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Missense point mutations in Gas3/PMP22 are respon-
sible for the peripheral neuropathies Charcot-Marie-
Tooth 1A and Dejerine Sottas syndrome. These muta-
tions induce protein misfolding with the consequent
accumulation of the proteins in the endoplasmic reticu-
lum and the formation of aggresomes. During folding,
Gas3/PMP22 associates with the lectin chaperone cal-
nexin. Here, we show that calnexin interacts with the
misfolded transmembrane domains of Gas3/PMP22,
fused to green fluorescent protein, in a glycan-indepen-
dent manner. In addition, photobleaching experiments
in living cells revealed that Gas3/PMP22-green fluores-
cent protein mutants are mobile but diffuse at almost
half the diffusion coefficient of wild type protein. Our
results support emerging models for a glycan-indepen-
dent chaperone role for calnexin and for the mechanism
of retention of misfolded membrane proteins in the en-
doplasmic reticulum.

Gas3/PMP22 encodes a tetraspan protein component of the
compact myelin that is highly expressed in Schwann cells (1–
3). Different genetic alterations in Gas3/PMP22 are responsible
for a group of inherited neuropathies of the peripheral nervous
system characterized by myelin dysfunction (4–6). Duplication
of the Gas3/PMP22 gene is responsible for the majority of the
Charcot-Marie-Tooth 1A (CMT1A)1 disease, whereas loss of
one allele of Gas3/PMP22 results in hereditary neuropathy
with liability to pressure palsies, a mild variant of peripheral
neuropathy (4, 5).

Point mutations in Gas3/PMP22 are also responsible for
peripheral neuropathies (6, 7). Point mutations causing hered-
itary neuropathy with liability to pressure palsies result in
either a premature termination of the translation or the syn-

thesis of a longer altered protein (inherited peripheral muta-
tion database IPNMDB, molgen-www.uia.ac.be/CMTMuta-
tions/). Other mutations are predicted to alter the splicing
process and generate a nonfunctional protein. Overall, Gas3/
PMP22 point mutations responsible for hereditary neuropathy
with liability to pressure palsies cause a loss of function (8).
Missense mutations localized in the transmembrane domains
of the protein have been found in patients with the more severe
forms of CMT1A and the Dejerine Sottas syndrome (6). Dejer-
ine Sottas syndrome is characterized by an earlier age of onset
and a more severe phenotype than CMT1A (9). The disease
mechanism of the missense mutations is well established.
These mutants are dominant gain of function mutations that
impair the normal intracellular trafficking of the protein, caus-
ing intracellular accumulation of the protein in the endoplas-
mic reticulum (ER) or in the intermediate compartment. More-
over, Gas3/PMP22 mutants tend to form cytosolic aggresomes
that may be protective (10–16). However, whether these mis-
folding mutations result in disease because of the oligomeriza-
tion-dependent intracellular sequestration of the wild type (wt)
form or by affecting the integrity and function of the ER is still
debated (12, 17, 18).

Secreted and plasma membrane proteins are assembled into
their native tertiary and quaternary structure in the ER. In-
correct assembly targets proteins for degradation (19–22). The
lectins calnexin (CNX) and calreticulin (CRT) are critical ele-
ments of ER quality control for glycoproteins. These lectins
interact with glycoproteins in the presence of monoglucosylated
N-glycans (21). During maturation, glucosidase II removes the
remaining glucose from the glycan, and interaction with lectin
is terminated (20, 22–25). If the glycoprotein is correctly folded,
it can exit the ER. If not, re-addition of a glucose to the N-
linked glycan occurs by the action of a folding sensor: the
UDP-glucose glycoprotein glucosyltransferase. Next, the glyco-
protein is again recognized by CNX and CRT (20–22, 24). The
CNX/CRT cycle prevents premature oligomeric assembly and
export of misfolded glycoproteins from the ER (21).

Recently, it has demonstrated that Gas3/PMP22 interacts
with CNX in sciatic nerves and that this interaction is pro-
longed in the case of mutant Gas3/PMP22 (18). This result
suggested that sequestration by CNX may be relevant for
CMT1A-related neuropathies. In this study, we have demon-
strated that Gas3/PMP22 interacts with CNX in a glycan-de-
pendent manner, whereas the CMT1A mutant Gas3/PMP22-
L16P interacts with CNX in a glycan-independent manner. The
glycan-independent interaction of CNX with Gas3/PMP22 oc-
curs via the first transmembrane domain of the tetraspan. In
addition, we also demonstrate that the L16P mutant fails to
associate with membrane rafts and instead forms high molec-
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ular weight oligomers by intermolecular disulfide bonds. Our
results provide new insight into the mechanisms responsible
for the intracellular retention of Gas3/PMP22 missense
mutants.

EXPERIMENTAL PROCEDURES

Cell Culture—U2OS osteosarcoma cells, 293, and IMR90-E1A cells
were grown in Dulbecco’s modified Eagle’s medium supplemented with
10% fetal calf serum, penicillin, and streptomycin. Transfection of cells
was performed using the calcium phosphate precipitation method.
U2OS cells stably expressing Gas3/PMP22, Gas3/PMP22-L16P, Gas3/
PMP22-N41Q, and Gas3/PMP22-L16P/N41Q were selected for resist-
ance to G418.

