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The voltage-gated sodium channel (Na,) 1.8 contributes sub-
stantially to the rising phase of action potential in small dorsal
root ganglion neurons. Na 1.8 is majorly localized intracellu-
larly and its expression on the plasma membrane is regulated by
exit from the endoplasmic reticulum (ER). Previous work has
identified an ER-retention/retrieval motif in the first intracellu-
lar loop of Na, 1.8, which prevents its surface expression. Here
we report that the transmembrane segments of Na, 1.8 also
cause this channel retained in the ER. Using transferrin receptor
and CD8a as model molecules, immunocytochemistry showed
that the first, second, and third transmembrane segments in
each domain of Na,1.8 reduced their surface expression. Ala-
nine-scanning analysis revealed acidic amino acids as critical
factors in the odd transmembrane segments. Furthermore, co-
immunoprecipitation experiments showed that calnexin inter-
acted with acidic amino acid-containing sequences through its
transmembrane segment. Overexpression of calnexin resulted
in increased degradation of those proteins through the ER-asso-
ciated degradation pathway, whereas down-regulation of cal-
nexin reversed the phenotype. Thus our results reveal a critical
role and mechanism of transmembrane segments in surface
expression and degradation of Na,1.8.

Voltage-gated sodium channels (Na,)* play a fundamental
role in the excitable cells. They are required to generate and
propagate the action potential. Although the intact channels
are composed of a and 3 subunits, the highly glycosylated «
subunit alone is capable of forming the functional sodium-se-
lective channel. So far 10 « subunit genes have been cloned in
mammals, designated Na,1.1-Na 1.9 and an atypical Na,.
These different channels have homologous sequences and
show subtle differences in channel properties (1-4). Voltage-
gated sodium channel « subunit consists of four homologous
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domains (I-IV) linked by three intracellular loops and each
domain contains six transmembrane segments (S1-S6). Na 1.8
is a tetrodotoxin-resistant sodium channel preferentially ex-
pressed in nociceptive dorsal root ganglion (DRG) neurons (5).
Studies from knock-out mice and antisense oligodeoxynucle-
otide suggest an important role of Na 1.8 in development of
inflammatory and neuropathic pain (6 -9).

Ion channel folding and assembly is typically a tightly con-
trolled process to ensure properly folded and fully assembled
complex expressing on the cell surface. Endoplasmic reticulum
(ER) quality control is one key mechanism involved in this pro-
cess, which results in ER localization of the aberrantly folded
proteins or incompletely assembled complexes. These proteins
contain potential ER-retention/retrieval signals in the cytoplas-
mic domains (10-14) and/or in the transmembrane segments
(15-20) and/or in the extracellular domains (21, 22), which
confer their ER localization until the signals are sterically
masked by its partners or undergo conformational changes to
become nonfunctional. To avoid the potentially catastrophic
consequence of misfolded protein accumulation, ER-retained
products are commonly destroyed by ER-associated degra-
dation (ERAD) destined for the cytoplasmic ubiquitin-pro-
teasome pathway. So far, at least three different mechanisms
are defined to detect the structural features of these sub-
strates, including calnexin/calreticulin cycle, BiP recogni-
tion, and the protein-disulfide isomerases pathway (23-26).
The intensively studied ER chaperon calnexin is a type I
membrane protein. Calnexin selectively interacts with gly-
coproteins containing an N-linked oligosaccharide interme-
diate, Glc;ManyGlcNAc,, which possesses a single terminal
glucose residue to assist correct folding (27, 28). Terminally
misfolded glycoproteins will be targeted for ERAD by releas-
ing from calnexin interaction (29).

Na, 1.8 exerts its function of supporting action potential con-
duction in the C-type small DRG neurons on the plasma mem-
brane (30). Interestingly, several groups have reported that
Na, 1.8 is mainly localized intracellularly in both DRG neurons
and transfected heterologous cells (31-33). In addition, we
have previously reported that Na, 1.8 is mainly localized in the
ER and contains an ER-retention/retrieval signal (**’RRR**”) in
the first intracellular loop that regulates trafficking of Na 1.8 to
the plasma membrane (31). However, the surface expression of
Na,1.8 was increased only 3-fold when the RRR motif was
mutated into alanine, indicating the involvement of the remain-
ing part of Na, 1.8 in its ER localization.
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In this study, we focused on the role of transmembrane seg-
ments of Na, 1.8 in its ER localization. We found that both the
odd and even transmembrane segments contributed to channel
localization in ER, and the acidic amino acid in the odd trans-
membrane segments produced the ER localization effect.
Moreover, calnexin recognized this sequence through its
transmembrane segment and accelerated the degradation of
chimeric protein and Na,1.8. Thus, our findings define a
novel mechanism for ER localization of Na,1.8 and decipher
a previously unrecognized role for calnexin in the degrada-
tion of transmembrane proteins.

EXPERIMENTAL PROCEDURES

Plasmid Construction and siRNA—The plasmids contain-
ing full-length rat Na,1.8, Myc-CD8«a, and Myc-CD8a-
KKTN have been described by our previous study (31).
Na,1.8,;61 peesaspecanseesza-GEPs Na,1.81165 7004 17304/D7324"
GFP,  Na 1853 p1223a-GFP,  Na 1.8,y p1asoa-GFP,  and
Na,1.8,ys3 p1saaa-GFP plasmids were generated by PCR from
Na,1.8-GFP using the KOD-Plus mutagenesis kit (Toyobo, Shiga,
Japan). The primers used were listed in supplemental Table S1.

TFR1 plasmid was a gift from Dr. Xiang-jun Tong (Peking
University). Then a FLAG tag was added into the N terminus of
TFR1 with the following primers: 5’'-catgctcgagatggactacaag-
gacgacgatgacaaggaattcagaatgatggatcaag-3’ and 5'-ctagggatc-
caaactcattgtcaatgtcccaaac-3'. The amplified DNA fragment
was inserted into pMyc (a modified vector of pEGFP-N3 in
which the GFP tag was replaced by the Myc tag). So TFR1 plas-
mid contained a FLAG tag in the N terminus and a Myc tag in
the C terminus. The classical internalization signal YTRF (34)
was deleted to get the plasmid FLAG-TFR1-Myc using KOD-
Plus mutagenesis kit with following primers: 5'-tacttgccgagc-
caggcttgacaatggttctccacc-3' and 5'-ggtggagaaccattgtcaagectg-
gcteggeaagta-3’'. Then various plasmids encoding chimeric
proteins were generated by substituting the transmembrane
segment of TFR1 with the transmembrane segments of Na, 1.8
by PCR using the primers listed in supplemental Table S1. Myc-
CD8a-derived plasmids were obtained by replacing the trans-
membrane segment of CD8« with transmembrane segments of
Na,1.8 or calnexin using the primers listed in supplemental
Table S1.

