescence analy-
sis of epitope-tagged mTMCI expressed in a variety of different
tissue culture cell lines (COS-7, HeLa, SHSYSY, HEK293, and
MDCK) results in a reticular pattern consistent with the location
of the ER and overlapping with staining for ER-specific proteins
(Figures 3 and 5). We could not detect plasma membrane locali-
zation by staining unfixed, nonpermeabilized tissue culture
cells expressing mTMCI (results not shown). In contrast, other

multipass transmembrane proteins (TRPV4 and pendrin) traffic
normally to the plasma membrane in this expression system (9).
We identified several known (amino acids 35—37 and 64—67) as
well as putative (amino acids 37—39 and 67—69) arginine-based
ER retention signals of the RXR type (/0—12) in the N-terminal
region of mTMCI. Disrupting these retention signals by alanine
mutagenesis does not affect ER retention (results not shown).

While the ER could be the in situ location of mTMCl1, our
results may also reflect retention of overexpressed and misfolded
mTMCI in the ER, a lack of appropriate trafficking signals or
partners to deliver mTMCI1 to the plasma membrane, or a
combination of these mechanisms.

Topologic Structure Determined by Native mTMCI
Epitope Accessibility. We used polyclonal antisera 272, 255,
and 274 to determine the epitope accessibility, and thus topologic
orientation, of amino acids 21—39 in the N-terminus, amino
acids 731—747 in the C-terminus, and amino acids 216—236 in
the first predicted internal loop, respectively, in native mTMCl
protein (Figure 1B). We either permeabilized all plasma and
intracellular membranes with 0.25% Triton X-100 or selectively
permeabilized only the plasma membrane while leaving the
ER membrane intact with 5 ug/mL digitonin (/3, /4). We used
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FIGURE 4: Western blot analysis of native and HA-tagged mTMC1.
(A) Whole cell lysates of COS-7 cells transiently transfected with
a native mMTMCI1 expression construct (lane 1), empty pcDNA3.1(—)
vector (lane 2), and a representative HA (HA4) expression construct
(lane 3) were resolved on a 4 to 12% Bis-Tris gel using MOPS running
buffer. The immunoblot was probed with anti-TMCI antibody 277.
An arrow indicates a strong band of the expected size (approximately
87kDa)inlanes I and 3, but notinlane 2. (B) Microsomal extractions
from COS-7 cells transiently transfected with each of the HA-tagged
constructs HA1—HA7 (lanes 1—7, respectively) were resolved on a
4 to 12% Bis-Tris gel using MES running buffer. The blot was probed
with anti-HA antibody. The arrow indicates a band of the expected
size in all lanes.

antibodies against ER luminal protein PDI or soluble ER
resident proteins carrying the KDEL retention signal, or against
cytosolic tubulin to evaluate the extent of permeabilization. The
native mTMC1 N- and C-terminal epitopes and tubulin were
accessible for binding to their respective antibodies with either
Triton X-100 or digitonin permeabilization of either COS-7 or
HeLa cells (Figure 3A,B). In contrast, amino acids 216—236 of
mTMCI, and the ER luminal proteins, were accessible to
antibodies only when cells were exposed to Triton X-100
(Figure 3C). These results demonstrate that the N- and C-termini
of native mTMCI are oriented toward the cytoplasm and the
predicted first internal loop is oriented toward the ER lumen.

mTMC1 Topology Determined by HA Epitope Accessi-
bility. We designed a series of HA-tagged mTMC1 expression
constructs to differentiate among the possible mTMCI1 topo-
logical models (Figure 1C). The topologic orientations of tagged
regions were determined by their accessibility to anti-HA anti-
bodies after differential detergent treatment. The insertion of the
nine-amino acid HA tag into hydrophilic loops of other proteins
typically has little or no effect on their structure and function
(15, 16). The HA-tagged constructs were transiently expressed in
either HeLa or COS-7 cells to yield HA-tagged mTMCI1 proteins
of the predicted size (Figure 4).

