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ABSTRACT: Gene duplications, deletions, and point mutations in peripheral myelin protein 22 (PMP22)
are linked to several inherited peripheral neuropathies. However, the structural and biochemical properties
of this very hydrophobic putative tetraspan integral membrane protein have received little attention, in
part because of difficulties in obtaining milligram quantities of wild type and disease-linked mutant forms
of the protein. In this study a fusion protein was constructed consisting of a fragment of lambda repressor,
a decahistidine tag, an intervening TEV protease cleavage site, a Strep tag, and the human PMP22 sequence.
This fusion protein was expressed inEscherichia coliat a level of 10-20 mg/L of protein. Following
TEV cleavage of the fusion partner, PMP22 was purified and its structural properties were examined in
several different types of detergent micelles using cross-linking, near and far-UV circular dichroism, and
nuclear magnetic resonance (NMR) spectroscopy. PMP22 is highly helical and, in certain detergents,
shows evidence of stable tertiary structure. The protein exhibits a strong tendency to dimerize. The1H-
15N TROSY NMR spectrum is well dispersed and contains signals from all regions of the protein. It
appears that detergent-solubilized PMP22 is amenable to detailed structural characterization via
crystallography or NMR. This work sets the stage for more detailed studies of the structure, folding, and
misfolding of wild type and disease-linked mutants in order to unravel the molecular defects underlying
peripheral neuropathies.

Peripheral myelin protein 22 (PMP22,1 also known as
growth arrest specific protein 3; NCBI NP•000295) is a
hydrophobic 160 amino acid membrane protein that has
cytosolic N- and C-termini (1-3) (Figure 1). PMP22 is a
member of a family of homologous membrane proteins,
termedthePMP22/EMP/MP20/Claudinsuperfamily(pfam00822
in NCBI), which are recognizable by sequence homology
along with their predicted tetraspan topology (4, 5). That
PMP22 actually has four transmembrane segments, however,
remains unconfirmed. In fact, an epitope tagging/accessibility
study led to a proposal that PMP22 has only 2 transmem-
brane segments (6). PMP22 is highly expressed in the

Schwann cells of the peripheral nervous system (PNS), where
it makes up 2-5% of the total membrane protein in compact
myelin (6, 7). PMP22 is also expressed at lower levels in a
variety of tissues (8, 9). The higher level in the PNS is related
to the presence of two different promoters, one of which
appears to specifically drive PMP22 gene expression (9).

The functions of PMP22 are still being elucidated. In the
PNS, PMP22 is involved in promoting and maintaining the
myelin sheath (10-14). Myelin can be regarded as a
specialized domain of the plasma membrane of Schwann and
oligodendrocyte cells that wraps around adjacent axons to
serve as electrical insulation to promote rapid propagation
of the action potential between axonal nodes of Ranvier (15,
16). Adhesion between the layers of myelin membrane is
thought to be mediated primarily by myelin protein zero
(MPZ) (17). PMP22 has been shown to interact with MPZ
and may assist MPZ in its adhesive function (18-20).
Additional proposed functions of PMP22 include regulation
of the cell cycle and cellular proliferation (7, 21-24), a role
in formation of cell-cell or myelin-specific junctions (18,
25, 26), and mediation of interactions between the basal
lamina and Schwann cells (27). Other hints for PMP22’s
functions are suggested by homology to the claudins and
the TARPs (4, 5, 28-31). PMP22 also shares a distinctive
sequence motif (4) in its extracellular domain with the
connexins, tetraspan membrane proteins that form hemichan-
nels that span juxtaposed membranes in epithelia (4, 32-
34).
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The importance of PMP22 is highlighted by its association
with several diseases of the PNS, including Charcot-Marie-
Tooth disease, the most common hereditary peripheral
neuropathy (7, 35-37). Disease can result from changes in
gene dosage or mutations in the PMP22 gene, for which the
severity of the phenotype is dependent on the exact nature
of the mutation. Dominant mutations typically lead to single
amino acid changes in PMP22 that result in misassembly of
the protein, resulting both in loss of PMP22 function and, it
is believed, in the toxic accumulation of misfolded PMP22
in the cell (38-46). The most common form of Charcot-
Marie-Tooth disease is caused by the presence of a third
wild type allele (47), while rare homozygous duplication of
both alleles results in a very severe form of neuropathy, DSS,
symptoms of which can be modeled in rats and mice by
transgenic overexpression of PMP22 (48, 49). In these cases,
dysfunction may be triggered by too-high levels of wild type
PMP22 combined with possible toxicity resulting from
accumulation of the fraction of the protein that misassembles
and then is not properly degraded (24, 50). It should be
pointed out that, even under normal homozygous conditions,
wild type PMP22 folds very inefficiently, with only∼20%
of the protein produced reaching the myelin membrane (4,
51).