Calnexin was amplified from the HEK293 ¢cDNA library and
cloned into the pHA vector (a modified vector of pEGFP-N3
vector in which the GFP tagis replaced by the HA tag). Plasmids
of calnexin(AC)-HA and calnexin mutant, which were resistant
to siRNA, were generated directly by PCR. The primers used
were listed in supplemental Table S1. siRNA specific for human
calnexin and the scrambled siRNA were synthesized according
to sequences in the previous study (35).

Calnexin shRNA and scramble shRNA plasmids were gener-
ated by direct synthesis and insertion of the corresponding
sequences into pSUPER vector. The primers used were listed in
supplemental Table S1.

Cell Culture and Transfection—African green monkey kid-
ney COS-7 cells were obtained from the American Type Cul-
ture Collection (ATCC; Manassas, VA) and grown in DMEM
(Invitrogen) supplemented with 10% fetal bovine serum
(Invitrogen). COS-7 cells were transfected with various plas-
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mids using Lipofectamine 2000 (Invitrogen) according to the
manufacturer’s instruction. Two days after transfection, the
cells were used for immunocytochemistry. HEK293 cells
derived from ATCC were grown in minimal essential medium
(Invitrogen) supplemented with 10% fetal bovine serum.
HEK?293 cells were transiently transfected with plasmids using
the calcium phosphate method and analyzed for different
assays after 2 days. HEK293 cells were transiently transfected
with siRNAs using Lipofectamine 2000 and analyzed for
immunoblotting after 2 days. HEK293 cells stably expressing
FLAG-TFR1(TMys3)-Myc, FLAG-TFRL(TMjyss p15aan)-MYG,
or Na,1.8-GFP or Na,1.8,yg3 pissan-GFP were selected by
growth in the presence of 1000 ug/ml of G418 (Amresco, Solon,
OH). Colonies expressing FLAG-TFR1(TM,y;)-Myc or
FLAG-TFRI(TM;v3 p15aan)-Myc were directly picked up and
Na,1.8-GFP or Na,1.8;ys3 p1saas-GFP-containing colonies
were picked up by FACS Calibur instrument (BD Biosciences).
Stable cell lines were then chosen based on persistent expres-
sion and correct subcellular localization judged by Western
blotting and immunocytochemistry. Stable cell lines were
grown in the presence of 500 ug/ml of G418 for maintenance.

Preparation of Dissociated DRG Neurons—Neurons were
dissociated from DRG of adult male Sprague-Dawley rats (body
weight 120-150 g; Shanghai Center of Experimental Animals,
Chinese Academy of Sciences) according to the policy of the
Society for Neuroscience on the use of animals. The experiment
was approved by the Committee of Use of Laboratory Animals
and Common facility, Institute of Biochemistry and Cell Biol-
ogy, Chinese Academy of Sciences. Briefly, the rats were deeply
anesthetized and sacrificed. Freshly dissected DRGs were
digested in DMEM containing 1 mg/ml of collagenase type 1A,
0.4 mg/ml of trypsin type I, and 0.1 mg/ml of DNase I (all from
Sigma) at 37 °C for 35 min. Then, DRGs were triturated with
glass pipettes and cultured in DMEM supplemented with 10%
fetal bovine serum for drug treatment.

Drug Treatment—HEK293 cells and dissociated DRG neu-
rons were incubated with 100 ug/ml of cycloheximide (CHX)
(Sigma) in culture medium for 0.5, 1, 2, and 12 h and then
harvested for Western blotting. Treatment of cells with 10 um
MG132 (Sigma) and 100 um leupeptin (Roche Applied Science)
were performed for 6 h. The control cells were treated with
DMSO, the vehicle used for drug preparation.

Cell-surface Biotinylation and Western Blotting—Cell-sur-
face biotinylation experiment was modified according to our
previous protocol (36). Briefly, transiently transfected HEK293
cells were incubated with Sulfo-NHS-biotin (Pierce) in cold
PBS for 30 min at 4 °C and 10 mm glycine was added afterward
to stop the reaction. Then cells were harvested in RIPA lysis
buffer (150 mm NaCl, 30 mm HEPES, 10 mm NaF, 1% Triton,
0.01% SDS, 0.1 mm PMSF, 1 mg/ml of pepstatin A, and 1 mg/ml
of leupeptin) and lysed for 1 h at 4 °C. Biotin-labeled proteins
were precipitated overnight with Immunopure Immobilized
Neutravidin (Pierce). Beads were then washed three times with
RIPA buffer and incubated at 50 °C for 20 min in SDS-PAGE
loading buffer.

The samples used for Western blotting were separated on
SDS-PAGE, transferred, probed with specific antibodies, and
visualized with enhanced chemiluminescence (Amersham Bio-
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sciences, UK). The primary antibodies were used, including
mouse antibodies against GFP (1:1,000; Roche, Indianapolis,
IN), Myc (1:5000; home-made) and actin (1:10,000; Chemicon,
Single Oak Drive Temecula, CA), and rabbit antibodies against
HA (1:2,000; Sigma), calnexin (1:10,000; Sigma), and Na 1.8
(1:2,000; Alomone Labs Ltd, Jerusalem, Israel). The immunore-
active bands were quantified by Image-Pro Plus software
(Media Cybernetics Inc., Bethesda, MD). Statistical results were
analyzed using Sigma Plot 10.0 (Systat Software Inc., Chicago,
IL) based on at least three independent experiments. All data
were shown as mean = S.E. and analyzed by Student’s ¢ test.

Co-immunoprecipitation—HEK293 cells were lysed in re-
covery buffer (1% Triton X-100, 50 mm Tris-HCI, pH 7.5, and
150 mMm NaCl) and the lysate samples were incubated overnight
at 4 °C with each antibody as described in the figure legends,
followed by incubation with protein G-Sepharose beads (Amer-
sham Biosciences) for 2 h at4 °C. The immunoprecipitates were
washed efficiently with recovery buffer and analyzed by West-
ern blotting. The experiment was repeated at least three times.

Immunocytochemistry—The transfected COS-7 cells grown
in the glass coverslips were fixed with 4% paraformaldehyde at
4°C for 15 min. For co-localization staining of FLAG-
TFR1(TM}y53)-Myc with the ER marker calnexin, COS-7 cells
were incubated overnight with mouse antibody against Myc
(1:500) and rabbit antibody against calnexin (1:1000) at 4 °C.
The cells were incubated with a mixture of donkey antibody
against mouse conjugated with FITC (1:100; Jackson
ImmunoResearch, West Grove, PA) and donkey antibody
against rabbit conjugated with Cy3 (1:100; Jackson
ImmunoResearch).