Microinjection and Time Lapse—Nuclear microinjection was per-
formed using the Automated Injection System (Zeiss-Germany) as de-
scribed previously (26). Different expression vectors were injected into
the nuclei of cells for 0.5 s at a constant pressure of 50 hectopascals. For
time-lapse analysis, cells were plated directly onto Petri dishes and
observed shortly after microinjection. Time-lapse analysis was per-
formed with a Leica TCS SP laser scanning microscope in a 5% CO2

atmosphere at 37 °C.
Plasmid Construction—Fig. 1 schematically depicts the computer-

predicted topology of Gas3/PMP22 and the different point mutants used
in this study. For expression in eukaryotic cells, human gas3/PMP22
and its point-mutated derivatives (13) were amplified by PCR and
subcloned into pEGFP-N1 vector (Clontech). A sense primer (5�-GAGT-
GAATTCAACTCCGCTGAGCAGAACTT-3�) containing an EcoRI site
and a reverse primer (5�-CGAGGATCCTCGCGTTTCCGCAAGATCA-
3�) containing a BamHI site were used. The first transmembrane (TM)
domains (TM1) of Gas3/PMP22 and Gas3/PMP22-L16P including four
juxtamembrane amino acids (amino acids 1–34) were amplified by PCR
and subcloned into pEGFP-N1 vector by using TM1up primer (5�-
GAGTGAATTCAACTCCGCTGAGCAGAACTT-3�) containing an EcoRI
primer and TM1down primer (5�-CATGTCGACGCGTGTCCATTGC-
CCAC-3�) containing a SalI site. All constructs generated were se-
quenced using an automated system (ABI PRISM 310) to check the
fidelity of the inserted PCR fragments. The construction of mGF-
PSec61� has been described previously (27).

Detergent Solubilization—Cells expressing wt or L16P were lysed on
ice with 1% Triton X-100 (TX-100), 25 mM Hepes, pH 7.4, 150 mM NaCl,
1 mM phenylmethylsulfonyl fluoride, and 10 �g/ml each of aprotinin,
leupeptin, antipain, and pepstatin at 4 °C for 30 min. The lysates were
scraped from the dishes with a rubber policeman and centrifuged at
3,000 rpm for 10 min into a pellet and supernatant. To remove choles-
terol before TX-100 extraction, cells were pretreated with 10 mM meth-
yl-�-cyclodextrin in serum-free Dulbecco’s modified Eagle’s medium at
37 °C for 60 min.

Sucrose Gradient Fractionation—Sucrose gradient fractionation was

performed as described previously (28). Monolayers of cells were lysed
for 20 min in TNE/TX-100 buffer (20 mM Tris-HCl, pH 8.0, 150 mM

NaCl, 5 mM EDTA, and 1% TX-100). Lysates were scraped from the dish
and brought to 40% sucrose using 80% sucrose in TNE (20 mM Tris-HCl,
pH 8.0, 150 mM NaCl, and 5 mM EDTA) without TX-100. A linear
sucrose gradient (5–30% in TNE without TX-100) was layered over the
lysates in an ultracentrifuge tube. Gradients were centrifuged for 18 h
at 40,000 rpm at 4 °C in a TST 35.5 Beckman rotor. Fractions were
precipitated in 80% acetone, and pellets were solubilized in SDS buffer.
The pellet from the bottom of the tube was solubilized by SDS buffer
and loaded as insoluble pellet.

Immunoprecipitation—Cells were extracted in lysis buffer (150 mM

NaCl, 50 mM Tris-HCl, pH 7.5, and 1% CHAPS containing 1 mM phen-
ylmethylsulfonyl fluoride and 10 �g/ml each of aprotinin, leupeptin,
antipain, and pepstatin), and after centrifugation at 10,000 rpm for 10
min, the anti-GFP antibody (29) was added. After 3 h on ice, protein
A-Sepharose (Amersham Biosciences) was added, and incubation was
prolonged for 1 h on ice. After a brief centrifugation in an Eppendorf
centrifuge, immunoprecipitates were washed four times with lysis
buffer. Immunocomplexes were released by boiling for 5 min in SDS
sample buffer and separated by SDS-PAGE on a 10% gel.

Immunofluorescence and Photobleaching Experiments—For immu-
nofluorescence microscopy, cells were fixed with 3% paraformaldehyde
in phosphate-buffered saline for 20 min at room temperature and per-
meabilized with 0.1% TX-100. Coverslips were labeled with either anti-
calnexin (Transduction Laboratories) or anti-calreticulin (StressGen)
followed by TRITC-conjugated anti-mouse and anti-rabbit secondary
antibodies (Sigma). Cells were imaged with a Leica TCS SP microscope
with a 488–534 � Ar laser and a 633 � HeNe laser. Fluorescence
recovery after photobleaching (FRAP) experiments were performed on a
temperature- and CO2-controlled stage with a Leica TCS SP confocal
microscope using the 488 nm and 518 nm lines of the Ar laser with a
63 � 1.4 NA oil objective. FRAP experiments were performed by pho-
tobleaching a 12.5 � 12.5-�m region of interest (ROI) at full laser
power. Deff was determined using an inhomogeneous diffusion simula-
tion (30). The mobile fraction (Mf) was calculated as described previ-
ously (31). Image analysis was performed using Metamorph 6.04 (Uni-
versal Imaging Corp.).