The HA epitopes encoded by HA1, HA3,and HA7 and the ER
luminal protein GRP94 were accessible to antibodies only after
permeabilization with 0.25% Triton X-100 (Figure 5). These
results demonstrate that the TMHMM2.0-predicted first, third,
and fifth loops of mMTMC1 flanked by transmembrane domains
TM1 and TM2, TM3 and TM4, and TMS and TM6, respectively,
are all oriented toward the ER lumen. In contrast, the HA
epitope encoded by HA2 and the cytosolic marker tubulin were
accessible for antibody binding after either Triton X-100 or
digitonin treatment (Figure 5).

The TMHMM2.0-predicted loop flanked by TM4 and TM5
contains a region of hydrophobic residues predicted by other algo-
rithms (MEMSAT, PSORT-II, and TopPred) to include one or

Labay et al.
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FIGURE 5: Topology probed by HA epitope tag accessibility. HeLa
cells transfected with each of the HA-tagged mTMC1 expression
constructs were permeabilized with either digitonin (left panels) or
Triton X-100 (right panels). With each treatment, cells were costained
with anti-HA (green) and anti-tubulin (red) antibodies or with anti-
HA (green) and anti-GRP94 (red) antibodies. Tubulin and the HA
epitope tags of HA2 and HA4—HAG6 were accessible to antibodies
after selective permeabilization with digitonin. In contrast, GRP9%4
and the HA epitope tags of HA1, HA3, and HA7 were stained only
after full permeabilization with Triton X-100.

two additional TMDs (Figure 1A,B). We designed and expressed
constructs HA4—HAG6 to differentiate among these models.
Their HA epitopes as well as tubulin were stained by antibodies
after either Triton X-100 or digitonin treatment, whereas GRP94
was stained only after Triton X-100 (Figure 5). These results
confirm that all three HA epitope tags inserted into the loop
flanked by TM4 and TMS are oriented toward the cytoplasm.
The topologic orientations of the HA epitopes in the seven
different HA-tagged mTMCI1 expression constructs confirm the
TMHMM2.0-predicted model of six membrane-spanning do-
mains and rule out the existence of the additional TMDs predic-
ted by other algorithms. The accessibility of the HA epitope tag
encoded by HA1 only after Triton X-100 permeabilization is
consistent with the result with native mTMCI1 and antibody 274.
This indicates that the insertion of the HA tag into the
TMHMM2.0-predicted first loop of mTMCI had no effect on
its orientation. Furthermore, the insertion of HA epitope tags did
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FIGURE 6: Preservation of N- and C-terminal topology in HA
epitope-tagged mTMC1. COS-7 cells transfected with each of the
HA-tagged mTMCI1 expression constructs were permeabilized with
either digitonin (left panels) or Triton X-100 (right panels). Cells
were stained with anti-HA antibody (red) and with antiserum 272 or
255 (green). The N- and C-terminal epitopes of each expression
product are accessible for staining with their respective antibodies
following digitonin permeabilization. Anti-TMCI1 staining of HA1,
HA3, and HA7 appears green because the HA tags inserted in the
internal loops are not accessible for staining. For HA2 and
HA4—HAG®6, the HA tag is inserted in an accessible cytoplasmic
loop and its (red) staining overlaps the green staining of N- and
C-terminal epitopes and appears yellow.

not disrupt the cytoplasmic orientation of the N- and C-termini
that was observed for both the HA-tagged expression constructs
and native mTMC1 (Figure 6).

DISCUSSION

In this study, we investigated the topological organization of
mTMCI heterologously expressed in COS-7 or HeLa cells. The
reticular expression pattern of heterologous mTMC1 indicates
that it was localized within or associated with the endoplasmic
reticulum membranes. TMHMM?2.0 was previously reported to
be the best-performing topology prediction algorithm (17—19).
Our results are consistent only with the TMHMM2.0-predicted
model of mTMCI having cytoplasmically oriented N- and
C-termini and six transmembrane domains (Figure 7).