For non-permeabilized staining of surface proteins, live
COS-7 cells transfected with FLAG-TFR1-Myc chimeric pro-
teins or Myc-CD8a chimeric proteins were first labeled with
mouse antibody against Myc (1:100) diluted in Ca*>*/Mg>* PBS
for 1 h at 4 °C. Then, the donkey antibody against mouse con-
jugated with FITC was incubated for 30 min at 4 °C. For perme-
abilized staining of total proteins, the cells were fixed and incu-
bated with rabbit antibody against Myc (1:500 in 0.3% Triton
X-100; Sigma) overnight at 4 °C. The donkey antibody against
rabbit conjugated with Cy3 was incubated for 45 min at 37 °C.
Finally, the cells were examined using a X63 oil lens (numerical
aperture 1.32) with a Leica DMRE microscope and images were
captured with the SP2 laser scanning confocal system at ~20 °C
(Leica, Germany). The immunofluorescence intensities of sur-
face and total proteins were quantified by Image-Pro Plus soft-
ware and the statistical results were analyzed using Sigma Plot
10.0 based on at least 45 cells from three independent experi-
ments. All data were shown as mean = S.E. and analyzed by
paired Student’s ¢ test.

RESULTS

The Transmembrane Segments of Na,1.8 Prevent Surface
Expression of Chimeric Protein—Na, 1.8 consists of four homol-
ogous domains termed I-IV. Within each domain, there are six
transmembrane segments called S1-S6 (Fig. 14). To determine
whether the transmembrane segments of Na 1.8 contribute to
ER localization of this channel, we detected their ER-localiza-
tion activity, respectively. Considering the different orientation
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FIGURE 1. The odd transmembrane segments of Na, 1.8 retain chimeric
proteins in the ER. A, schematic diagrams showing the structure of Na, 1.8,
TFR1, and TFR1 chimeric proteins with the transmembrane segment sub-
stituted with the odd transmembrane segment of Na,1.8. B and C, the
TFR1 screening system was verified and the effects of odd transmembrane
segments in the fourth domain of Na,1.8 on the surface expression of
chimeric proteins were analyzed. The COS-7 cells were transfected with plas-
mids expressing FLAG-TFR1-Myc or FLAG-TFR1(TMs.,,)-Myc or FLAG-
TFR1(TMys;)-Myc, FLAG-TFR1(TM,ys3)-Myc, or FLAG-TFR1(TM,yss)-Myc. The
non-permeabilized (green) and permeabilized (red) immunofluorescence
staining was carried out with mouse- and rabbit-derived antibodies against
Myc, respectively. The representative images were obtained from at least
threeindependent experiments. Scale bar, 10 um. D, the ratio (mean =+ S.E.) of
immunofluorescence intensity of surface (non-permeabilized) versus total
(permeabilized) protein was calculated and then the data plotted as a per-
centage of control based on at least 45 cells in three experiments. **,p < 0.01
versus control cells or cells transfected with the plasmid of FLAG-
TFR1(TMyss)-Myc. E, the expressed FLAG-TFR1(TM,s3)-Myc is co-localized
with the ER marker calnexin. The plasmid expressing FLAG-TFR1(TM,ys3)-Myc
was transfected into COS-7 cells. The transfected cells were stained with anti-
body against Myc (green) and calnexin (red). Scale bar, 10 um.

in the membrane for odd and even transmembrane segments, we
constructed two systems of chimeric protein: type I membrane
protein CD8« for the even transmembrane segments and type II
membrane protein transferrin receptor 1 (TFR1) for the odd trans-
membrane segments. The transmembrane segments of CD8« or
TFR1 were substituted with the odd or even transmembrane seg-
ments of Na_ 1.8, respectively (Figs. 14 and 2A). The Myc tag was
added to the C terminus of TFR1 or the N terminus of CD8a, being
exposed extracellularly for non-permeabilized surface labeling of
chimeric proteins. After expressing these chimeric proteins in
COS-7 cells, we visualized their subcellular localization and sur-
face expression using immunostaining.
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First we checked ER-localization activity of the transmem-
brane segments in the fourth domain of Na,1.8. In COS-7 cells,
the expressed FLAG-TFR1-Myc with the internalization
sequence YXRF deleted (34) displayed distinct expression on
the cell surface (Fig. 1B). The yeast Sec12p is a type II mem-
brane protein localized in the ER (37). When the transmem-
brane segment of TFR1 was substituted with that of Sec12p, the
resulting chimeric protein FLAG-TFR1(TMg,,,,)-Myc exhib-
ited a typical reticulum-like localization and greatly reduced
surface expression (Fig. 1B), suggesting a well established
screening system. We then replaced the transmembrane seg-
ment of TFR1 with the first, third, and fifth transmembrane
segments in the fourth domain (IVS1, IVS3, and IVS5) of
Na, 1.8, respectively. A strong reticulum-like staining pattern
consistent with the accumulation of protein in the ER was
observed for the chimeric proteins including FLAG-
TER1(TM,ys,)-Myc and FLAG-TFR1(TMys5)-Myc (Fig. 1C).
The expressed FLAG-TFR1(TM,s3)-Myc was co-localized
with the ER marker calnexin (Fig. 1E). In contrast, the chimeric
protein FLAG-TFR1(TM,;y45)-Myc showed distinct surface
expression (Fig. 1C). Consistent with the above observation,
non-permeabilized immunostaining with Myc antibody
showed that FLAG-TFR1-Myc and FLAG-TFR1(TMp,s5)-Myc
exhibited prominent surface labeling in transfected COS-7
cells, whereas FLAG-TFR1(TMys,;)-Myc and FLAG-
TFR1(TM}ys3)-Myc displayed very faint surface labeling (Fig.
1C). The differences in surface labeling were not due to differ-
ent levels of protein expression, because all constructs had a
comparable expression level for permeabilized staining. The
above morphological results were quantified by the ratio of the
intensity from non-permeabilized (surface) to permeabilized
(total) immunostaining. The statistical data revealed that the
surface expression levels of FLAG-TFR1(TM,y,)-Myc and
FLAG-TFR1(TM,ys3)-Myc were significantly lower than that
of FLAG-TFR1-Myc and FLAG-TFR1(TM,,45)-Myc (Fig. 1D).
Thus, the first and third transmembrane segments of the fourth
domain display ER-localization activity. Then we detected ER-
localization activity of the odd transmembrane segments in the
left three domains of Na, 1.8 using the same strategy. The sta-
tistical results showed that the first and third transmembrane
segments in the other three domains also largely restricted
the surface expression of chimeric proteins (Fig. 1D). Our
results suggest that the odd transmembrane segments of Na 1.8
possess ER-localization activity.