In order to understand the subtle and complex effects of
the disease-linked mutations, it is necessary to elucidate their
effects on the structure, folding, and stability of PMP22,
issues that require molecular biophysical characterization.
For such studies, it is necessary to obtain milligram quantities
of purified protein. While protocols have been published to
obtain PMP22 from bovine nerves (52-54), these methods
require working with PNS tissue. This approach also does
not yield the actual disease-relevanthumanisoform. Finally,
there is no convenient route to obtaining disease-linked
mutant forms from animal tissues or to isotopically label the

protein for use in NMR studies. An attractive alternative route
would be to establish a heterologous expression system for
PMP22 to generate large amounts of both wild type and
mutant protein in labeled and unlabeled forms. Here, we
report that by expressing PMP22 with a fusion partner in
Escherichia coli, proteolytically removing the fusion partner,
and then purifying the protein, it is possible to reproducibly
generate 5-10 mg of pure PMP22 per liter of culture. Also
reported are the results of biophysical characterization, which
indicates that PMP22 is a folded helical dimer in mild
detergent solutions. Moreover, preliminary NMR data sug-
gests that determination of a high-resolution three-dimen-
sional structure is feasible.

MATERIALS AND METHODS

Production of His6-TEV Protease for Use in CleaVage of
the PMP22 Fusion Protein.A fusion protein composed of
maltose binding protein (MtBP) followed by a His6 tag,
followed by tobacco etch virus protease (TEV), was encoded
and expressed from a pS219V vector in Rosetta (DE3)E.
coli cells (55). An initial overnight culture of 12 mL of LB
medium containing 100µg/mL ampicillin and 50µg/mL
chloramphenicol was grown from a single cell colony for a
minimum of 12 h. This culture was then added to a liter of
LB containing the antibiotics in the same concentrations. The
cells were grown at 37°C in a shaking incubator until they
reached an OD600 of 0.6, at which point the temperature was
reduced to 15°C and the cells were induced by adding
isopropyl-â-D-1-thiogalactopyranoside (IPTG) to a final
concentration of 1 mM. Upon expression, MtBP is auto-
cleaved from the fusion proteinin situ by TEV protease.
The cells were harvested 12 h after induction, and 20 mL of
lysis buffer (50 mM dibasic sodium phosphate, 100 mM
NaCl, 10% glycerol, pH 7.4) at 4°C was added for each
gram of wet cells. Phenylmethanesulfonyl fluoride (PMSF)

FIGURE 1: Expression construct and sequence of PMP22. (A) Diagram of the fusion protein targeted for heterologous expression inE. coli.
(B) Amino acid sequence of the final purified form of PMP22 studied in this work, showing the predicted locations of transmembrane
segments. Sites of disease-linked missense mutations (101) are shown in black, and residues added to the N terminus are indicated in gray.
It should be noted that while predicted to have 4 transmembrane segments and homologous to a number of other proteins for which the
same prediction is made, there is experimental evidence that the loop connecting the depicted second and third transmembrane segments
is actually extracellularly located, suggesting that PMP22 only has two transmembrane segments (the N- and C-termini) (6).
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was added to a concentration of 1.1 mM, and dithiothreitol
(DTT) was added to 0.5 mM. The cells were tumbled or
shaken at 4°C until fully dispersed, and then lysed by two
passes through an EmulsiFlex C3 homogenizer.

In all subsequent steps solutions were maintained at 4°C
to keep TEV protease from precipitating. The lysate was
centrifuged at 12900g for 30 min, after which the supernatant
was poured through cheesecloth and tumbled with lysis-
buffer-equilibrated Qiagen Superflow Ni-NTA resin (1.2 mL
of resin per gram of original cell pellet). After 45 min, the
resin was poured into a chromatography column and then
washed with 10 bed volumes of ice cold wash buffer 1 (50
mM dibasic sodium phosphate, 100 mM NaCl, 10% glycerol,
0.5 mM DTT, pH 7.4). The resin was next washed with 10
bed volumes of ice cold wash buffer 2 (50 mM sodium
phosphate, 100 mM NaCl, 10% glycerol, 25 mM imidazole,
0.5 mM DTT, pH 7.4). The protein was eluted from the
column using elution buffer (100 mM NaCl, 20% glycerol,
250 mM imidazole, 0.5 mM DTT, pH 7.5). The DTT
concentration of the eluted protein solution was then
increased to 10 mM (to prevent oxidation of the free thiol
in the TEV protease active site), and the solution was
dialyzed for at least 12 h in 50 mL aliquots against 2 L of
20 mM dibasic sodium phosphate, 300 mM NaCl, 20%
glycerol, 10 mM DTT, pH 7.0. The dialysis tubing used was
SpectraPor-1 with a molecular weight cutoff of 6-8 kDa.