Immunoblotting and Enzymatic Treatments—Proteins were trans-
ferred to nitrocellulose membranes (pore size, 0.2 �m; Schleicher and
Schuell) using a semidry blotting apparatus (Amersham Biosciences).
Membranes were incubated overnight at room temperature with anti-
GFP, anti-calnexin (Transduction Laboratories), anti-ERp44 (32), anti-
ERp57 (Stressgen), anti-N-cadherin (Sigma), anti-PDI (Transduction
Laboratories), or anti-p62 (Transduction Laboratories) primary anti-
bodies followed by peroxidase-conjugated anti-rabbit (Sigma) or goat
anti-mouse (Euroclone) secondary antibodies. Blots were developed
with Super Signal West Pico or Dura, as recommended by the vendor
(Pierce).

PNGaseF treatment of cellular lysates and immunoblotting analyses
were performed as described previously (33). For endoglycosidase H
treatment, the cellular lysates were prepared in 0.5% SDS and 1%
�-mercaptoethanol and denatured by boiling for 10 min, and then 50
mM sodium acetate, pH 5.5, and 1% Nonidet P-40 were added. After the
addition of 1 milliunit of endoglycosidase H (EndoH; Roche Applied
Science), samples were incubated for 3 h at 37 °C.

RESULTS

CNX Interacts with Gas3/PMP22 and Gas3/PMP22-L16P—
CNX is a non-glycosylated type I membrane resident ER
protein, and it represents a major component of the molecular
chaperone system, which ensures exit from the ER of cor-
rectly folded proteins (34). CNX contains a lectin site with
specificity for the oligosaccharide-processing intermediate
Glc1Man9GlcNAc2. Unlike classical chaperones, CNX is pro-
posed to retain the unfolded glycoproteins and to coordinate
the activities of other ER chaperones such as ERp57.

Recent studies have demonstrated that CNX can interact
with both wt and misfolded Gas3/PMP22 in sciatic nerves (18).
To investigate the ability of CNX to interact with Gas3/PMP22
and the point mutant L16P responsible for CMT1A, we em-
ployed co-immunoprecipitation (IP) experiments. Cells stably
expressing wt or L16P were lysed, and the same amounts of
proteins were immunoprecipitated using an anti-GFP anti-
body. Immunoblots of the IP eluates were probed with an

FIG. 1. Schematic representation of the different Gas3/PMP22-
GFP chimeras utilized. The topology of Gas3/PMP22, as predicted by
computer analysis, and the point mutations used are indicated. The
N-glycosylation site is present at Asn41. It is important to note that a
non-tetraspan topology has been proposed by Taylor et al. (59).
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anti-CNX antibody. Fig. 2A reveals that, at steady state, the
misfolded mutant L16P strongly interacts with CNX, whereas
Gas3/PMP22 only weakly interacts with this lectin. As ex-
pected, in total lysates loaded to verify transfection efficiency,
the wt was present as a doublet representing the pre-Golgi and
post-Golgi forms, whereas L16P was detected solely as the
pre-Golgi form (see Fig. 4A for a detailed characterization).
Immunofluorescence studies confirmed that in stably trans-
fected cells, the vast majority of wt was exposed on the cell
surface, whereas the L16P mutant was retained in the ER
(data not shown).

Because the majority of wt Gas3/PMP22 in stably trans-
fected cells trafficked to the cell surface, we investigated
whether newly synthesized wt protein was able to interact with
CNX, similarly to the misfolded mutants when present in the
ER. To this end, we performed anti-CNX co-IPs of lysates of
transiently transfected cells expressing wt or L16P constructs,
30 h after transfection. Under these conditions, consistent
amounts of wt could be detected as a pre-Golgi form (Fig. 2B),
similar to the L16P mutant.

The same amounts of cellular lysates were immunoprecipi-
tated using an antibody against GFP. After electrophoretic
separation, the immunoblots were probed with anti-CNX anti-
body. Fig. 2B demonstrates that both wt and L16P interact
with CNX. The same blot was also probed with an antibody
against GFP to demonstrate that wt and L16P were immuno-

precipitated with similar efficiencies. In total lysates, wt was
present as a doublet of bands representing the pre- and post-
Golgi forms. These results suggest that wt only transiently
associates with CNX, whereas the misfolded ER-retained mu-
tant L16P forms a stable complex with CNX.

CNX Interacts with Gas3/PMP22 in a Glycan-dependent
Manner and with Gas3/PMP22-L16P in a Glycan-independent
Manner—Folding substrates interact with CNX via their
monoglucosylated N-linked glycans (23, 35). However, some
reports have indicated that CNX can bind to polypeptide seg-
ments of both glycosylated and non-glycosylated proteins (36–
39). To investigate whether Gas3/PMP22-CNX interactions are
glycan-independent or -dependent, we utilized the glycosyla-
tion-defective mutants N41Q and L16P/N41Q.

Cells transiently transfected with wt, the single mutants
L16P and N41Q, or the double mutant L16P/N41Q were lysed
and immunoprecipitated using an anti-GFP antibody. After
electrophoretic separation, the immunoblots were probed with
anti-CNX antibody. Surprisingly, Fig. 2C shows that only the
glycosylation-defective mutant N41Q was unable to interact
with CNX, whereas the double mutant L16P/N41Q efficiently
formed a complex with CNX. The same blot was also analyzed
with anti-GFP antibody to confirm that the pre-Golgi forms of
wt and L16P, L16P/N41Q, and N41Q mutants were similarly
immunoprecipitated.

