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ABSTRACT: Dominant mutations in the tetraspan membrane protein peripheral myelin protein 22 (PMP22)
are known to result in peripheral neuropathies such as Charcot-Marie-Tooth type 1A (CMT1A) disease
via mechanisms that appear to be closely linked to misfolding of PMP22 in the membrane of the
endoplasmic reticulum (ER). To characterize the molecular defects in PMP22, we examined the structure
and stability of two human disease mutant forms of PMP22 that are also the basis for mouse models of
peripheral neuropathies: G150D (Trembler phenotype) and L16P (Trembler-J phenotype). Circular
dichroism and NMR spectroscopic studies indicated that, when folded, the three-dimensional structures
of these disease-linked mutants are similar to that of the folded wild-type protein. However, the folded
forms of the mutants were observed to be destabilized relative to the wild-type protein, with the L16P
mutant being particularly unstable. The rate of refolding from an unfolded state was observed to be very
slow for the wild-type protein, and no refolding was observed for either mutant. These results lead to the
hypothesis that ER quality control recognizes the G150D and L16P mutant forms of PMP22 as defective
through mechanisms closely related to their conformational instability and/or slow folding. It was also
seen that wild-type PMP22 binds Zn(II) and Cu(II) with micromolar affinity, a property that may be
important to the stability and function of this protein. Zn(II) was able to rescue the stability defect of the
Tr mutant.

Peripheral myelin protein 22 (PMP22)1 is a 160-residue
integral membrane protein with four putative transmembrane
spans. PMP22 is a major protein of the peripheral nervous
system myelin (1, 2), where it is known to play important
roles in regulating Schwann cell proliferation and in myelin
formation and maintenance (3, 4). A high-resolution structure
is yet to be determined for PMP22, although some of its
general structural and topological features have been
established (5, 6). PMP22 represents the PMP22/EMP/MP20/

Claudin superfamily [pfam00822 in NCIB (7)], which share
both sequence homology and their predicted tetraspan
topology. PMP22 and some of these other proteins are found
at specialized membrane junctions found in myelin and in
epithelia (8-11).

PMP22 is highly expressed in Schwann cells and repre-
sents 2-5% of the total protein content of the myelin
membrane. Changes in gene dosage or dominant missense
mutations in the gene encoding PMP22 result in several
inherited peripheral neuropathies (12), including hereditary
neuropathy with liability to pressure palsies (HNPP), De-
jerine-Sottas syndrome (DSS), and Charcot-Marie-Tooth type
1A (CMT1A) disease, the latter being the most common
inherited disorder of the peripheral nervous system. For those
phenotypes that are caused by missense mutation-encoded
changes in PMP22’s amino acid sequence, disease is believed
to be caused by misassembly of the protein, resulting both
in loss of PMP22’s normal functions and in toxic “gain of
function” that is associated with the accumulation of mis-
assembled protein in the cytosol (13-15) and, possibly, also
in the endoplasmic reticulum (cf., ref 16).

Two of the several dozen known disease-linked mutant
forms of human PMP22, G150D and L16P, have also been
discovered as naturally occurring mutations that result in
mouse models of peripheral neuropathies, the Trembler (Tr,
G150D) and Trembler-J (TrJ, L16P) phenotypes (13).
Heterozygous (WT/mutant) mice with these mutations exhibit
severely defective myelin and PNS dysfunction very similar
to what is observed in humans born with the same mutations
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(severe CMT1A and DSS for the Tr and TrJ mutations,
respectively) (17, 18). Both of these mutants are recognized
as being folding-defective by the quality control system of
the endoplasmic reticulum and are targeted for translocation
to the cytosol for intended degradation via the ubiquitination/
proteasomal pathway, with the autophagy/lysosomal degra-
dation pathway serving as a backup (13, 14, 17, 19-27).
However, it is believed that under disease conditions the loss
of function that accompanies the misassembly of these
proteins is complicated by toxic accumulation of the mis-
folded protein in the ER and/or in the cytosol. It is most
likely this latter phenomenon and also the ability of these
mutants to trigger misfolding of PMP22 encoded by the wild-
type allele (via mutant/WT dimerization) that underlies the
gain of function component of neuropathy caused by these
mutations (15, 19, 26, 28).

While previous studies of the mistrafficking of WT and
mutant forms of PMP22 represent a body of work that is
clear and elegant, little is known about the nature of the
defect in newly translated/ER-translocated PMP22 that is
recognized and deemed by ER quality control as aberrant.
In this paper, we probe this issue by comparing the structure,
folding, and stability of wild-type PMP22 to the G150D (Tr)
and L16P (TrJ) mutant forms of the protein. Defects in the
basic physical properties of these mutants are documented
that may well resemble the defects that are recognized by
ER quality control.