We adopted the CD8« system to detect ER-localization
activity of the even transmembrane segments in Na 1.8. To
ensure availability of the CD8« system, we created a chimeric
protein Myc-CD8a(TM ,cpr_s1) in which the transmembrane
segment of CD8a was substituted by the first transmembrane
segment of nicotinic acetylcholine receptors (AChR). An ER-
retention/retrieval motif PLYFXXN conserved in the first
transmembrane segment of nicotinic AChR restricts the sur-
face expression of unassembled subunits (18). Consistent with
their finding, we found that Myc-CD8a(TM 4 cpr_s1) @ccumu-
lated in the ER of transfected COS-7 cells and Myc-
CD8a(TM pchrosim) With PLYFXXN mutated to alanines
showed about a 10-fold increase in surface expression (Fig. 2B).
Then we applied this system for detecting ER-localization
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FIGURE 2. The even transmembrane segments of Na, 1.8 retain chimeric
proteins in the ER. A, schematic diagrams showing the structure of CD8«
and CD8a chimeric protein with the transmembrane segment substituted
with the even transmembrane segment of Na, 1.8. Band C, the CD8« screen-
ing system was verified and the effects of even transmembrane segments in
the fourth domain of Na, 1.8 on the surface expression of chimeric proteins
were analyzed. The plasmids expressing Myc-CD8a(TMuchrs1) OF Myc-
CD8a(TMpchgrs1m) OF Myc-CD8a(TMyys,), Myc-CD8a(TMys,), or Myc-
CD8a(TM,ys¢) Were transfected into COS-7 cells, respectively. The non-perme-
abilized (green) and permeabilized (red) immunofluorescence staining was
carried out using mouse- and rabbit-derived antibodies against Myc, respec-
tively. The images represent at least three independent experiments. Scale
bar, 10 wm. D, the statistical results (mean = S.E.) of surface (non-permeabi-
lized) versus total (permeabilized) protein plotted as a percentage of control
based on at least 45 cells in three experiments. **, p < 0.01 versus control cells
or cells transfected with the plasmid of Myc-CD8a(TMys,).

activity of the second, fourth, and sixth transmembrane
segments in the fourth domain (IVS2, IVS4, and IVS6) of
Na,1.8. Myc-CD8a(TMyys,), Myc-CD8a(TM;ys4), and Myc-
CD8a(TM;yge) all showed a ER-localization pattern (Fig. 2C).
However, the non-permeabilized immunostaining and the
quantitative data showed that surface expression of Myc-
CD8a(TM;yg,) was much stronger than Myc-CD8a(TM;ys,)
and Myc-CD8a(TM,y ) (Fig. 2, C and D), indicating that the
second and sixth transmembrane segments in the fourth
domain of Na, 1.8 exhibit much higher ER-localization activity
than the fourth transmembrane segment. We further searched
the remaining even transmembrane segments and found that
only the second transmembrane segments in the left three
domains greatly reduced the surface expression of chimeric
protein (Fig. 2D). Thus, the even transmembrane segments of
Na, 1.8 possess ER-localization activity.

Acidic Amino Acids in the Odd Transmembrane Segments
Are Crucial for ER Localization—We performed alanine
screening to map the amino acids responsible for ER localiza-
tion in the odd transmembrane segments of Na,1.8. The trans-
membrane segments were divided into three parts, which were
mutated to alanines, respectively. As an example, we divided

VOLUME 285-NUMBER 43-OCTOBER 22, 2010



TFR1TM  YGTIAVIVFFLIGFMIGYLGY IVS3-M1-1  AAANVFDFIVVILSIGSLLFSAL
IVS3 NGWNVFDFIVVILSIGSLLFSAL IVS3-M1-2 NGWAAADFIVVILSIGSLLFSAL
IVS3-M1 AAAAAAAAIVVILSIGSLLFSAL IV83-M1-3 NGWNVFAAIVVILSIGSLLFSAL

IV83-M2 NGWNVFDFAAAAAAAASLLFSAL 1VS3-D1544A NGWNVFAFIVVILSIGSLLFSAL

IVS3-M3 NGWNVFDFIVVILSIGAAAAAAAA IVS3-F1545A NGWNVFDAIVVILSIGSLLFSAL

C Non-

permeablized

FLAG-TFR1
(TMuwsz-m1-1)-Myc

permeabllzed permeablized permeablized

FLAG-TFR1
(TMwss)-Myc

FLAG-TFR1 FLAG-TFR1
(TMwszmi1)-Myc (TMws3mi-2)-Myc
FLAG- TFR1 FLAG-TFR1
(TMivssmz2)-Myc (TMuvssmi3)-Myc

E on-

permeabllzed

permeablized

FLAG- TFR1
(TMwssms)-Myc

on-
permeabllzed permeablized

FLAG-TFR1
FLAG-TFR1
e Myc- e . .
FLAG-TFR1
ek (TMuvs3p1s44r)-Myc
(TMvs3-F1sasa)-Myc

FIGURE 3. The acidic amino acid aspartate is critical for ER localization in
the third transmembrane segment of the fourth domain. A, schematic
representation of the amino acid sequences of TFR1 transmembrane seg-
ment, the third transmembrane segment in the fourth domain of Na, 1.8 and
its mutants. B-E, alanine-scanning analysis was performed to determine the
critical sequence for ER localization of the third transmembrane segment in
the fourth domain. Plasmids expressing FLAG-TFR1(TMs3)-Myc or a series of
mutants were transfected into COS-7 cells, respectively. Non-permeabilized
(green) and permeabilized (red) immunofluorescence staining was carried out
using mouse- and rabbit-derived antibodies against Myc, respectively. The
representative images were chosen from at least three independent experi-
ments. Scale bar, 10 um.
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the third transmembrane segment in the fourth domain into
three parts (IVS3-M1, IVS3-M2, and IVS3-M3) and mutated
each part to alanines in the chimeric protein. In COS-7 cells,
the expressed FLAG-TFRI1(TMjys5.m»)-Myc and FLAG-
TFR1(TM 53 ams)-Myc showed faint surface labeling (Fig. 3, A
and B). In contrast, the expressed FLAG-TFR1(TMyg3 ai1)-
Myc displayed marked surface labeling, indicating the potential
ER-localization amino acids embedded in the first eight amino
acids of the third transmembrane segment (Fig. 3, A and B). We
further narrowed the location of the functional amino acids.
FLAG-TFRI(TM}yg35 ap1_3)-Myc showed strong surface label-
ing compared with FLAG-TFR1(TM;yg3.0m1-1)-Myc and
FLAG-TFRI(TM}vs3 a1_2)-Myc (Fig. 3, A and C), suggesting a
potential role of aspartate (D) at 1544 and phenylalanine (F) at
1545 in ER localization. Finally, alanine substitution of the
acidic amino acid aspartate in FLAG-TFR1(TMys3 p1saan)-
Myc, other than the aromatic amino acid phenylalanine in
FLAG-TFRI(TM}vs3 r15454)-Myc, resulted in distinct surface
labeling (Fig. 3, A and D). Charged amino acid residues in the
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transmembrane segment have been reported to target mem-
brane proteins for ER localization (17). However, ER-localiza-
tion activity of the third transmembrane segment in the fourth
domain disappeared when the acidic amino acid aspartate was
mutated to the basic amino acid arginine but not the acidic
amino acid glutamate (E) (Fig. 3E), suggesting the relative spec-
ificity of this acidic amino acid. Thus, the acidic amino acid
aspartate is responsible for ER-localization activity of the third
transmembrane segment.