Because the Ni-NTA column is only partly successful at
removing cleaved maltose binding protein, a second column
was run. For every 20 mL of dialyzed TEV solution, 5 mL
of amylose resin (New England Biolabs, Ipswich, MA;
equilibrated with 50 mM sodium phosphate buffer at pH 7.0)
was added to the solution. This was then tumbled for 1 h in
order to remove any residual contaminating MtBP generated
by autocleavage of the fusion protein. After removal of the
amylose resin, the protein concentration was determined by
absorbance at 280 nm using an estimated extinction coef-
ficient of 37400 M-1 cm-1 (1.31 mL mg-1 cm-1). 60 mL
glycerol and 15 mL of storage mix (50% glycerol, 10 mM
DTT, 90 mM Tris-HCl, 2 mM EDTA, 0.2% Triton X-100,
160 mM NaCl, pH 7.5) were then added per 100 mL of TEV
solution. The solution was mixed, frozen in liquid nitrogen,
and stored at-80 °C until used to cleave the PMP22 fusion
protein. The final solution usually had a TEV concentration
of ∼0.8 mg/mL.

OVerexpression of PMP22.The PMP22 gene (GenBank
nucleotide database entry NM•153321) was a kind gift of
Drs. P. Berger and U. Suter (Department of Biology, ETH,
Zurich). The gene was cloned into the pAH1.96 expression
plasmid (63) (courtesy of R. Breyer, Vanderbilt University)
using PCR and uniqueBamHI andHindIII restriction sites.
The thrombin site of the original plasmid was replaced with
a TEV recognition site, the 6x His tag was replaced by a
10x His, and a Strep tag (56) was added to act as a spacer
between the TEV site and PMP22. This new plasmid was
sequenced to confirm the integrity of its sequence and is
designated pAH11/strPMP22. This construct confers ampi-
cillin resistance and features an IPTG inducible promoter
for the fusion protein, which combines the first 76 residues
of lambda repressor and human PMP22 (see Figure 1A). The
fusion protein is expressed in RosettaBlueE. coli cells
(Novagen) that contain an additional plasmid encoding rare
codon tRNAs. Freezer stocks of the expression plasmid in
RosettaBlue cells in LB/glycerol appear to be stable.

The expression of the lambda-PMP22 fusion protein was
initiated by inoculating 10 mL of LB medium containing
100µg/mL ampicillin and 50µg/mL chloramphenicol at 37
°C for at least 12 h. This was added to a liter of sterile
minimal medium (40 mM Na2HPO4, 20 mM KH2PO4,
10 mM NaCl, 20 mM NH4Cl, 0.1 mM CaCl2, 1 mM MgSO4,
0.4% glucose, at pH 7.0) containing antibiotics at the same
concentrations. Minimal medium also included 5 mL of
vitamin solution made by crushing a CVS Spectravite
multivitamin/multimineral tablet and dissolving in 40 mL
of distilled water, discarding insoluble material. The cultures
were grown at 20°C for 24 h (or an OD600 ) 0.100) at which
point an additional 1 mL of 100 mM ampicillin was added
to replace that lost through action ofâ-lactamase (a typical
OD600 value after 24 h is 0.14). Growth was continued until
the culture reached an OD600 ) 1 (an additional 24 to 48 h),
at which point IPTG was added to 1 mM. Induction was
continued for a minimum of 16 h before the cells were
harvested by centrifugation at 12900g. The cell pellet was
stored until purification at-80 °C in lysis buffer (75 mM
Tris-HCl, 300 mM NaCl, 0.2 mM EDTA, 10µM BHT, pH
7.5) containing 4 mg/mL PMSF.

Purification of the PMP22 Fusion Protein.Additional lysis
buffer was added to cells prepared as described above to
raise the total volume to 20 mL per gram of cell pellet.
Lysozyme (0.2 mg/mL of total lysis buffer volume), RNase
(0.02 mg/mL), and DNase (0.02 mg/mL) were added, and
the solution was incubated at 4°C for 30 min with agitation.
Magnesium acetate was added to a concentration of 5 mM,
and the lysate was then sonicated on ice for 10 min using a
Fisher Scientific 550 Sonic Dismembrator. DTT was then
added to a concentration of 0.5 mM.