A second focus of this paper is characterization of
PMP22’s affinity for divalent metal ions. Previous studies
have suggested that PMP22 has an affinity for divalent metal
ions such as Cu(II) and Ni(II). PMP22 can be purified from
native membranes using Cu(II)-based metal ion affinity
chromatography (29, 30) and, in our hands, also binds avidly
to Ni(II)-chelate resin at pH >6 (unpublished observations).
Although Zn(II) and other metal ions have been studied in
the central nervous system (31, 32), less is known about their
role in the peripheral nervous system. Zn(II) has profound
effects on the gross structure of myelin, and zinc deficiency
in rats is found to cause symptoms very similar to peripheral
neuropathy (33, 34). Several other proteins of the myelin
sheath have been found to be Zn(II) binding proteins (35-37).

We have therefore tested whether PMP22 specifically binds
divalent metal cations.

MATERIALS AND METHODS

Protein Expression and Purification. Detailed protocols
for the overexpression and purification of PMP22 are given
elsewhere (6). Briefly, PMP22 was produced as a fusion
protein with the first 76 residues of λ repressor, with an
intervening polyhistidine tag followed by a TEV protease
site and a STREP tag used as a spacer between the beginning
of PMP22 and the protease site. Expression was performed
in Escherichia coli under the control of an IPTG-inducible
promoter in minimal medium at 20 °C. The fusion protein
was extracted from the membrane with the detergent Em-
pigen (Sigma) and isolated by Ni(II) ion affinity chroma-
tography. While bound to the Ni(II) column, Empigen was
replaced by the detergent dodecylphosphocholine (DPC,
Anatrace). Cleavage of the fusion protein in DPC micelles
was performed with TEV protease, and the mixture was
purified by ion exchange chromatography using a Mono S
cation exchange column, during which DPC was often
replaced by another detergent, tetradecylphosphocholine
(TDPC, Anatrace). PMP22 was stored at 5-10 mg/mL at
4 °C, with 10 mM DTT being added to prevent oxidation of
the cysteines leading to a disulfide-bonded dimer.

Buffers used in the non-NMR studies of this work were
25 mM sodium acetate at pH 5.5 and 25 mM HEPES at pH
7.5, with 150 mM NaCl present in each. All samples
contained micelles of DPC (0.2-0.5%) or TDPC (0.2%).
Before divalent metal ion binding experiments, the protein
was treated with 1 mM EDTA, followed by removal of the
EDTA and DTT by desalting using BioGel P4 resin (Bio-
Rad). Samples were used immediately to avoid oxidation of
the cysteines.

Fluorescence and Binding Experiments. Fluorescence
experiments were performed on a Jobin Yvonne SPEX
Fluoromax-3 instrument with a water bath temperature
controller and magnetic stirrer at 20 °C. Emission spectra
were acquired with excitation at 280 nm and a slit width of
2 nm. Buffer blanks were subtracted from each spectrum.

FIGURE 1: Amino acid sequence of human PMP22. Sites of disease-linked point mutations are colored red, residues added to the N-terminus
as part of a purification tag blue, and the locations of possible metal ion-coordinating side chains in the extracellular loops pink. The
locations of the two disease-linked mutations studied in this work are colored gold.
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Divalent cation titrations were performed by serial addition
to the stirred solution, with equilibration for 5 min and data
collection for 1 min at 340 nm for each point. The average
signal was then corrected for the effect of dilution. The
following equation was fit to the titration data to extract the
binding constant:

F)Fa + (Fb -Fa)[[L] ⁄ ([L]+Kd)] (1)

where F stands for the observed fluorescence signal, Fa is
the unliganded signal, Fb is the saturated signal, [L] is the
free ligand concentration, and Kd is the dissociation constant.
A single-binding site model did not give adequate fits for
binding of Zn at pH 7 and the binding of Cu; in these cases,
the following model was used that assumes either sequential
binding to two independent sites or random binding to two
sites that have very different affinities.

F) (Fa +FbKa1[L]+Ka1Ka2[L]2Fc) ⁄

(1+Ka1[L]+Ka1Ka2[L]2) (2)

where Ka1 and Ka2 are the association constants, Fa is the
fluorescence of the unliganded protein, Fb is the fluorescence
of the singly bound protein, and Fc is the fluorescence of
the doubly bound protein. Equations 1 and 2 were found to
adequately fit all of the titration data collected.