We observed similar results in stably transfected cells. The

FIG. 2. CNX interacts with Gas3/PMP22. A and B, lysates produced from cells stably (A) or transiently (B) transfected with wt, L16P, or an
empty vector (�). Immunoblots of total lysates were performed against CNX (as loading control) and GFP (for transfection efficiency). IPs were
performed from the same lysates using anti-GFP antiserum. The immunocomplexes were resolved by SDS-PAGE and immunoblotted with
anti-CNX or anti-GFP as indicated. Throughout this figure, the asterisk indicates IgG cross-reactivity. C and D, lysates were produced from
transiently (C) or stably (D) transfected cells expressing wt, N41Q, L16P/N41Q, and L16P. Immunoblots of total lysates were performed against
CNX (as loading control) and GFP (C and D) for transfection efficiency. IPs were performed using anti-GFP antiserum. The immunocomplexes were
resolved by SDS-PAGE and immunoblotted with anti-CNX or anti-GFP as indicated. E and F, lysates produced from IMR90-E1A cells (E) or 293
cells (F) transiently transfected with wt, L16P, N41Q, or L16P/N41Q. Immunoblots of total lysates were performed against CNX (as loading
control) and GFP (for transfection efficiency). IPs were performed from the same lysates using anti-GFP antiserum. The immunocomplexes were
resolved by SDS-PAGE and immunoblotted with anti-CNX or anti-GFP as indicated.
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double mutant L16P/N41Q was recognized by anti-CNX, sim-
ilar to L16P (Fig. 2D). In stably transfected cells, a reduced
amount of pre-Golgi wt protein was detected by co-IP, and
therefore, interaction with CNX was barely detectable. The
interaction between L16P/N41Q and CNX was consistently
observed in 10 different co-IP experiments and by using differ-
ent detergents such as CHAPS and Triton X-100. Furthermore,
binding to CNX was similarly observed when L16P/N41Q was
fused to the shorter FLAG tag instead of the GFP, and IPs were
performed with the anti-FLAG antibody (data not shown).

Next, we investigated whether the double mutant L16P/
N41Q was able to interact with CNX in other cell lines. IMR90-
E1A and 293 cells transiently transfected with wt, single mu-
tants L16P and N41Q, or the double mutant L16P/N41Q were
lysed and immunoprecipitated using the anti-GFP antibody.
After electrophoretic separation, the immunoblots were probed
with anti-CNX antibody. Fig. 2, E and F, reveals that the
double mutant L16P/N41Q efficiently formed a complex with
CNX in 293 and IMR90-E1A cells. Curiously, in 293 cells, it
seems that the L16P/N41Q mutant was less efficient in binding
CNX than the L16P mutant. The same blot was also analyzed
with anti-GFP antibody to confirm that the pre-Golgi forms of
wt and L16P, L16P/N41Q, and N41Q mutants were similarly
immunoprecipitated.

N-Glycosylation Is Not Required for Intracellular Retention
and Aggresome Formation by Misfolded Gas3/PMP22 Mu-
tants—Gas3/PMP22-L16P exhibits trafficking defects (10, 12,
13) and accumulates in the ER (10, 18), where it can form
aggresomes (18, 40, 41). Therefore, we asked whether N-glyco-
sylation plays a role in the ER retention and aggresome forma-
tion of Gas3/PMP22 mutants. Immunofluorescence analysis for
GFP and CNX was performed in U2OS cells transiently ex-
pressing wt, the single mutant L16P, or the double mutant
L16/N41Q (Fig. 3). The wt protein was exported to the cell
surface and triggered the formation of endocytotic vacuoles
that did not co-localize with CNX, similar to previous results
(26). Both of the mutated proteins were retained in the ER and
formed aggresome structures. This result confirmed that N-
glycosylation is not required for the formation of aggresomes by
ER-retained proteins (42). Interestingly, not all of the aggre-
somes induced by L16P were positive for CNX (Fig. 3, arrow-
heads). This heterogeneous pattern of CNX localization within
the aggresomes was more evident for the glycan-defective mu-
tant L16/N41Q. The heterogeneity may reflect differences in
aggresome maturity.

Similar results were obtained when immunofluorescence
studies were performed in IMR90-E1A and 293 cells (data not
shown).

Gas3/PMP22-L16P Fails to Associate with Membrane Rafts—
At steady state, wt is present as three distinct bands on an
immunoblot (Fig. 4A). Enzymatic treatments with PNGaseF
and endoglycosidase H demonstrate that the faster migrating
band is a deglycosylated form, whereas the intermediate band
represents the pre-Golgi form, and the slow migrating band is
the post-Golgi, mature form of Gas3/PMP22. Surprisingly, the
co-IP studies in Fig. 2 suggest that wt, immunoprecipitated
under native conditions, is present primarily as an immature
form with the same electrophoretic profile as the pre-Golgi
mutant L16P (see Fig. 2). Given that the wt protein reaches the
cell surface, we considered the possibility that the post-Golgi
form of wt was not immunoprecipitated under our experimen-
tal conditions.

Recent studies have indicated an association of Gas3/PMP22
with glycosphingolipid/cholesterol-enriched membranes, also
known as lipid rafts (43, 44). We postulated that the failure to
immunoprecipitate the mature form of wt under non-denatur-

ing conditions could be dependent on its tight association with
lipid rafts, which might render it insoluble under the experi-
mental conditions used.

First, we analyzed the detergent solubility of wt and the
L16P mutant. Stably transfected cells were extracted for 30
min on ice with 1% TX-100 (see “Experimental Procedures”).
Detergent-soluble and insoluble materials were separated by
centrifugation. Consistent with the Triton insolubility of raft-
associated proteins, wt fractionated with the Triton-insol-
uble membrane fraction, whereas L16P was largely soluble
(Fig. 4B).