To extract the fusion protein from the plasma membrane
of the lysed cells, the solution was made 15% in glycerol
and 3% in Empigen (a harsh detergent, Calbiochem, La Jolla,
CA) and the solution was tumbled at 4°C for 45 min. After
centrifugation at 15000g and 4°C for 20 min, the supernatant
was poured through cheesecloth into a clean bottle. Ni-NTA
resin (1.2 mL of resin per gram of cell pellet) was
equilibrated with 4 column volumes of buffer A (40 mM
HEPES, 300 mM NaCl at pH 7.5) and added to the clarified
lysate. This mixture was tumbled for 45 min at 4°C, and
the resin was then packed into a chromatography column.
The fusion protein was then purified from this column
through the addition of four buffers, starting with 5 bed
volumes of ice cold Emp/A buffer (40 mM HEPES, 300 mM
NaCl, 15% glycerol, 3% Empigen, 0.5 mM DTT at pH 7.5).
This was followed by ice cold wash buffer (40 mM HEPES,
30 mM imidazole, 300 mM NaCl, 15% glycerol, 1.5%
Empigen, 0.5 mM DTT at pH 7.8) until the measuredA280

indicated complete elution of weakly bound impurities,
usually∼4 bed volumes. The protein was then exchanged
from an Empigen solution into a solution containingN-
dodecylphosphocholine (DPC, from Anatrace) as the deter-
gent component by passing 10× 1 bed volumes of ice cold
rinse buffer through the column (0.5% DPC, 25 mM sodium
phosphate, 0.5 mM DTT at pH 7.2). Finally, the protein was
eluted from the column using ice cold elution buffer (0.5%
DPC, 250 mM imidazole, 50 mM Trizma-HCl, and 0.5 mM
DTT at pH 8.0). Measurement ofA280 was used to determine
the protein concentration using an estimated extinction
coefficient of 49700 M-1 cm-1 (1.64 mL mg-1 cm-1) before
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diluting with elution buffer to a concentration of 0.8 mg/
mL in preparation for TEV cleavage.

RemoVal of the Fusion Partner and Purification of
PMP22.The fusion protein was cleaved by mixing an equal
volume of TEV protease and eluted fusion protein solutions
(both at 0.8 mg/mL) and incubating at room temperature for
24-48 h. The buffer contained 25% glycerol, 0.25% DPC,
0.0075% Triton X-100, 130 mM imidazole, 30 mM Tris,
6 mM sodium phosphate, 0.1 mM EDTA, 90 mM NaCl,
3 mM DTT, pH 7.5. The cleavage reaction was then
incubated at 30°C for an additional 24 h, during which time
TEV gradually precipitated from solution. The TEV pre-
cipitate was removed by centrifugation at 25000g for 20 min
at 4 °C.

In order to remove several contaminants (including the
lambda repressor portion of the fusion protein) and, if desired,
to exchange PMP22 from DPC into another detergent, we
performed ion exchange chromatography. The pH of the
cleavage reaction solution was reduced to 5.0 with acetic
acid and then filtered through a 0.45µm HA membrane.
The solution was then purified on an 8 mL Mono S cation
exchange column using an Akta Purifier FPLC system.
Typically 35-45 mL of 0.4 mg/mL PMP22 was loaded on
the column. All purification solutions were filtered before
use. The buffer used was 50 mM acetate, 0.5 mM DTT, pH
5.0 with 0.2% of detergent. Detergents used included DPC,
1-myristoyl-2-hydroxy-sn-glycero-3-phosphocholine (LMPC),
N-tetradecylphosphocholine (TDPC),n-decyl-â-D-maltopy-
ranoside (DM), andn-dodecyl-â-D-maltopyranoside (DDM)
(LMPC from Avanti Polar Lipids, all other detergents from
Anatrace). Protein was eluted using an 80 mL, 0 to 0.65 M
NaCl gradient in the same buffer at a flow rate of 1.5 mL/
min, collecting the eluate in 2 mL fractions. Fractions
containing PMP22 were identified using SDS-PAGE. To
the combined fractions we added 1 mL of Ni-NTA (pre-
equilibrated in pH 5.0 acetate buffer) for every 30 mL of
PMP22 and tumbled at 4°C for 45 min to remove any
remaining fusion protein and TEV protease. After removal
of the resin, DTT was added to 10 mM and the solution
was concentrated in a 5,000 Da MWCO Amicon Ultra-15
centrifugal filtering device (Millipore). The resulting stock
solution was then stored at 4°C until use. Stock solution
concentrations were obtained by UV absorbance using an
estimated extinction coefficient at 280 nm of 44880 M-1