Circular Dichroism. Circular dichroism (CD) experiments
were performed on a Jasco J-810 instrument with a Peltier
temperature controller and a magnetic stirrer. Samples were
placed in either 1 or 0.1 cm path length quartz cuvettes
(Hellma). Spectra were acquired at 20 °C with a 1.5 nm
bandwidth, averaging for 4 s at each wavelength. Three
spectra were averaged together to give the final trace, and
blank spectra were subtracted. Protein concentrations were
10 µM in a 0.1 cm cell for far-UV CD or 26 µM in a 1 cm
cell for near-UV CD. Thermal denaturation curves were
obtained at a CD scan rate of 1 °C/min. Unfolding titrations
with the denaturing detergents SDS and laurylsarcosine (LS)
were performed by serial addition of each detergent into DPC
micellar solutions of PMP22 at 37 °C, with equilibration for
10 min before the collection of near-UV CD data. Ten
minutes was observed to be sufficient for the CD intensity
at 299 nm to reach a constant value.2 Data were corrected
for the increase in sample volume caused by the additions.
A two-state model was fit to the unfolding data to give the
curves shown in the figures (38).

CD was also used to monitor the unfolding-refolding
kinetics of PMP22. The protein in DPC micelles was
unfolded by adding LS and then refolded by adding excess
DPC. Data were corrected for the increase in sample volume
caused by the additions. A single-exponential kinetic model
was fit to the refolding data.

NMR Experiments. All NMR experiments were carried out
using a Bruker Avance 800 MHz spectrometer equipped with
a 5 mm CPTCI-Z cryoprobe at a sample temperature of
45 °C. NMR data were collected using the Weigelt version
of the 1H-15N TROSY pulse sequence (39). PMP22 for
NMR samples was 15N-labeled and purified into pH 5.0
TDPC micelles as described previously (6). The final
concentration of the G150D mutant PMP22 NMR sample
was 0.9 mM. The concentration of the L16P mutant PMP22
sample was 1.0 mM. TROSY spectra were acquired for both
of these samples in 3 mm diameter NMR tubes (Wilmad),
which required the use of adapters (Norrell) to fit into the 5
mm spinner.

RESULTS

Human PMP22 was overexpressed in E. coli followed by
purification of the protein, a process that includes steps in
which the protein is unfolded by harsh detergents followed
by refolding in DPC or TDPC micelles, conditions under
which the protein has been shown to be a stably folded and
largely R-helical homodimer (6).

Binding of Zn(II) and Other DiValent Cations to PMP22.
We investigated whether PMP22 can bind Zn(II) or other
common divalent cations. Fluorescence spectra utilizing
intrinsic tryptophan and tyrosine fluorescence are shown in
Figure 2. In the presence of 1 mM Zn(II), the fluorescence
emission intensity increases by ∼20%, and the wavelength
of maximal emission decreases slightly. In the presence of
1 mM Cu(II), the intensity dramatically decreases and the
wavelength of maximal emission increases slightly. No
significant change in the fluorescence spectrum is observed
in the presence of Ca(II) or Mg(II) (Figure 2A). Either these
metals do not have any significant affinity for PMP22, or
(less likely) their binding does not induce any changes in
the fluorescence emission spectrum.

In panels B and C of Figure 2, binding isotherms are
shown for direct titration of PMP22 with divalent metal
cations, as followed by fluorescence. At pH 5.5, Zn(II)
binding fits well to a model with a single binding site, with
a modest Kd of 1.4 mM. The titrations with Zn(II) near
neutral pH or Cu(II) at pH 5.5 exhibit higher affinity.
However, neither isotherm is well fit by a simple one-site
binding model; a model with two binding sites is necessary
to account for the data. The stronger of the two binding
constants is 20 µM for Zn(II) and 37 µM for Cu(II), with
the second ion binding with millimolar avidity in both cases.
The pronounced pH dependence of Zn(II) binding from pH
5.5 to 7.5 is consistent with histidine and/or cysteine side
chains being involved as coordinating ligands. The observed
micromolar dissociation constant of PMP22 for Zn(II) at
neutral pH is close to the Zn(II) binding constants found for
certain other myelin proteins (35-37).