FIGURE 7: Model for the membrane topology of mTMCI. Our
results show that mMTMC1 expressed in COS-7 or HeLa cells contains
six membrane-spanning domains with N- and C-termini oriented
toward the cytoplasm. The model is shown with TM4 and TMS
flanking a long cytoplasmic loop. The two gray regions in this loop
are predicted to be TM domains at very low probability and might be
membrane-associated or re-entrant domains. Black arrowheads in-
dicate HA tag insertion sites.

Although some algorithms predict the existence of additional
TMDs in mTMC1 and other TMC proteins, only the domains
homologous to the six TMDs of mTMCI are predicted to
span membranes by all algorithms. Furthermore, in silico
hydrophobicity analyses of other TMC proteins indicate that
these homologous domains consistently have the highest hydro-
pathy values (>1.6). The six-pass transmembrane topology of
mTMCI may therefore be a shared structure with all TMC
proteins.

The large cytoplasmic loop flanked by TM4 and TMS includes
the TMC domain (Figure 1B), which is highly conserved among
all TMC proteins, including TMC homologues in Drosophila
melanogaster and Caenorhabditis elegans (4). Although the func-
tion of this region is unknown, its importance is highlighted by an
in-frame deletion of 57 amino acids of the large cytoplasmic loop,
including part of the TMC domain, encoded by the TmeI“ allele
of the deafness (din) mutant mouse strain (/). This region contains
eight cysteine residues, including at least three (amino acids 553,
555, and 610) that are highly conserved and one (amino acid 512)
that is conserved among all known TMC homologues (4, 5).
These residues are likely to be required for TMCI function and
structure and thus may confound a cysteine accessibility ap-
proach to probe the topology of this region in the absence of a
functional assay to rule out misfolding. The TMC domain also
contains two mildly hydrophobic regions that are predicted, at
low probability, to span the membrane by some algorithms, but
not by TMHMM2.0 (Figure 7). Because the three HA epitope
tags flanking these regions of mTMCI1 were all oriented toward
the cytoplasm (Figures 5 and 7), these two segments might be
membrane-associated or re-entrant domains. This raises the pos-
sibility that these mildly hydrophobic segments contribute to a
pore-forming structure of TMC1 if it is a channel or transporter.
Indeed, ProtFun 2.2 (20, 21) predicts that all human and mouse
TMC proteins are transporters or, at a lower probability, ion
channels.

We do not have a functional assay for TMCI1, and we cannot
rule out the possibility that mTMCI1 expression products are
retained in the ER due to incomplete folding or misfolding.
Polytopic membrane proteins depend on specialized membrane-
localized chaperones to prevent inappropriate interactions be-
tween membrane-spanning segments as they insert and fold in the
ER membrane (22). In the absence of these chaperones, mem-
brane proteins are retained in the ER despite correct insertion of
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their membrane-spanning segments. A lack of hair cell-specific
chaperones, trafficking signals, or protein partners in our hetero-
logous expression systems could also lead to ER retention of
properly folded TMCI protein.

The topology of mMTMCI resembles that of a large superfamily
of proteins that includes TRP channels and voltage-gated K
channels. These proteins also have six membrane-spanning
segments (S1—S6) and cytoplasmic N- and C-termini (23, 24).
However, we cannot detect any specific sequence similarities of
TMC proteins with these other channels (). Moreover, the pore-
forming loop of the channels is located between S5 and
S6 (24—26), whereas our in silico hydropathy analyses imply
that any potential pore-forming loop of TMC1 would be located
between TM4 and TMS5. We, and others, have been unable to
directly attribute any channel or transporter activity to TMCI by
electrophysiological methods (unpublished observations and
refs 2 and 3), but its topology justifies continued consideration
of this possibility. Finally, the topology of TMCI1 provides a
foundation for the design and interpretation of experiments that
aim to identify interacting protein partners that might give
us insight into the possible function of TMC1 and other TMC
proteins.
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