cm-1 (2.33 mL mg-1 cm-1).
Confirmation of Strep-Tagged PMP22 by Mass Spectrom-

etry. The identity of purified Strep-tagged PMP22 was
confirmed both by intact mass determination and by peptide
mass and fragmentation patterns using mass spectrometry.
For intact mass determination the protein was dialyzed
against a solution that consisted of water:isopropanol:formic
acid (3:2:1) for 7 days, replacing the dialysis buffer with
fresh buffer every 2 days. After dialysis the protein had a
concentration of 1.2 mg/mL. The dialyzed protein (1µL)
was mixed with 2µL of ferulic acid solution (40 mg of
ferulic acid in 1 mL of 60% acetronitrile, 40% water, and
0.1% trifluoroacetic acid), and 1µL was then spotted onto
a gold sample target for matrix-assisted laser desorption/
ionization time-of-flight mass spectrometry (MALDI-TOF
MS) using a Voyager DE-STR (Applied Biosystems) oper-
ated in the linear positive ion mode with delayed extraction.
The acquired mass spectrum was processed using a standard

noise filter (0.7) and smoothing algorithm (7 pt), yielding
an intact molecular mass (M+ H) of m/z 19283.9. The
0.33% difference between this and the expectedm/z of
19220.6 is within the error of measurement for this protein
(peak width at half-maximal height) 907).

For further confirmation, a band corresponding to full-
length PMP22 was excised from an SDS-PAGE gel after
staining with coomassie blue and subjected to in-gel digestion
with either trypsin or chymotrypsin protease using standard
procedures (57). Extracted peptides were analyzed by
MALDI-TOF MS as well as by tandem TOF/TOF MS to
produce peptide fragmentation data using a Voyager 4700
(Applied Biosystems). Tandem MS data were also acquired
by ESI-LC/MS/MS using an LTQ linear ion trap mass
spectrometer (ThermoFisher) using standard operating pro-
cedures (58). These methods confirmed the presence of the
predicted N-terminal peptide SGWSHPQFEK, as well as
several other peptides predicted from the protein sequence
(IVGNGHATDLW, QNCSTSSSGNVHHCF, TVRHPEW,
and HLNSDYSYGFAY), collectively spanning over 85%
of the predicted protein sequence.

Cross-Linking of PMP22.Cross-linking reactions were
performed at room temperature using 0.75% formaldehyde
for 16 h. PMP22 was incubated in pH 5.5 acetate buffer with
1.5% of the particular detergent tested in the presence of
10 mM DTT for several hours before formaldehyde was
added.

Circular Dichroism.Circular dichroism (CD) experiments
were performed using a Jasco J-810 instrument with a Peltier
temperature controller and a magnetic stirrer. Samples were
placed in either 1 cm or 0.1 cm path length quartz cuvettes.
Spectra were acquired at 20°C, with a 1.5 nm bandwidth
and 4 s ofaveraging at each wavelength. Three spectra were
averaged to give the final trace. Protein concentrations were
10 µM (ca. 0.2 mg/mL) in a 0.1 cm cell for far-UV CD or
26 µM in a 1 cmcell for near-UV CD.

NMR Samples and Spectroscopy.Uniformly-15N-labeled
PMP22 for NMR studies was produced as described above,
with the exception that15N-labeled ammonium chloride
(Cambridge Isotopes Lab, Andover, MA) was used in the
minimal media. A modified procedure was employed to
generate uniformly-2H,13C,15N-labeled PMP22. 5 mL of
overnight LB culture of RosettaBlue harboring pAH11/
strPMP22 was added to 50 mL of unlabeled minimal
medium. This was allowed to grow at 37°C to an OD600 )
0.5, at which time 0.5 mL was added to 50 mL of minimal
medium containing 70% deuterium oxide. This was grown
at 37°C until it reached an OD600 ) 0.5, at which point a
0.5 mL aliquot was taken and added to 50 mL of minimal
medium containing 99% deuterium oxide,15N ammonium
chloride, and13C6-glucose. This culture was grown at 37°C
until OD600 ) 0.5, at which point this culture was used to
inoculate 4× 1 L of the same triple-labeled minimal medium
(10 mL of the small culture for each 1 L flask). These
cultures were then grown at 20°C and harvested under the
conditions described above for unlabeled PMP22.

Following purification as described in the previous section
NMR samples were prepared by concentrating purified
labeled PMP22 to 5 mL and then adding 0.54 mL of D2O
and 0.05 mL of 100 mM EDTA, pH 7.0. The solution was
then further concentrated to 600µL and placed in a 5 mm
NMR tube. Spectra were acquired at 45°C and pH 5.0 on
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a Bruker 800 MHz spectrometer equipped with a 5 mm
CPTCI-Z cryo-probe.