We probed possible conformational changes resulting from
Zn(II) binding using circular dichroism (CD). PMP22 is
clearly a mostly helical protein as judged from the far-UV
CD spectrum shown in Figure 3A (see also ref 6). The near-
UV CD spectrum indicates a well-ordered tertiary structure
(Figure 3B). CD data also show that binding of Zn(II) has
structural consequences. While scans taken in the presence
of Zn(II) exhibit only very small changes in the far-UV
spectrum, there is a significant change in the near-UV CD

2 The signal during the titrations appears to equilibrate faster than it
should judging from the folding kinetics in Figure 3C. However, at
least four rate constants (two folding, one unfolding, and one irreversible
unfolding) will contribute to the equilibration time, and they will all
depend on LS concentration. Thus, it is impossible to judge how long
the equilibration should take on the basis of the refolding kinetics
presented in Figure 3. PMP22 (un)folding is not a simple two-state
process, despite the fact that the titrations appear sigmoidal. Further
experimentation is necessary to dissect the contributions of the various
rate constants to the kinetics and to determine their dependence on
LS.
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spectrum. We interpret this data as indicating that there is
little change in the helical secondary structure in response
to coordination of Zn(II) to PMP22, but that there is some
change in the tertiary packing involving one or more aromatic
residues. The changes in the near-UV CD spectra are most
pronounced in the 290-300 nm range where PMP22’s
tryptophan side chains are expected to predominate. This
indicates that Zn(II) most likely induces a rearrangement in
the extracellular loops where four of five of PMP22’s tryptophan
residues reside, and where multiple His/Cys are located that
are likely to dominate Zn(II) binding.

Assessment of the Stability of Wild-Type PMP22. The
folding and stability of PMP22 were investigated by unfold-
ing experiments in which harsh detergents were employed
as denaturing agents in place of traditional chemical denatur-

ants such as urea or guanidine hydrochloride for use with
membrane proteins (40, 41).3 This general approach has been
extensively used to probe membrane protein conformational
stability (42-46). The resulting denaturation curves are
typically sigmoidal. The well-known two-stage model sets
a basic framework for understanding helical membrane
protein folding (47), but reality is more complex.

It was observed that the tertiary structure of PMP22 in
DPC micelles can be unfolded by addition of sodium dodecyl
sulfate (SDS) or laurylsarcosine (LS). Time-resolved kinetic
unfolding and folding experiments were performed by
forward and reverse titrations of folded PMP22 with SDS
or LS. At 20 °C unfolding by the addition of SDS to a high
mole percentage in the micelles occurs over a time scale of
tens of minutes, with an unfolding curve that is best fit by a
double exponential (not shown). This suggests that an
unfolding intermediate is involved. Attempts to then refold
PMP22 (monitored by the return of the original CD signal)
by addition of excess mild detergent (DPC) were not
successful at 20 °C or at other temperatures. Unfolding using
LS at 20 °C proceeds in a manner similar to that of the SDS
case, but in this case, some refolding can be observed upon
subsequent addition of excess DPC. At 37 °C, unfolding

3 Attempts were also made to monitor the thermal denaturation of
WT PMP22 using near-UV CD (not shown). The curve initially appears
to be sigmoidal but loses this form past the midpoint. The detector
voltage increases dramatically above 60 °C, suggesting aggregation
above this temperature. Thermal irreversibility is a common phenom-
enon with membrane proteins studied in detergent micelles. Unfortu-
nately, irreversibility prevents the extraction of meaningful thermody-
namic parameters from the data, although it is apparent that PMP22 is
stable up to ∼50 °C.

FIGURE 2: PMP22 binds Cu(II) and Zn(II) at 20 °C. (A) Fluorescence emission spectra of PMP22 in DPC micelles in the presence of
various metal ions. The protein and metal ion concentrations were 1 µM and 1 mM, respectively. The buffer consisted of 25 mM acetate
(pH 5.5), 150 mM NaCl, and 0.5% DPC. (B) Titration with zinc acetate at pH 5.5 (0) and in HEPES buffer at pH 7.5 (b). Single- and
double-binding site models were fit to the data to determine dissociation constants (see Materials and Methods). Fitted Kd values for Zn(II)
binding were 1.4 mM at pH 5.5 and 20 µM and 3 mM at pH 7.5. (C) Titration with copper sulfate at pH 5.5. Fitted Kd values were 37 µM
and 1.1 mM.