By sequence alignment, we found that acidic amino acid
aspartate or glutamate are conserved in the first and third
transmembrane segments of the left three domains except
the first one in the first domain (IS1) of Na,1.8 (Fig. 4A).
However, alanine substitution analysis showed that the sin-
gle acidic amino acid was only responsible for ER localization
in the third transmembrane segment of the third domain
(ITIS3) and the first transmembrane segment of the fourth
domain (IVS1) but not in other transmembrane segments
(Fig. 4, B and C). Instead, motifs containing acidic amino
acids were required for ER localization in those transmem-
brane segments, namely the DPFXE motif for the first trans-
membrane segment in the second domain (IIS1) and the
NIXD motif for the third transmembrane segment in the
second domain (IIS3). When these motifs were mutated to
alanines, the chimeric proteins were expressed on the cell
surface (Fig. 4D). These data strongly suggest that the acidic
amino acids are critical for ER localization of odd transmem-
brane segments in Na,1.8.

To analyze the influence of ER-localization amino acids in
the transmembrane segments on the surface expression of
full-length Na 1.8, we performed alanine substitution for
each ER-localization amino acids or motifs to get five
mutants, including Na, 1.8,1153 p12234-GFP, Na,1.811/1 p1asoa-
GFP, Na,1.8,yg3 pisaan-GFP, Navl‘SIISI»D663A/P64«4A/E667A‘
GEFP, and Na,1.8/;55 n720a/1730a/07324-GEP. We expressed
Na,1.8-GFP or its mutants to HEK293 cells because of
the higher transfection efficiency in this cell line than
the COS-7 cell line. Two days after transfection, cell-surface
biotinylation and immunoblotting showed that the mu-
tated channels caused a 3-4-fold increase in surface ex-
pression than the wild-type Na 1.8 (Fig. 5, A-C). Next we
detected whether the acidic ER-localization amino acid has
additive effects to the previously identified **’RRR**” signal
(31). We expressed Na,1.8-GFP or Na,1.8;4054/Ra064/R407A"
GEP or Na,1.834954/ra06A/Ra97A&1VS3 D154a4-GFP in HEK293
cells and observed a higher surface expression of
Na, 1.8r4054/ra96a/Ra97A81vs3 D1544a"GFP than Na 1.8p05 /ra0ea,
raoza-GEP (Fig. 5, D and E), suggesting that the acidic ER-local-
ization amino acid and RRR signal might function in different
stages of channel trafficking and by different mechanisms. Taken
together, these data suggest that the acidic amino acids in trans-
membrane segments prevent surface expression of Na,1.8.

Acidic Amino Acid for ER Localization in Transmembrane
Segment Accelerates Protein Degradation—A quality control
process called ERAD guarantees the clearance of misfolded or
unassembled proteins with prolonged retention in the ER (23—
26). We tested whether proteins containing acidic amino acids
in transmembrane segments could be degraded through
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chimeric proteins with mutation of the acidic amino acid in the odd transmembrane segments analyzed. The
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acid-containing motifs were transfected into COS-7 cells, respectively. Non-permeabilized (green) and perme-
abilized (red) immunofluorescence staining was performed using mouse- and rabbit-derived antibodies
against Myc, respectively. The representative images are shown from at least three independent experiments.
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Na, 1.8 was also degraded rapidly in
DRG neurons but much slower than
the expressed Na,l1.8-GFP in
HEK293 cells (Fig. 6B), indicating
an unknown mechanism to protect
the channel from degradation.
These results suggest that the acidic
amino acid for ER localization in the
transmembrane segment could
increase protein degradation.
Ubiquitin-proteasome system is
the key component in ERAD to
degrade unwanted proteins (25,
38). We then focused on the role
of the ubiquitin-proteasome sys-
tem in degradation of FLAG-
TFR1(TM;yg3)-Myc and full-length
Na,1.8. After a 6-h treatment with
10 um MG132, a proteasome inhib-
itor, the protein level of FLAG-
TFR1(TM}ys3)-Myc and Na 1.8-
GFP stably expressed in HEK293
cells, and endogenous Na,1.8 in
DRG neurons were significantly ele-
vated compared with the mutant
form of FLAG-TFRI(TMy3 p15aan)-
Myc at 6 h (Fig. 6C). MG132 treat-
ment also increased the protein
level of Na,1.8,\/s3.p15444-GEP with
a less extent than that of Na 1.8-
GEFP, suggesting the role of the
acidic amino acid in promoting pro-
tein degradation and the existence
of the remaining functional ER-
localization motifs in Na, 1.8 (Fig.
6C). However, treatment with 100
uM leupeptin, the inhibitor of lyso-

Scale bar, 10 um.

ERAD. We generated HEK293 cells stably expressing FLAG-
TFR1(TMyg3)-Myc or FLAG-TFR1(TM ys5.p15444)-Myc to
avoid transient overexpression. The subcellular distribution of
both chimeric proteins exhibited a similar pattern as that in
transiently transfected COS-7 cells (data not shown). The deg-
radation state was assayed by CHX chase in which cells were
treated with CHX to stop protein synthesis, followed by immu-
noblotting to determine degradation rate. The protein level of
FLAG-TEFR1(TM,yg3)-Myc was decreased with a half-life of
1-2 h and nearly 90% of this chimeric protein was degraded at
12 h (Fig. 6A). However, FLAG-TFR1(TM;yg3.p15444)-MyC
remained stable even after a 12-h CHX treatment (Fig. 6A).
Furthermore, full-length Na 1.8 was also degraded rapidly in a
comparable level with FLAG-TFR1(TMyg3)-Myc, indicating
the efficient elimination of this channel (Fig. 6B). In contrast,
Na,1.81vs3 p1saan-GEP displayed a much slower degradation
speed (Fig. 6B). To detect the degradation state of endogenous
Na,1.8, we cultured DRG neurons from rat and analyzed the
destiny of Na,1.8. CHX chase assay showed that endogenous
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some, did not protect proteins

from degradation (Fig. 6C). Cor-
relatively, we found that the ubiquitination state of FLAG-
TFR1(TM;yg3)-Myc and Na,1.8-GFP in HEK293 cells was
increased after MG132 treatment but not that of FLAG-
TFR1(TM}ys5.p1saan)-Myc (Fig. 6D). The increase of the ubiq-
uitination state in Na 1.8}y,s3 p1ssan-GFP after MG132 treat-
ment was less than that in Na 1.8-GFP (Fig. 6D). Therefore,
these data indicate that proteins containing acidic amino acids
in transmembrane segments are accelerated to degrade
through ubiquitin-proteasome system.