1H,15N-Correlation NMR spectra were acquired using the
Weigelt TROSY pulse sequence with13C-decoupling (59).
A constant time TROSY-HNCA was carried out using an
in-house-coded sequence (60). Spectra were processed using
NMRPipe (61).

RESULTS

Expression and Purification of PMP22.A formidable
barrier to the structural characterization of vertebrate mem-
brane proteins is the imperative to purify milligram quantities
of protein. While PMP22 has previously been expressed in
E. coli to a level sufficient for immunological detection (62),
extensive efforts to overexpress PMP22 in the absence of a
fusion partner inE. coli via the pET21b or other expression
vectors resulted in only low expression levels. More favor-
able results were obtained using a fusion protein in which
the first 76 residues of the water-soluble lambda repressor
were fused to PMP22’s N-terminus via a cleavable linker
(Figure 1A). The utility of lambda repressor fusions for
overexpressing multispan eukaryotic membrane proteins was
previously demonstrated by the lab of R. Breyer (63),
although the reasons for its efficacy are not well understood.
We tested the expression of the fusion protein in two cell
types: RosettaBlue and C43(DE3) strains ofE. coli. For
each, expression was tested in rich vs minimal media and at
20 °C vs 37 °C. Strong expression was observed in
RosettaBlue but not in C43(DE3). Expression was much
higher in minimal media than in rich media, and was also
higher for 20°C cultures as opposed to 37°C. Lowering
the temperature to 12°C did not further enhance expression.
Under optimal growth conditions and following subcellular
fractionation, the fusion protein was found to be expressed
primarily into theE. coli plasma membrane. Random cross-
linking of the expressed protein inE. coliusing formaldehyde
or glutaraldehyde followed by SDS-PAGE and Western blot
detection shows that most of the recombinant fusion protein
forms high molecular weight aggregates (not shown).
Expression of a human membrane protein into the membrane
of E. coli (as opposed to expression into inclusion bodies)
is not a guarantee that the protein will be folded properly.

After purification of the fusion protein using metal ion
affinity chromatography, PMP22 was released from its
lambda repressor partner using TEV protease. PMP22 was
isolated from both its cleaved fusion partner and the TEV
protease via cation exchange chromatography. An SDS-
PAGE gel documenting the various stages of purification is
shown in Figure 2. Mass spectrometry confirmed the identity
of the final Strep-tagged PMP22. It should be noted that both
the intact fusion protein (lane 5) and the purified PMP22
(lanes 9 and 10) run at apparent molecular weights that are
several kDa lower than expected (ca. 30, and 18 kDa,
respectively). This reflects the commonly observed phenom-
enon that multispan helical membrane proteins often run
anomalously fast on SDS-PAGE gels. This procedure results
in 5-10 mg of pure PMP22 per liter of starting culture. The
amino acid sequence of the recombinant PMP22, the
predicted regions of the transmembrane segments, and the
locations of disease-linked point mutations are shown in
Figure 1B.

Examination of the Oligomeric State of PMP22. InViVo,
PMP22 has been shown to form dimers and possibly higher
order oligomers (64-66). In order to probe the quaternary
structure of purified PMP22 we used chemical cross-linking
with formaldehyde (Figure 3A). The protein exhibits a strong
tendency to form dimers in nondenaturing detergents, includ-
ing DPC, DM, TDPC, and (to a lesser extent) LMPC. All
of these detergents also sustained formation of tertiary
structure, as shown by near-UV CD (see below). On the other
hand, PMP22 remains monomeric after cross-linking in harsh
detergents such as SDS. Cross-linking results similar to those
depicted in Figure 3A were also obtained using glutaralde-
hyde as the cross-linking agent, but the efficiency of cross-
linking was sometimes lower than observed when formal-
dehyde was used. In the absence of a thiol reducing agent,
PMP22 also exhibits a strong tendency to form disulfide-
bonded dimers upon prolonged incubation under a normal
atmosphere (Figure 3B).

Near- and Far-UV Circular Dichroism of PMP22.In order
to probe the secondary and tertiary structure of PMP22 we
employed near- and far-UV circular dichroism spectroscopy
(CD). The far-UV CD spectrum of PMP22 in DPC micelles
is consistent with a largely helical secondary structure (Figure
4A). Analysis using the K2D program (67) indicates roughly
65% helix, 5% beta, and 30% random coil. The predicted
transmembrane helical regions make up about 50% of the
sequence, and it is easy to imagine the remaining 15% of
helical content to reside in the extramembrane segments.
Helicity was observed to be retained even in SDS, which is
not surprising given the general ability of SDS micelles to
support helix formation in many amino acid sequences (68).