Cholesterol is an important structural component of lipid
rafts and maintenance of the raft microenvironment is sensi-
tive to cholesterol depletion (45). Methyl-�-cyclodextrin is com-
monly used to verify the association with lipid rafts of different
proteins (43, 44). After cholesterol depletion (Fig. 4B, M�CD),
Gas3/PMP22-wt was fractionated with the soluble fraction,
similarly to L16P mutant. This result provided additional evi-
dence for the association of mature wt with lipid rafts.

To confirm the association of Gas3/PMP22 with membrane
rafts, we performed centrifugation to equilibrium on a sucrose
density gradient (28). Triton lysates, adjusted to 40% sucrose,

FIG. 3. The role of N-glycan in the subcellular localization of
the L16P mutant. Immunofluorescence analysis of cells expressing wt
Gas3/PMP22, Gas3/PMP22-L16P, and Gas3/PMP22-L16P/N41Q mu-
tants fused to GFP. Transiently transfected cells were fixed and labeled
with anti-calnexin. In Gas3/PMP22-L16P and Gas3/PMP22-L16P/
N41Q, arrows point to aggresomes that co-localize with CNX, whereas
arrowheads point to aggresomes that do not co-localize with CNX. For
wt Gas3/PMP22, arrowheads point to endocytic vacuoles that do not
co-localize with CNX. Bar, 10 �m.
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were layered at the bottom of a 5–30% sucrose gradient. Frac-
tion 9 was at the bottom of the gradient, and fraction 1 was at
the top. Wt was found throughout the gradient but was pri-
marily found in the low-density fractions 3–7 and in the pellet
(P), probably in the form of aggregates. (Fig. 4C). Upon methyl-
�-cyclodextrin treatment, wt was shifted to the bottom of the
gradient (fractions 6–9), and the pellet fraction was dramati-
cally reduced. This result suggests that the aggregation of wt
depends on the presence of cholesterol and lipid rafts. N-cad-
herin and calnexin controls remained at the bottom of the
gradient (fractions 6–9), as expected for solubilized proteins. In
contrast, L16P was detected at the bottom of the gradient
(fraction 5–9), but not in the pellet, irrespective of the presence
of methyl-�-cyclodextrin (Fig. 4C). Thus, mature Gas3/PMP22,
but not the CMT1A mutant, can associate with lipid rafts.

Disulfide Bonds Stabilize the Oligomeric Forms of the ER-
retained Mutants—Aggregation of misfolded proteins in the ER
can trigger the formation of interchain disulfide bonds (46, 47).
We investigated whether misfolded Gas3/PMP22 oligomer for-

mation involved interchain disulfide bonds. Cell lysates ex-
pressing wt, L16P, and L16P/N41Q were prepared under both
non-reducing and reducing conditions and separated by SDS-
PAGE on non-reducing or reducing gels. Under reducing con-
ditions, L16P, L16P/N41Q, and wt migrated as bands of the
expected size between Mr 42,000 and Mr 50,000. In non-reduc-
ing gels, additional high molecular weight bands (Mr 90,000
and Mr 130,000) were observed for L16P (Fig. 5A). In contrast,
the wt form showed the same electrophoretic pattern as seen in
reducing gels (Fig. 5A). L16P/N41Q resolved under non-reduc-
ing conditions also exhibited additional high molecular weight
bands at Mr 90,000, Mr 130,000, and higher molecular weights,
which migrated slightly faster than L16P, probably due to the
absence of the sugar moiety (see Fig. 5A). Disulfide bond-de-
pendent oligomer formation was not a consequence of the GFP
because oligomers were also detected when L16P was tagged
with the FLAG epitope (data not shown).

It is possible that the high molecular weight bands represent
misfolded Gas3/PMP22 mutants linked to ER thioreductases.

FIG. 4. L16P fails to associate with lipid rafts. A, characterization of the GFP-tagged wt, N41Q, and L16P in cells stably expressing them.
Immunoblots were performed using an anti-GFP antibody. Cellular lysates were treated with PNGaseF or endoglycosidase H. B, cells stably
expressing wt or L16P were lysed in TX-100 buffer to fractionate soluble (SN) and insoluble (P) proteins as described under “Experimental
Procedures.” Immunoblots were performed using the indicated antibodies. C, cells stably expressing wt or L16P were lysed in TNE/TX100 buffer.
Lysates were adjusted to 40% sucrose, and sucrose gradients (5–30%) were formed over them (28). P, sucrose gradient pellet. Fraction 9 is from
the bottom of the gradient. Cells were treated with methyl-�-cyclodextrin (M�CD) as indicated. Immunoblots were performed using the indicated
antibodies.

ER Retention of Gas3/PMP222382



However, we were unable to detect PDI, ERp57, and ERp44 in
higher molecular weight bands from lysates isolated from cells
expressing misfolded Gas3/PMP22 mutants by immunoblots
(data not shown).

Next, we asked whether the formation of interchain disulfide
bonds is a common event for misfolded Gas3/PMP22 point
mutants. Expression of the ER-retained mutants S72L, C109R,
G150D, and T118M induces the formation of aggresomes (Fig.
5D). The S72L, C109R, and G150D mutants form interchain
disulfide bonds, which generate high molecular weight oli-
gomers (Fig. 5B). Interestingly, the T118M mutant displayed
intermediate properties among the wt and the ER-retained
mutants tested. T118M can be detected both as a mature post-
Golgi form similar to the wt and as high molecular weight
oligomers characteristic of ER-retained mutants (Fig. 5B). The
presence of T118M both at the cell surface and in the ER as
oligomers is consistent with previously reported abnormalities
in the trafficking of this mutant when expressed in vitro (11). It
remains unclear whether the T118M mutation represents a
functionally irrelevant polymorphism or whether it can act as a
pathogenic Charcot-Marie-Tooth mutation.