FIGURE 3: Effect of Zn(II) on the structure and folding of wild-type PMP22 as probed by circular dichroism. The buffer included 25 mM
acetate (pH 5.5), 150 mM NaCl, and 0.5% DPC, while the Zn(II) concentration was 10 mM in each experiment denoted with dotted lines.
(A) Far-UV CD at 25 °C, where the protein concentration in DPC micelles was 10 µM in a 0.1 cm path length cuvette. (B) Near-UV CD
at 25 °C, where the protein concentration in DPC micelles was 26 µM in a 1 cm path length cuvette. (C) Kinetics of refolding of PMP22
at 37 °C from a DPC/LS detergent mixture in the absence (black) and presence (gray) of 10 mM Zn(II). Tertiary structure formation was
monitored by CD at 299 nm. Black lines are for single-exponential fits of the data.
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using LS or SDS is complete in the dead time of the manual
mixing (e20 s).4 Refolding of PMP22 from DPC/LS mixed
micelles following addition of excess DPC occurs at 37 °C
on a time scale of tens of minutes5 (Figure 3C). There was
a small burst phase signal, reflecting a rapid process that
could not be observed with a manual mixing technique,
which may be folding to an intermediate state. This is
followed by much slower folding to the native state, a process
that yields traces that can be fit to a single exponential.
However, refolding is not 100% efficient, and the signal
reaches only ∼35% of its original value. These results
indicate that the unfolding of PMP22 in model membranes
is mostly irreversible in the absence of Zn(II). The revers-
ibility increases to ∼65% in the presence of Zn(II), as shown
in the refolding traces in Figure 3C. Zn(II) clearly assists
the folding of PMP22 in vitro.

Titration of Zn(II)-bound PMP22 with LS was followed
by near-UV CD in both forward and reverse directions
(Figure 4). The curves have the classic sigmoidal shape
suggestive of a cooperative unfolding-refolding transition.
However, the protein again could not be completely refolded
by the addition of excess DPC, which was also observed in
the kinetic refolding experiment. Since unfolding is not
completely reversible, thermodynamic analysis is difficult.
We attempted the experiment at other temperatures and pH
values but did not find conditions that allowed complete
reversal of unfolding. The maximum reversibility was 65%
in the presence of Zn(II) and 35% in its absence.

Under conditions of maximal reversibility, the forward
unfolding curve and the backward refolding curve do not
coincide, indicating hysteresis (Figure 4). Hysteresis most
often occurs when slow kinetic steps that prevent a true
equilibrium from being established are present. The presence
of a slow folding transition and the observed difficulty of
completely refolding PMP22 in these experiments appear to
reflect a complex and difficult folding pathway, which may
contribute to the inefficient folding observed in vivo.

Comparison of the Structure and Stability of WT PMP22
to Those of the Tr and TrJ Mutant Forms of PMP22. Two
disease-linked mutant forms of PMP22, the Trembler (Tr,
G150D) and Trembler-J (TrJ, L16P) mutants, were tested
for their effects on the folding and stability of the protein. It
is interesting to note that expression of these mutant forms
of PMP22 in E. coli both slowed the growth of the host E.
coli and led to much lower yields of the mutant proteins
than WT PMP22 (data not shown).

Stability was first examined in the absence of Zn(II).
Although the Tr and TrJ mutations have little apparent effect
on PMP22’s secondary structure (Figure 5A), L16P com-
pletely abrogates folded tertiary structure in DPC micelles
(Figure 5B). G150D is intermediate between L16P and WT,
indicating a destabilization of the native folded structure or
an alteration of that structure. CD spectra in the presence of
10 mM Zn(II) showed that metal ion binding promoted the
refolding of G150D into a nativelike tertiary fold but not
L16P (Figure 6A). However, Zn(II)-bound G150D appears
to be less stable than WT (see Figure 6B) and does not
exhibit significant refolding after LS denaturation (data not
shown). These results indicate that the Tr and TrJ mutant
forms of PMP22 are significantly less stable than WT PMP22
in both the presence and absence of Zn(II). Moreover, in
DPC micelles the Tr mutant of PMP22 is more stable than
TrJ in both the absence and presence of Zn(II). Binding of
Zn(II) led to folding of the Tr mutant (but not of TrJ) under
conditions in which it was otherwise unfolded.

To assess the possibility that the Tr and TrJ mutations
induce major changes in the structure of folded PMP22, we
examined the 1H-15N TROSY NMR spectra of the L16P
(TrJ) and G150D (Tr) mutant forms under conditions in
which these proteins are folded in tetradecylphosphocholine
(TDPC) micelles. As compared to the CD conditions
involving dilute protein in DPC micelles, PMP22 is more
stable in TDPC. Moreover, the higher protein concentrations
in the NMR samples are expected to stabilize the dimeric
form of the protein. The TROSY spectra of the mutants are
shown in Figure 7 superimposed with the spectrum of WT.
While the spectra of the mutants are somewhat noisy, the
similarity of the spectra from both mutants to the spectrum
of the wild-type protein is clear. While the possibility that
the L16P (TrJ) and G150D (Tr) mutations induce moderate
local conformational changes cannot be ruled out, these
mutations clearly do not result in major global conformational
changes in folded PMP22. The major effect of the mutations
appears to be shifting the folding equilibrium away from the
properly folded state.