Near-UV (250-310 nm) circular dichroism arises from
the spatial ordering of tryptophan, tyrosine, and phenylalanine
side chains, as well as disulfide bonds (if present), and is
therefore sensitive to protein tertiary structure (69-74).
Unfolded or molten globular proteins, for which the aromatic
side chains are disordered, do not yield a CD spectrum in
this region. The significant negative signal shown in Figure
4B is consistent with a well-ordered tertiary structure. Of
the ca. 20 membrane proteins for which we have acquired

FIGURE 2: Coomassie-stained SDS-PAGE of samples from a
typical PMP22 purification run. Lane 1, molecular weight markers;
lane 2, preinduction whole cell; lane 3, post-induction whole cell;
lane 4, whole cell lysate; lane 5, purified fusion protein; lane 6,
TEV protease used for cleavage; lane 7, fusion protein cleavage
reaction; lane 8, TEV pellet from cleavage reaction; lane 9, PMP22
after ion exchange chromatography; lane 10, final concentrated
PMP22 solution.
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near-UV CD data (unpublished), PMP22 exhibits one of most
intense spectra. The intensity and shape of PMP22’s spectrum
depends on the detergent used to solubilize the protein, with
the closely related alkylphosphocholines TDPC and DPC
giving the most intense spectra. The tertiary structure appears
to be completely disrupted in harsh detergents such as SDS
or lauroylsarcosine. The structure also appears to be pH-
sensitive, with the maximum signal being observed at pH 3,
and falling away at either extreme (Figure 4C). At pH 7 there
is about half the signal observed at pH 3, while at pH 1 the
protein appears to be mostly unfolded. The changes in the
spectrum are most pronounced near 300 nm, where Trp side
chains (PMP22 has 6) are expected to dominate the spectrum,
whereas there is little pH-dependent change in the 260-
270 nm regime, which is expected to be dominated by Phe
side chains (PMP22 has 12). Given that 4 out of 6 Trp
residues in PMP22 are located outside of the membrane, with
one of the remaining Trp being located in the N-terminal

Strep tag (which is expected to be disordered such that its
single Trp is not expected to contribute to the near-UV CD
signal), this suggests that the extracellular domain undergoes
pH-dependent changes in conformation. On the other hand,
the fact that 11 of the 12 Phe residues in PMP22 proper are
located within the transmembrane domain (assuming the
tetraspan model is correct) suggests that the structure of this
domain is relatively pH independent.

NMR Spectrum of PMP22.PMP22 was produced in
minimal medium containing15N-labeled ammonium chloride
as the sole nitrogen source. Extensive screening was carried
out to determine the best conditions for NMR. A variety of
detergents were tested, including DPC, TDPC, LMPC, DM,
DDM, and LDAO. Negatively charged detergents were not
screened because they either unfold the protein (e.g., SDS)
or interfered with the binding of PMP22 to the MonoS
column during the final step of purification (in the case of
LMPG). The protein appeared to be stable in all of the

FIGURE 3: PMP22 has a tendency to dimerize and also to form disulfide bonds. (A) SDS-PAGE/coomassie of PMP22 in various detergents
following cross-linking by formaldehyde. Samples also contained 10 mM dithiothreitol (DTT) to prevent disulfide bond formation. (B)
SDS-PAGE/coomassie of PMP22 in DPC micelles immediately after preparation, after room temperature exposure to the atmosphere for
10 days in the absence of a reducing agent, and after DTT reduction (20 mM, overnight) of the protein following the 10-day oxidation.

FIGURE 4: Circular dichroism (CD) spectroscopic analysis of PMP22 at 20°C. (A) Far-UV CD spectra of PMP22 in 0.5% DPC and 1.5%
SDS detergent micelles showing the characteristic double minima at 208 and 222 nm, indicative of significantR-helical content. The
protein concentration was 10µM, and the buffer contained 25 mM acetate, pH 5.5. (B) Near-UV CD spectra of PMP22 in various detergents,
showing differences in tertiary structure. The protein concentration was 26µM, and the buffer was the same as for A. The various detergents
were present at 0.5%. (C) Near-UV CD spectra of PMP22 in DPC micelles as a function of pH.

11190 Biochemistry, Vol. 46, No. 39, 2007 Mobley et al.



detergent solutions tested with the exception of LDAO, in
which the protein aggregated before an NMR spectrum could
be acquired.