The formation of interchain disulfide bonds is not a specific
response to the misfolding of Gas3/PMP22 in the ER. When the
ER-retained mutant of the tyrosinase TYR (T373K) (48) was
expressed in cells and cellular lysates were separated under
non-reducing conditions, high molecular weight oligomers were
observed for the TYR-T373K mutant (Fig. 5C). This suggested
that the formation of interchain disulfide bonds may be a more
general response for misfolded transmembrane proteins.

Given these results, we next asked whether the glycan-inde-
pendent interaction of L16P with CNX requires the generation
of high molecular weight oligomers. Cells were transiently

transfected with L16P, L16P/N41Q, or GFP alone and treated
with dithiothreitol (DTT) for 30 min before cell lysis. DTT
treatment led to the disappearance of high molecular weight
oligomers (Fig. 5E). However, the ability of L16P and L16P/
N41Q to interact with CNX was unaffected by the reduction of
disulfide bonds (Fig. 5E). The ability of CNX to interact with
L16P and L16P/N41Q independently of high molecular weight
oligomers also was confirmed in stably transfected cells (Fig.
5F). Therefore, ER-retained mutants of Gas3/PMP22 oligomer-
ize by interchain disulfide bonds, but this oligomerization does
not explain the glycan-independent interaction of these mu-
tants with CNX.

Calnexin Binds to the First Transmembrane Domain of Gas3/
PMP22—Recently, it has been demonstrated that CNX can
stably bind to an isolated transmembrane domain of proteo-
lipid protein in a glycan-independent manner (39). We investi-
gated whether CNX interacts with misfolded L16P by a similar
mechanism. We generated truncated versions of wt and L16P
encoding a short cytoplasmic domain and the first transmem-
brane domain, TM1 (amino acids 1–34), fused to GFP. When
expressed in cells, both wt TM1 and L16P TM1 accumulated in
the ER (Fig. 6A) and induced the formation of aggresome-like
fluorescent accumulations (Fig. 6B).

To directly assess the ability of these single transmembrane
domains to interact with CNX, we performed co-IP experi-
ments. Both wt and L16P TM1 associated with CNX (Fig. 6C).
This result provides new molecular details of the glycan-inde-
pendent interaction of CNX with misfolded L16P mutants. In
addition, the results indicate that TM1, expressed alone, is
recognized as misfolded and interacts in a glycan-independent
manner with CNX. Thus, CNX appears to recognize an “unas-
sembled” TM domain of a polytopic protein as misfolded (39).

FIG. 5. Disulfide bond formation and oligomerization of Gas3/PMP22 mutants. A and B, cellular lysates from cells transiently expressing
wt or the indicated point mutants were separated by SDS-PAGE under reducing or non-reducing conditions as indicated. The pre- and post-Golgi
forms of wt are indicated by pre-G and post-G. C, cellular lysates from cells transiently expressing the TYR (T373K) point mutant were separated
by SDS-PAGE electrophoresis under reducing or non-reducing conditions as indicated. D, cells transiently expressing the indicated point mutants
were fixed and scored for the appearance of aggresomes by fluorescence microscopy. Data represent arithmetic means � S.D. of three independent
experiments. E and F, cellular lysates from cells transiently (E) or stably (F) transfected with the indicated Gas3/PMP22 cDNAs and grown in the
absence or presence of DTT. Anti-GFP immunoblots of total lysates reveal high molecular weight oligomers. IPs were performed from the same
lysates using anti-GFP antiserum. The immunocomplexes were immunoblotted with anti-CNX or anti-GFP as indicated. *, IgG cross-reactivity.

ER Retention of Gas3/PMP22 2383



Diffusional Mobility of Wt and Mutant Gas3/PMP22-GFP
within ER Membranes—The failure of the different Gas3/
PMP22 misfolded mutants to exit the ER, their assembly into
high molecular weight oligomers, and their stable interaction
with the quality control machinery prompted us to investigate
the mechanism of ER retention. Is the mutant immobilized in
the ER, or is it sequestered away from ER exit sites by the
quality control machinery? To distinguish between these pos-
sibilities, we assessed the mobility of the different mutants in
live cells using FRAP. The different cDNAs were microinjected
into the nucleus, and the cells were subjected to FRAP analysis
within 2 h, before the formation of aggresomes. To measure the
mobility of wt in the ER, cells were treated with brefeldin A
shortly after microinjection to retain wt in the ER. In all FRAP
experiments, a strip ROI across the ER was photobleached
with intense laser light, and images were collected with re-
duced laser intensity to monitor the movement of the different
unbleached GFP fusion proteins into the ROI. Qualitative anal-
ysis of cells expressing wt or L16P revealed that FRAP recov-
eries were rapid and diffusive (Fig. 7).

Surprisingly, quantitative analysis of the recovery kinetics
revealed a dramatic difference between the mobilities of wt and
the misfolded mutants (Table I). Wt diffuses with an effective
diffusion coefficient (Deff) of 0.54 � 0.14 �m2/s, and 94 � 7% of
the molecules were mobile. These results were similar to those
for the highly mobile resident ER membrane protein mGF-
PSec61� (Deff � 0.51 � 0.15 �m2/s) and the glycosylation-
defective N41Q mutant (0.64 � 0.08 �m2/s), which is not rec-
ognized by CNX. The value for mGFPSec61� is comparable
with the previously reported value of 0.53 �m2/s (27).