DISCUSSION

Following translation and integration of nascent membrane
proteins into the membrane of the ER by the translocon

4 Unfolding was much faster at 37 °C that at 20 °C. For protein
unfolding, kunfold can vary over several orders of magnitude through a
fairly narrow temperature range.

5 Why does unfolding of PMP22 at 37 °C seem to be faster than the
folding process? For a stable protein that unfolds via simple two-state
kinetics, kfold must be faster than kunfold. However, PMP22 does not
follow two-state kinetics, and there are at least two other rate constants
(a burst phase fast folding rate constant and an irreversible unfolding
rate constant), and while our refolding data provide a reasonable
estimate of kfold, we do not as of yet have a good estimate of k at low
LS concentrations.

FIGURE 4: Forward (O) and reverse (2) titrations of wild-type
PMP22 in DPC micelles at 37 °C with the denaturing detergent
laurylsarcosine, as monitored by CD at 299 nm. The buffer consisted
of 25 mM acetate (pH 5.5), 150 mM NaCl, and 0.5% DPC with
10 mM Zn(II). Dashed lines represent fits of a two-state unfolding
model (38).
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complex in eukaryotic cells, folding and misfolding is
managed by the ER quality control system (48-53), which
both assists the folding of nascent proteins and recognizes
defective proteins, retaining them in the ER for further
attempts to fold and/or potential degradation by the ERAD
pathway. ERAD-targeted proteins are translocated back out
of the ER into the cytosol, where they are typically
polyubiquitinated and degraded by proteasomes.

The biophysical logic of ER quality control for membrane
proteins is incompletely understood but has been postulated
to be related to the thermal and kinetic stability of proteins
that fold in the ER (reviewed in ref 48). Proteins that are
unstable or that fold only slowly may be particularly
susceptible to being targeted for degradation by quality
control. However, this possibility has been examined for only
a few proteins, the majority of which are water soluble (48, 54).

For PMP22, there is a wealth of information available
about the in vivo folding and trafficking efficiencies of both
wild-type and mutant forms of the protein. Wild-type PMP22
appears to correctly fold and traffic with only modest
efficiency, such that 80% of nascent PMP22 molecules are

targeted for degradation via extrusion from the ER into the
cytosol,polyubiquitination,andproteasomaldegradation(15,55).
When proteasomal function is inhibited, degradation-targeted
PMP22 forms perinuclear/centrosome-proximal aggresomes
that are believed to normally be engulfed by autophagosomes
and thendegraded followingdelivery to the lysosomes (20,22).
It is known that most CMT1A-linked mutant forms of
PMP22, including the Tr and TrJ mutants examined in this
work, are targeted for degradation by ER quality control,
with the efficiency of correct folding and trafficking ap-
proaching 0% (17, 19, 24, 26, 27). However, the nature of
the defects in the disease mutants that are recognized by
quality control is not well understood. Using cellular extracts,
it has been shown that both the L16P (TrJ) and G150D (Tr)
mutant forms of PMP22 are more prone than the WT protein
to forming non-native aggregates (23, 56). However, it is
unlikely that it is the aggregates themselves that are
recognized and targeted for degradation by quality control;
most likely, it is the formation of these very aggregates that
quality control seeks to prevent (48).

FIGURE 5: Circular dichroism spectra of the Tr (G150D) and TrJ (L16P) mutant forms of PMP22 in DPC micelles at 25 °C. (A) Far-UV
CD spectra. (B) Near-UV CD spectra. The buffer consisted of 25 mM acetate (pH 5.5), 150 mM NaCl, and 0.5% DPC.

FIGURE 6: Properties of the Tr (G150D) and TrJ (L16P) mutant forms of PMP22 in the presence of Zn(II). (A) Near-UV CD spectra of the
WT and mutants in the presence of 10 mM Zn(II). (B) Laurylsarcosine titrations followed by CD at 299 nm of WT and Tr PMP22 at 37 °C
in the presence of Zn(II) showing the destabilization caused by the G150D mutation. The buffer consisted of 25 mM acetate (pH 5.5), 150
mM NaCl, and 0.5% DPC.
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One plausible mechanism by which quality control might
recognize PMP22 as being folding-defective would be the
detection of non-native structure in the protein. For example,
the protein might form a molten globule-like conformational
state that fails to complete folding to a fully ordered structure.
Alternatively, the protein might adopt a non-native ordered
fold. The NMR results of this paper do not support these
possibilities. Under model membrane conditions in which
wild-type PMP22 and the L16P and G150D mutants are each
folded, the NMR spectra of these proteins strongly suggest
that they have folded tertiary structures similar to that of
WT.