Calnexin Is Involved in Degradation of Proteins Containing
Acidic Amino Acids for ER Localization in Transmembrane
Segments—Terminally misfolded and unassembled proteins
were first recognized by ER chaperons such as calnexin/calre-
ticulin, BiP, protein-disulfide isomerases or other factors,
which are prerequisites for ERAD (23, 25). Because the acidic
amino acids for ER localization are located in the transmem-
brane segments, we focused our attention in calnexin, which is
a type I membrane protein. To establish whether calnexin is
involved in quality control of proteins containing acidic amino
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FIGURE 5. The acidic amino acids for ER localization in odd transmembrane segments reduce the surface

gest that the transmembrane seg-
ment of calnexin interacts with the

expression of Na,1.8. A and B, surface biotinylation analysis of Na, 1.8 and its mutants. The HEK293 cells

were, respectively, transfected with plasmids expressing Na,1.8-GFP or Na, 1.8 mutants substituting the
identified ER-localization acidic amino acids with alanines, including Na,1.8,s3.n720a/1730A/07324-GFP,
Na, 1.8,51 pes3aspesanessza-GFP, Nay 18153 01223a"GFP, Na,1.8,ys1 p14goa"GFP, and Na, 1.8,ys3 p15444-GFP, and
subjected to cell surface biotinylation/immunoblotting (/B). Representative immunoblots are shown. Actin
served as an internal control for protein loading. C, quantitative analysis of the above surface biotinylation data.
Theratio (mean = S.E.) ofimmunoblot intensities of surface versus total proteins was calculated and data were
plotted as a percentage of Na,1.8-GFP (n = 3). *, p < 0.05; and **, p < 0.01 versus the cells transfected with
Na, 1.8-GFP. D and E, the HEK293 cells were, respectively, transfected with plasmids expressing Na, 1.8-GFP or
Na, 1.8g405a/Ra96a/ra07a-GFP OF Na, 1.8z495a/ra06a/Ra07a81vs3-D1544a-GFP @nd subjected to cell surface biotinyla-
tion/immunoblotting. Representative immunoblots are shown. Actin served as an internal control for protein
loading. Quantitative analysis (mean = S.E.) was shown in E as described in C. *, p < 0.05 versus the cells

transfected with Na,1.8-GFP. #, p < 0.05 versus indicated.

acids for ER localization, we examined the interaction between
calnexin and TFR1 chimeric proteins stably expressed in
HEK293 cells. Using Myc antibody to immunoprecipitate TFR1
chimeric proteins, we found that binding of calnexin with
FLAG-TFR1(TM,ys;)-Myc was much stronger than with its
mutant form (Fig. 7A, left panel). To confirm this result, we
performed the immunoprecipitation in reverse with antibody
against calnexin and showed the same pattern (Fig. 7A, right
panel). Moreover, to exclude the possibility that the weak inter-
action between calnexin and FLAG-TFR1(TMyss pisaan)-
Myc is due to their different subcellular localization, we artifi-
cially retained FLAG-TFR1(TM;yg3_p15444)-Myc in the ER by
adding an ER-retention/retrieval sequence MHRRRSR (39) to
its N terminus (MHRRRSR-FLAG-TFR1(TMys3 p1saan)-
Myc). The binding of calnexin with MHRRRSR-FLAG-
TFR1(TM;yg3)-Myc was also much stronger than that with
MHRRRSR-FLAG-TFR1(TM;ys3.p15444)-Myc (Fig. 7B). Thus,
calnexin recognizes the acidic amino acids for ER localization in
the transmembrane segments.

We next detected whether the transmembrane segment of
calnexin interacts with the third transmembrane segment in
the fourth domain. The transmembrane segment of Myc-CD8«
was replaced by the same region of calnexin to get Myc-
CD8a(TM_jpexin) chimeric protein. In transiently expressed
HEK293 cells, FLAG-TFR1(TM,,4;)-Myc interacted strongly
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acidic amino acid-containing trans-
membrane segment of Na,1.8.

To investigate the function of
calnexin in the degradation of pro-
teins containing acidic amino
acids in the transmembrane seg-
ment, we overexpressed calnexin
in HEK293 cells stably express-
ing FLAG-TFR1(TM,ys3)-Myc or
Na, 1.8-GFP. We observed that the
steady-state levels of both proteins were decreased by calnexin
overexpression but not calnexin(AC) (Fig. 7G), a mutant form
of calnexin with deletion of the cytoplasmic tail, which was
mislocated to the juxta-nuclear region instead of ER, whereas
calnexin overexpression increased the expression level of
FLAG-TFRI(TM;vs3 pi1saan)-Myc (Fig. 7G). For the full-length
channel, calnexin overexpression reduced the protein level of
Na,1.8;vs3.p1saan-GEP but less than that of Na 1.8-GFP (Fig.
7G). We next examined the expression levels of FLAG-
TFR1(TM}yg3)-Myc, FLAG-TFR1(TM;yg3_p1sasn)-Myc, and
Na,1.8-GFP under reduced calnexin levels by transfecting
siRNA specific for human calnexin mRNA into the stably
expressed HEK293 cells. Consistent with the above calnexin over-
expression results, down-regulation of endogenous calnexin
increased the protein level of FLAG-TFR1(TMp,g;)-Myc and
Na,1.8-GFP but decreased that of FLAG-TFR1(TMy 3 p1saan)-
Myc (Fig. 7H). Also, the increased level of Na 1.8\/s5 p1544a-
GFP after down-regulating calnexin was less than that of
Na,1.8-GFP (Fig. 7H). The altered expression levels were res-
cued by the co-transfected calnexin mutant, which was resis-
tant to siRNA, eliminating the off-target effect of calnexin
siRNA (Fig. 7H). To further verify the conclusion, another
strategy was performed. We generated two types of HEK293
cells stably expressing the shRNA construct designed to
decrease endogenous calnexin (calnexin shRNA) or the shRNA
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FIGURE 6. The acidic amino acids for ER localization in the transmem-
brane segments result in rapid degradation of proteins through ubiq-
uitin-proteasome pathway. A and B, HEK293 cells or DRG cells were treated
with 100 ug/ml of CHX for the indicated time and subjected to immunoblot-
ting. Representative immunoblots and quantitative analysis (mean = S.E.) are
shown. Actin served as an internal control for protein loading. *, p < 0.05; **,
p < 0.01, two-way analysis of variance. C, inhibition of proteasome but not
lysosome pathway increases the protein level of expressed FLAG-
TFR1(TMys3)-Myc and Na, 1.8-GFP, and endogenous Na,, 1.8. The HEK293 cells
stably expressing FLAG-TFR1(TMys3)-Myc or FLAG-TFR1(TMys3.p1544a)-MyC
orNa, 1.8-GFP or Na, 1.8,ys3.p15444a-GFP and DRG neurons were treated with 10
uM MG132 or 100 um leupeptin for 6 h and subjected to immunoblotting.
Representative immunoblots and quantitative analysis are shown. Actin
served as an internal control for protein loading. Quantitative data (mean =
S.E.) were plotted as a percentage of control. *, p < 0.05 versus the control cells
(n = 3).#, p < 0.05 versus indicated. D, the ubiquitination state of expressed
FLAG-TFR1(TM,y<3)-Myc and Na, 1.8-GFP is increased after inhibition of ubig-
uitin-proteasome pathway. The HEK293 cells stably expressing FLAG-
TFR1(TMyys3)-Myc  or  FLAG-TFR1(TMyys3.p1544n)-Myc or Na,1.8-GFP or
Na, 1.8,ys3.01544a-GFP were treated with 10 um MG132 for 6 h. Proteins were
immunoprecipitated with Myc- or GFP-specific antibodies and then sub-
jected toimmunoblotting with antibodies against ubiquitin or Myc or GFP as
indicated. Representative immunoblots are shown.