In contrast, the Deff values of the two misfolded mutants

L16P and L16P/N41Q were significantly lower (0.29 � 0.07 and
0.28 � 0.12 �m2/s, respectively). Additional misfolded mutants
(G150D, S72L, and C109R) also exhibited significantly slower
Deff values relative to wt (Table II). No significant differences
were observed for any of the Mf values (Tables I and II).

The dramatic reduction in mobility of the misfolded mutants
is in contrast to the unaltered diffusion coefficients of other
misfolded membrane proteins as observed by Nehls et al. (49)
for misfolded VSVG and by Haggie et al. (50) for misfolded
CFTR. However, PMP22 is similar to both VSVG and CFTR in
that the misfolded proteins are retained in the ER, despite
being mobile.

D is relatively insensitive to small changes in the radius of a
molecule (30). Diffusion of a molecule in a membrane is pro-
portional to the log of the radius of a molecule (51). For exam-
ple, the radius of a molecule must increase 8–10-fold to de-
crease D by one half. The reduction of D for the mutant proteins
by one third to one half is consistent with the biochemical data
indicating that the mutants oligomerize through intermolecu-
lar disulfide bridges and associate with calnexin and poten-
tially with other chaperones. In addition, the retention of mo-
bile misfolded complexes is similar to the results observed by
Nehls et al. (49) for misfolded VSVG and by Haggie et al. (50)
for misfolded CFTR. Retention is likely to be due to exclusion of
the large protein/chaperone complexes from ER exit sites by an
uncharacterized mechanism.

DISCUSSION

Chaperones in the ER perform an essential role in ensuring
quality control of the proper folding of polytopic proteins (38,
39). Proteins that fail to correctly fold and remain associated

FIG. 6. Calnexin binds to the first
transmembrane domain of Gas3/
PMP22. A, immunofluorescence analysis
of cells expressing the first transmem-
brane domain of wt (TM1) or of the L16P
mutant (TM1/L16P) fused to GFP. Cells
were fixed and labeled with anti-calreti-
culin antibody. Bar, 10 �m. B, cells tran-
siently expressing the indicated Gas3/
PMP22 transmembrane domains were
fixed and scored for the appearance of
aggresomes by fluorescence microscopy.
Data represent arithmetic means � S.D.
of three independent experiments. C, cell
lysates were harvested from cells tran-
siently transfected with TM1, TM1-L16P,
or L16P as a positive control or from un-
transfected cells as a negative control
(lane C). Anti-CNX and anti-GFP immu-
noblots of total lysates were performed.
IPs were performed from the same lysates
using anti-GFP antiserum. The immuno-
complexes were immunoblotted with anti-
CNX or anti-GFP as indicated. *, IgG
cross-reactivity.
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with chaperones for prolonged periods generally cannot exit
from the ER. Both this study and work by others clearly dem-
onstrate that wt Gas3/PMP22 associates transiently with the
chaperone CNX during protein folding in the ER (18, 42). In
this study, we have provided new insights into the molecular

nature of the interaction of CNX with both wt and mutant
variants of Gas3/PMP22.

The critical role of N-linked glycans in the regulation of ER
quality control of glycoproteins is well established (20, 52). Less
is known about whether and how the lectin chaperone quality
control machinery associates with non-glycosylated proteins.
Several studies have provided evidence that the lectin chaper-
ones, CNX and CRT, can associate with unfolded molecules
through direct protein-protein interactions in the absence of
the Glc1Man9GlcNAc2 oligosaccharide (36–39, 53–55).

In the case of wt, interaction with CNX depends directly on
the presence of the sugar moiety. Although the N41Q glycosy-
lation mutant folds and functions normally (13), it does not
associate with CNX. In contrast, the misfolded mutant L16P,
regardless of N-glycosylation status, stably associates with
CNX. Thus, CNX association displays different requirements
for the oligosaccharide, depending on the presence of misfold-
ing mutations. The interaction between CNX and the L16P/
N41Q mutant was not a consequence of nonspecific aggregation
or of the GFP tag. The L16P/N41Q mutant was nearly com-
pletely soluble when extracted in the presence of CHAPS or
Triton X-100 detergents in the co-IP studies. Furthermore, the
glycan-independent interaction of L16P mutant with CNX was
unaffected by the absence of interchain oligomer formation by
disulfide bonds during DTT treatment. Finally, this interaction
also was observed in the presence of FLAG-tagged mutants.

What domains of non-glycosylated proteins does CNX recog-
nize as misfolded? We have demonstrated that TM1 of either
wt or L16P was able to interact with CNX and was retained in
the ER. Interestingly, other tetraspan proteins can interact
with CNX through their transmembrane domains. A mutant of
CD82 lacking its first TM domain or expression of the first TM
domain alone results in CNX association and ER retention (38).
Similarly, an isolated TM domain of proteolipid protein is re-
tained in the ER and interacts with CNX (39). Therefore, our
data provide support for an emerging model in which CNX can
recognize improperly folded transmembrane domains. Single
TM domains of polytopic proteins may be recognized by CNX as
misfolded due to the presence of polar residues that normally
assist the packing of the TM domains together (56). Interest-
ingly, polar residues are common in the TM domains of poly-

TABLE I
Deff and Mf values for ER-localized Gas3/PMP22-GFP fusion proteins

Means � S.D. of values for Deff and Mf for FRAP experiments of cells expressing the indicated fusion proteins. n � number of experiments. BFA,
brefeldin A.