For mutant forms of certain water soluble secretory
proteins, it has been shown that the efficiency of folding and
trafficking through the ER correlates with thermodynamic
stability (reviewed in ref 48). This suggests another property
that might cue quality control that mutant forms of PMP22
are defective, the presence of long-lived populations of
unfolded PMP22, reflecting thermodynamic instability and/
or very slow folding kinetics. This possibility is supported
by the results. The Tr and TrJ mutant forms of PMP22 were
observed to be considerably less stable than the wild-type
protein, as measured by denaturation with LS (Figure 4).
The lower stabilities of the mutant forms of PMP22 correlate
well with their reduced efficiency of productive folding and
trafficking relative to those of the wild type under cellular
conditions.

The observed instability of the Tr and TrJ mutants should
not be taken to imply that after reaching a folding equilibrium
in vivo in native ER membranes they prefer the unfolded
state. Indeed, we were able to find micellar conditions under
which these proteins were well-folded. However, stability,
folding kinetics, and folding efficiency are interrelated.
Reflecting the Haldane relationship, a reduction in protein
stability is often coupled to a reduction in the protein folding
rate. In this paper, we found that even wild-type PMP22
folded slowly in detergent micelles, requiring tens of minutes
at 37 °C to reach completion, a prolonged process that is
within 1 order of temporal magnitude of the protein’s half-
life in the cell (16, 57). Instability may also favor the

formation of aggregation-prone non-native folding inter-
mediates, leading to misfolding and low folding efficiency.
It is known that even wild-type PMP22 folds in the cell
and in micelles with much less than 100% efficiency.
Moreover, this study shows that its in vitro folding is much
slower than for most other multispan helical membrane
proteins for which micellar refolding kinetic measurements
have been taken (16, 42, 43, 45, 57-61), suggesting an
unusually difficult folding pathway. While folding of PMP22
in the ER will be managed and facilitated in living cells by
both the translocon and various chaperones, the fact that 80%
ofthenascentwild-typeproteinistargetedfordegradation(15,55)
testifies to the fact that PMP22 is a difficult protein to fold
even under highly evolved conditions. The extremely slow
folding of wild-type PMP22 observed in this study suggests
that the form of the protein that is principally recognized as
defective and targeted for degradation by quality control in
the ER could be nascent protein that has been integrated into
the membrane but has not yet formed native tertiary structure.
The fact that Tr and TrJ mutants are less stable (and more
difficult to refold) than WT suggests that they likely fold
even more slowly than WT, which would make these mutants
even more vulnerable to recognition as being defective by
quality control, leading to almost 100% targeting of the
protein to degradative pathways.

The fact that the L16P and G150D mutant forms of PMP22
are less stable than the wild-type protein is not surprising.
Leucine 16 is located midway through the first TM domain.
Replacement of this residue with proline would most likely
induce a kink in this helix that could disrupt tertiary structure.
Indeed, missense mutation-encoded replacements of TM
residues with proline are extremely common disease-linked
mutations in membrane proteins (62, 63). It has previously
been shown that the L16P (TrJ) mutant form of PMP22 forms
long-lived complexes with calnexin, which is a chaperone
that is central to ER quality control (28, 57). As for some
other membrane proteins that form complexes with calnexin
(64), the formation of this complex was found to be
independent of glycosylation of the mutant PMP22, unlike
that of the wild type. It was also found that the isolated first

FIGURE 7: Comparison of the NMR spectrum for WT PMP22 in TDPC micelles to the spectra of the Tr (G150D) and TrJ (L16P) mutants
under identical conditions [25 mM acetate (pH 5.5), 150 mM NaCl, and 0.2% TDPC]. All data were acquired at 800 MHz and 45 °C. In
the left panel, the 1H-15N TROSY spectrum of the L16P PMP22 mutant (red) is overlaid on the spectrum of WT PMP22 (black). The
L16P spectrum was collected using 128 increments and 248 scans per increment. The wild-type spectrum was collected with 128 increments
and 180 scans. In the right panel, the 1H-15N TROSY spectrum of the G150D PMP22 mutant (red) is overlaid on the spectrum of WT
PMP22 (black). Acquisition parameters for G150D were the same as those for L16P. In the center panel are shown mutant/WT TROSY
spectral overlays for the indole ring 1H-15N from the protein’s six tryptophan residues (five in PMP22 and one in the N-terminal tag).
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transmembrane domain of both L16P and wild-type PMP22
binds avidly to calnexin (57). These results suggest that a
key component of PMP22-specific quality control in the ER
is the recognition by calnexin of the first transmembrane
domain of PMP22, which is recognized only if it is not stably
bundled with the other TM helices of the molecule. This is
consistent with the notion that the L16P (Tr) mutation does
indeed lead to the unfolding or failure of the protein to fold
in a timely manner in the cell. The fact that the (defective)
kink in the helix caused by L16P is not required for calnexin
binding is demonstrated by the fact that calnexin binds to
the isolated first TM segment of the wild-type protein (57).
Whether calnexin actually serves as the primary folding
sensor for PMP22-specific ER quality control has not yet
been established.