construct with the scrambled sequence (scramble sShRNA). We
found that the expression level of transiently expressed FLAG-
TFR1(TM}yg3)-Myc and Na,1.8-GFP was elevated but the
expressed FLAG-TFR1(TMy g3 p1s4aa)-Myc was decreased in
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HEK293 cells with reduced calnexin level (Fig. 7I). Although
transiently expressed Na,1.8\/s3 p15444-GFP was elevated with
down-regulated calnexin, the increased level was much less
than Na 1.8-GFP (Fig. 7I). These data suggest that calnexin
acts as a “pro-degradative” factor for FLAG-TFR1(TMys3)-
Myc and Na,1.8 but as a protective factor for FLAG-
TFRI(TM}ys5.p15aan)-Myc. Thus, calnexin promotes the
degradation of proteins containing acidic amino acids for ER
localization in transmembrane segments.

DISCUSSION

In this study, we have demonstrated that the transmembrane
segments of Na, 1.8 contribute to its ER localization and strictly
control surface expression and the protein level of this channel.
The acidic amino acids in the odd transmembrane segments are
critical for ER localization and rapid degradation of Na 1.8. We
have also presented strong evidence for interaction between
the transmembrane segment of the ER chaperon calnexin and
the odd transmembrane segments of Na, 1.8. Overexpression or
down-regulation of calnexin results in accelerated or decreased
degradation speed of proteins containing acidic amino acids in
odd transmembrane segments. These findings provide a novel
mechanism for the quality control pathway of Na,1.8 and
enlighten the trafficking process of proteins containing multi-
ple transmembrane domains.

Na, 1.8 Contains ER-localization Amino Acids in the Trans-
membrane Segments—Previous studies have reported that
transmembrane segments contribute to ER localization of sev-
eral membrane proteins. Transmembrane segments of the
NMDA receptor (19), T cell antigen receptor a chains (15),
AChR a subunit (18), a type III ER membrane protein Sec71p
(40), and y-secretase subunit PS enhancer 2 (41) contain impor-
tant information for ER localization. Those findings demon-
strate that the polar or even charged amino acids in the hydro-
phobic transmembrane segments are crucial for protein
localization in ER. In our study, we identify a critical role of the
acidic amino acids or motifs in ER localization in the odd trans-
membrane segments of Na, 1.8, the same orientation as the type
II membrane protein. However, the ER-localization signals in
previous studies are mainly located in the transmembrane seg-
ments orientated as the type I membrane protein. Moreover,
ER-localization activity of the third transmembrane segment
disappeared when the acidic amino acid aspartate was mutated
to the basic amino acid arginine. Thus, our data suggest a rela-
tive novelty and specificity of this acidic amino acid signal for
ER localization.

In our previous work, we have found an RRR ER-retention/
retrieval motif in the first intracellular loop of Na 1.8 (31). Now
we also identify multiple acidic amino acids or acidic amino
acid-containing motifs for ER localization in transmembrane
segments of this channel. The phenomenon that multiple dis-
crete ER-localization signals are present in one protein is not
unprecedented. Two RXR ER-retention/retrieval signals in
both the intracellular loop and C terminus of kainate receptor
KAZ2 subunit have been found to regulate its surface expression
(13, 42). Both the third transmembrane segment and C termi-
nus of the NMDA NR1 subunit contain signals that localize the
unassembled subunit in the ER (19, 43). The exact explanation
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FIGURE 7. Calnexin mediates the degradation of proteins containing the acidic amino acid in the trans-
membrane segments. A, the expressed FLAG-TFR1(TM,ys;)-Myc interacts more strongly with calnexin than its
mutant form FLAG-TFRT(TM,ys3.p1544a)-Myc. In HEK293 cells stably expressing FLAG-TFR1(TMys3)-Myc or
FLAG-TFR1(TMys3.p15444)-Myc, proteins were immunoprecipitated (/P) with Myc-specific antibody (left panel)
or calnexin-specific antibody (right panel) and the cell lysates were subject to immunoblotting (/B) with anti-
bodies against Myc or calnexin as indicated. Representative immunoblots are shown. B, in HEK293 cells tran-
siently expressing MHRRRSR-FLAG-TFR1(TMs3)-Myc or MHRRRSR-FLAG-TFR1(TMys3.515444)-Myc, proteins
were immunoprecipitated with Myc-specific antibody and the cell lysates were subject to immunoblotting
with antibodies against Myc or calnexin. C and D, the transmembrane segment of calnexin interacts strongly
with the third transmembrane segment in the fourth domain of Na, 1.8. The HEK293 cells transfected with
various plasmids as indicated were subjected to co-immunoprecipitation assay. Proteins were immunopre-
cipitated with FLAG-specific antibody and the cell lysates were detected with antibody against Myc. £, Na, 1.8
interacts with calnexin. The HEK293 cells stably expressing Na, 1.8-GFP were immunoprecipitated with IgG or
GFP-specific antibody and the cell lysates were analyzed with antibodies against GFP or calnexin as indicated.
F, Na, 1.8 interacts with the isolated transmembrane segment of calnexin in the chimeric protein. The HEK293
cells stably expressing Na, 1.8-GFP were transfected with Myc-CD8a-KKTN or Myc-CD8a(TM_nexin)-KKTN plas-
mids, respectively. Proteins were immunoprecipitated with GFP-specific antibody and the cell lysates were
probed with antibodies against GFP or Myc as indicated. G, overexpression of calnexin decreases the protein
levels of FLAG-TFR1(TM,ys3)-Myc and Na,1.8-GFP. The HEK293 cells stably expressing FLAG-TFR1(TM,ys5)-Myc
or FLAG-TFRT(TM,ys3_p15444)-Myc or Na,1.8-GFP or Na, 1.8,ys5.p1544n-GFP were transfected with the indicated
plasmids. Immunoblotting analysis was performed with antibodies against Myc, GFP, HA, or actin as indicated.
Hand/, down-regulation of calnexin increases the protein level of FLAG-TFR1(TM,ys5)-Myc and Na, 1.8-GFP. The
HEK293 cells stably expressing FLAG-TFR1(TM,ys3)-Myc or FLAG-TFR1(TMys5.p15444)-Myc or Na,1.8-GFP or
Na, 1.8,ys3.015444a-GFP were transfected with the indicated siRNAs and mock vectors or vectors encoding the
calnexin mutant in which two nucleotides were mutated to be resistant to calnexin siRNA (H). The HEK293 cells
stably expressing calnexin shRNA or scramble shRNA were transfected with FLAG-TFR1(TM,s3)-Myc or FLAG-
TFRT(TMys3-p15444)-Myc or Na, 1.8-GFP or Na, 1.8,ys3_.p1544a-GFP (/). The cell lysates were analyzed by immuno-
blotting with antibodies against Myc, GFP, calnexin, or actin as indicated.