Chimera Treatment Deff Mf n

�m2/s

Gas3/PMP22-GFP BFA 0.54 � 0.14 94 � 6.8 9
Gas3/PMP22-N41Q-GFP BFA 0.64 � 0.19 93 � 6.2 9
Gas3/PMP22-L16P-GFP None 0.29 � 0.07a 87 � 7.2 10
Gas3/PMP22-L16P/N41Q-GFP None 0.28 � 0.12a 89 � 5.7 10
Sec61�-GFP None 0.51 � 0.15 92 � 2.0 6

a p � 0.01 relative to wt.

TABLE II
Deff and Mf values for ER-localized Gas3/PMP22 mutants

Means � S.D. of values for Deff and Mf for FRAP experiments of cells expressing the indicated fusion proteins. n � number of experiments. BFA,
brefeldin A.

Chimera Treatment Deff Mf n

�m2/s

Gas3/PMP22-GFP BFA 0.53 � 0.07 96 � 5.1 4
Gas3/PMP22-C109R-GFP None 0.39 � 0.09a 94 � 6.2 9
Gas3/PMP22-G150D-GFP None 0.31 � 0.08b 91 � 8.0 8
Gas3/PMP22-S72L-GFP None 0.37 � 0.10a 94 � 5.1 8

a p � 0.01 relative to wt.
b p � 0.05 relative to wt.

FIG. 7. Diffusional mobility of wt and the L16P mutant within
ER membranes. Qualitative FRAP analysis of wt (A) expressed in
cells grown in the presence of brefeldin A or of L16P (B). Cells were
photobleached in a small ROI (outlined box) and monitored for recovery
of fluorescence into the ROI. The two proteins appear mobile and
recover fully. Bars, 8 �m.
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topic proteins but rare in the TM domains of single-spanning
membrane proteins (39, 56, 57). The TM1 of Gas3/PMP22 con-
tains polar and charged residues, which provides support for
this hypothesis.

In the absence of lectin binding, how might CNX interact
with misfolded transmembrane domains? When unfolded gly-
coproteins interact with both the lectin site and a polypeptide-
binding site of CNX, as suggested in the “dual binding” model
(37), the polypeptide-binding site serves to suppress aggrega-
tion of the unfolded substrate (37, 55, 58). It is unclear which
segment of CNX contains the polypeptide-binding site, but a
role of the TM domain of CNX in monitoring the assembly of
transmembrane domains is suggested by recent studies (38,
39). Interestingly, we observed that the lectin chaperone CRT,
which is similar to CNX but lacks the TM domain, is recruited
to the L16P mutant-induced aggresomes but not to N-glycosy-
lation-defective mutant L16P/N41Q-induced aggresomes.2 Our
data suggest a potential role for the TM domain of CNX in
recognizing and binding to the misfolded TM domains of poly-
topic proteins. Alternatively, the interaction of CNX with the
misfolded L16P mutant lacking the sugar moiety may be me-
diated by the CNX binding partner, ERp57 (21). However, this
possibility is unlikely because growing cells in the presence of
2.5 mM DTT for 30 min before extraction for IP does not inhibit
the binding of CNX to the L16P/N41Q mutant.

Finally, we investigated how misfolded Gas3/PMP22 is re-
tained in the ER. FRAP analysis revealed that whereas both wt
and mutant forms of Gas3/PMP22 are mobile, the mutant
forms exhibit significantly lower Deff values than the wt. The
lower Deff values independently confirm incorporation of the
misfolded mutants into high molecular weight complexes
and/or the enhanced association with ER chaperones in living
cells. The diffusional mobility of misfolded and folded proteins
in the ER has been investigated previously by using a temper-
ature-sensitive variant of VSVG protein (49) and the �F508
mutant of CFTR (50). As with Gas3/PMP22, the folded and
misfolded forms of VSVG and CFTR exhibited high Mf values.
In contrast to Gas3/PMP22, the Deff values for folded and
misfolded forms of VSVG and CFTR were indistinguishable,
even though misfolded VSVG and �F508CFTR also interact
with CNX (49, 50). At least two factors could account for the
differences in Deff values. First, the misfolding mutations of
VSVG and �F508CFTR are lumenal amino acids, whereas the
Gas3/PMP22 mutations involve amino acids within predicted
transmembrane domains. It is possible that the chaperones
could interact with the resulting misfolded domains with dif-
ferent dynamics. For example, association of CNX with VSVG
or CFTR may occur with bind and release kinetics, whereas
CNX may stably bind mutant Gas3/PMP22. Second, L16P
clearly forms larger interchain aggregates, whereas the size of
misfolded VSVG complexes is unknown. Despite the differ-
ences in Deff values, the key finding is that misfolded ER-
retained mutants of VSVG, CFTR, and Gas3/PMP22 are not
immobilized. Thus, ER retention of misfolded membrane pro-
teins appears to be mediated by a general mechanism of exclu-
sion from ER exit sites.

In conclusion, our studies have provided new insights into
the mechanism of ER retention of Gas3/PMP22. We have de-
scribed a new mode of CNX-mediated retention for Gas3/
PMP22 and suggest that Gas3/PMP22 provides an excellent
model to study the relationships among CNX, protein misfold-
ing, and ER retention. Dissecting these relationships will be
critical for a number of diseases exhibiting defects in protein
folding and ER exit.
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