The G150D (Tr) mutation would be expected to also
destabilize the transmembrane domain by replacing a neutral
residue located in the fourth TM segment with a charged
amino acid. Moreover, this mutation involves replacement
of an amino acid with liberal backbone conformational
preferences (Gly) with one having more strict preferences
(Asp). Interestingly, it is known that this mutant also forms
prolonged complexes with calnexin (28), although it is not
yet known whether this interaction is glycosylation-
independent (as for TrJ) or whether binding involves the first
TM segment.

PMP22 Is a Zn(II)-Binding Protein. A significant finding
of this work is that PMP22 appears to bind both Zn(II) and
Cu(II). Because membrane proteins tend to be better ordered
in their native membrane then in a detergent micelle (65)
and because PMP22’s environment in compact myelin is very
crowded, with only a modest (20 nm) extracellular gap
separating apposed bilayers, the dissociation constant of 20
µM we measured for PMP22 and Zn(II) at neutral pH should
be regarded as only an upper bound. Most likely, the binding
to PMP22 will be tighter in the native environment, due to
the coordinating side chains (most likely Cys and His in the
extracellular loops) being more highly ordered.

BLAST searches of the human PMP22 sequence reveal
no homology to any known Zn(II) binding protein, although
the two Cys residues in the first extracellular loop appear to
be part of a short sequence motif that is shared by PMP22
with several other tetraspan membrane proteins (15).

Is the binding of Zn(II) and/or Cu(II) to PMP22 physi-
ologically relevant? Zn(II) and Cu(II) are known to be
abundant in peripheral nervous system tissue, being present
at ∼200 and ∼20 µM, respectively, in the rat sciatic nerve
(66). Addition of Zn(II) is known to induce nativelike
compaction of isolated myelin (67). The measured binding
constant for Zn(II) and PMP22 at neutral pH is comparable
to the binding constants measured for intracellular myelin-
associated glycoprotein and myelin basic protein (35-37).
Moreover, dietary Zn(II) deficiency induces changes in PNS
myelinationthatresemblethedefectsobservedinCMT1A(33,34).
However, the concentrations of Zn(II) or Cu(II) in the
minimal extracellular space between the layers of myelin
have not been measured, so our observation that purified
PMP22 binds these ions in myelin must be regarded as
merely suggestive.

Assuming that PMP22 does bind Zn(II) or Cu(II) in vivo,
the metals might play a structural role in the extracellular
loops, stabilizing a functionally important conformation.

Alternatively, PMP22 may have evolved a particular func-
tional role for the metal ion, possibly related to the interaction
of PMP22 with itself, with MPZ, or with other myelin
proteins (68). It is interesting to note that MPZ also appears
to have an intrinsic affinity for Cu(II) metal ion affinity resin
(69) and therefore may also bind Cu(II) and Zn(II). If Zn(II)
is required for PMP22 function, then this likely contributes
to the symptoms of zinc deficient rats (33, 34), which closely
resemble the neuropathy arising from mutations in PMP22.
Zn(II) or Cu(II) may also assist in PMP22 folding. The results
of this work showed that for purified PMP22 the refolding
efficiency doubled in the presence of Zn(II).

Conclusions. The Tr and TrJ mutations of PMP22 do not
result in dramatic changes in the structure of PMP22 but
result in the destabilization of the folded structure and
depressed folding kinetics. It is possible that these are the
defects that are recognized by ER quality control leading to
targeting of these mutants for degradation. The associated
phenotypes of DSS and CMT1A linked to these mutant forms
are caused by the resulting loss of PMP22 function and, more
importantly, by the toxic accumulation of these mutants and
associated wild-type protein when the normally operative
protein degradation systems fail. A number of other (but not
all) phenotypes of CMT1A and related peripheral neuropa-
thies are caused by other single-site mutations in PMP22,
many of which are likely to induce defects in stability and
folding kinetics similar to what was documented here for
the Tr and TrJ mutants. Our observation that PMP22 can
bind Zn(II) or Cu(II) suggests that the protein may bind these
ions under physiological conditions.
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