that a single subunit possesses multiple distinct ER-localization
signals remains unclear. One possibility is that the trafficking
process of these proteins can be regulated independently by dif-
ferent signals. The additive effects of acidic amino acids in the
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transmembrane segment to the
RRR signal in the intracellular loop
on the surface expression of Na 1.8
support this hypothesis. Each ER-
localization signal could bind to a
specific protein in the ER or Golgi,
which may be regulated by various
physiological ~ stimulations and
cause varying levels of channel traf-
ficking from the ER. Another
alternative explanation is that cells
simply utilize redundant ER-lo-
calization signals to tightly control
the surface expression of those crit-
ical receptors and ion channels.
Calnexin Recognizes the Trans-
membrane Segment Containing
Acidic Amino Acid—The ER lectin
chaperon calnexin has been impli-
cated in monitoring and assisting
the folding of glycoproteins, retain-
ing misfolded or unassembled gly-
coproteins in the ER, and targeting
persistently unfolded glycoproteins
for ERAD (29, 44 —45). The classical
model proposes that calnexin can
recognize the monoglucosylated
structure (Glc,ManyGlcNAc, gly-
can form) of glycoproteins to
facilitate protein folding and de-
tect mannose-trimmed substrates
(MangGlcNAc, glycan form) to pro-
mote protein degradation (29).
Recently more and more data sup-
port the view that calnexin can also
interact with folding glycoproteins
through the polypeptide segments
besides the glycan sites (35, 45, 46).
In this study, we find that calnexin
strongly interacts with chimeric
proteins containing acidic amino
acids in the transmembrane seg-
ment, and show that the isolated
transmembrane segment of cal-
nexin maintains this interaction.
Importantly, the transmembrane
segment of calnexin interacts with
full-length Na 1.8, suggesting that
the binding transmembrane seg-
ments are exposed in the outer edge
of this channel. This hypothesis is
supported by the three-dimensional
model of the voltage-gated sodium
channel from single-particle image

analysis of the cryoelectron microscope. In the model, the first,
second, and third transmembrane segments in each domain
form the outer edge of the channel, and the fourth transmem-
brane segment is located in the center (47-48). Thus, our
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results provide the first direct evidence that the transmem-
brane segment of calnexin mediates the binding to its substrate.

Our data from “gain of function” and “loss of function”
experiments reveal that calnexin enhances the degradation of
FLAG-TFR1(TM,yg3)-Myc, whereas the mutant form FLAG-
TFRI(TM ys5.p154an)-Myc is stabilized by calnexin. It is very
interesting that calnexin plays opposite roles in two proteins
with only one amino acid difference. The similar phenomenon
has been observed when examining the impact of calnexin on
the cystic fibrosis transmembrane conductance regulator
(CFTR) and its AF508 variant (the most frequent mutation
found in the patient with the genetic disease cystic fibrosis).
Both wild-type and AF508 CFTR interact with calnexin. How-
ever, overexpression of calnexin has no effect on wild-type
CFTR, but increases the degradation of AF508 CFTR (49).
These data suggest that calnexin can discriminate the structural
feature among different proteins.

Implications of Channel ER Localization—ER quality control
machinery ensures that only properly folded proteins transport
along the secretory pathway and inefficiently folded or mis-
folded proteins are finally degraded by ERAD pathway. A num-
ber of disease-related mutations often result in the production
of structurally misfolded mutants that are rapidly degraded by
ERAD (35, 50, 51). Interestingly, even wild-type proteins
undergo inefficient folding, including CFTR (52), Shaker-type
potassium channels (53), and epithelial sodium channels (54).
In this study, we identify Na 1.8 as another target of ERAD. One
common explanation is that overvigilant ER quality control is
employed to strictly control protein expression on the cell sur-
face. Our data support another possibility that expression of
Na,1.8 can be regulated by other unknown proteins to escape
the ER quality control process. In supporting this point, the
degradation speed of endogenous Na,1.8 in DRG neurons is
slower than that in transfected HEK293 cells, suggesting that
some neuron-specific proteins may be involved in protecting
Na, 1.8 from rapid degradation. Identification of those proteins
could help us to understand mechanisms of Na, 1.8 trafficking
regulation in physiological conditions.

So far, an increasing number of voltage-gated sodium chan-
nel mutations (channelopathies) have been verified to be asso-
ciated with many inherited disorders such as epilepsy and heart
arrhythmias (55). Surprisingly many disease-related mutations
are located within or very close to the transmembrane segments
of sodium channels (56). The transmembrane segments are
highly conserved among voltage-gated sodium channel sub-
types, including acidic amino acids or the acidic amino acid-
containing motifs identified in our experiments. If any muta-
tions are related to the acidic amino acid, the trafficking and
degradation state of the channel mutant may be changed. One
such example comes from research on GABA, receptor ol
subunit with a non-conservative missense mutation A322D in
the third transmembrane segment, leading to autosomal dom-
inant juvenile myoclonic epilepsy. The A322D mutant resides
in the ER and undergoes ERAD through the ubiquitin-protea-
some system, resulting in reduced total and surface expression
(57). Thus, our findings could shed light on understanding the
mechanism relating sodium channel mutations in transmem-
brane segments to disease phenotype.
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