NMR spectra were acquired at two pH values, 6.5 and
5.0, at 45°C for each detergent. In DPC, lower temperatures
were tested (25 and 37°C), but led to significant reductions
in the number of peaks (data not shown). In general, more
peaks were observed at pH 5.0 than at pH 6.5, a fact that
may reflect a tendency for PMP22 to form higher oligomers
or aggregates at neutral pH and/or a lower degree of stable
tertiary structure at the higher pH value (as suggested by
near-UV CD). We also varied the concentration of PMP22
in the NMR samples after noticing that highly concentrated
samples tended to be extremely viscous. Reducing the pH
of the samples tends to lower the viscosity, but even at pH
5.0 samples>1.5 mM were very viscous. Optimum condi-
tions for NMR were judged to be 1.0 mM PMP22 in TDPC
micelles, at pH 5.0 and 45°C (see Figure 5). Under these
conditions, ca. 150 backbone amide peaks were observed,
fully 89% of the ideal 168 (total number of residues minus
the number of Pro). PMP22’s TROSY resonances display
modest chemical shift dispersion in the proton dimension
and varying line widths. In these regards, the spectrum is
similar to those reported from other folded multispan alpha-
helical membrane proteins (75-83). PMP22 contains 11
glycines. It is therefore reassuring that there are 10 clearly
observable peaks in the Gly region of the spectrum (see peaks
numbered 1-10, Figure 5A). Moreover, there are six

tryptophan residues in the recombinant protein: three in loop
regions, two in interfacial regions, and one in a transmem-
brane helix (see Figure 1B). All six tryptophan indole1H-
15N peaks are observed in the TROSY spectrum (Figure 5B).

The NMR results are consistent with the circular dichroism
data, which indicates that PMP22 is a foldedR-helical
membrane protein. The quality of the TROSY spectrum is
comparable to (75, 79, 82) or even better than (78) spectra
of other multispan helical membrane proteins of size
comparable to PMP22 for which backbone NMR resonance
assignments have been completed. This, along with prelimi-
nary 3-D HNCA NMR data (Figure 6), supports the
feasibility of conducting NMR-based structural studies of
PMP22.

DISCUSSION

High LeVel Expression and Purification of PMP22.As of
mid-2007, there are only 11 experimentally determined
structures of mammalian integral membrane proteins (84).
This dearth of structural information reflects, in part, extreme
difficulty in obtaining milligram quantities of vertebrate
membrane proteins. Indeed, only 2 of those 11 proteins were
purified from a recombinant sourcesthe others represent
proteins that are highly abundant in their native tissue. Here,
it has been demonstrated that human peripheral myelin
protein 22 can be expressed at high levels inE. coli using a
cleavable N-terminal fusion partner protein (63). The expres-

FIGURE 5: NMR spectrum of uniformly2H,13C,15N-labeled PMP22. (A) Two-dimensional 800 MHz1H-15N-TROSY NMR spectrum of
PMP22 in TDPC micelles, pH 5.0 and 45°C. 128 increments (968 scans each) were recorded, and13C-decoupling was used. The sweep
width was 13.95 ppm in the1H dimension and 38.52 ppm in the15N dimension. The peaks numbered 1-10 in the upper part of the
spectrum appear to represent 10 of PMP22’s 11 glycine residues (numbering does not, of course, correspond to residue number). It should
be noted that the extra satellite peaks appearing around peaks 1 and 7 are actually artifacts resulting from the Gaussian apodization function
used in the processing of the NMR data. Interactive examination of this spectrum when processed using more than one apodization function
leads to confidence in this Gly peak count. From the same examination, it is not clear that either of the two very small peaks between 7
and 10 is a real peak. (B) Close-up view of the tryptophan indole N-H region from the same spectrum as 5A.
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sion and purification method employed may be applicable
to other membrane proteins, particularly tetraspan membrane
proteins, including the TARPs, claudins, and connexins,
which share both sequence homology and the same predicted
membrane topology as PMP22.

When compared with protocols for obtaining PMP22 from
PNS tissue, our method for producing recombinant protein
has several advantages. First,E. coli expression makes it
possible to conveniently obtainhumanPMP22 and also to
produce disease-linked mutant forms. Bacterial expression
avoids the potential complications of inhomogeneous post-
translational modification. Finally, isotopic labeling of
PMP22 for NMR is both straightforward and affordable using
E. coli.

A potential disadvantage ofE. coli expression is that
PMP22 is not subjected to native N-linked glycosylation.
This mode of post-translational modification is generally
thought to serve as a quality control “stamp” that signals to
protein folding quality control the state of foldedness of a
nascent protein, leading to ER retention when the protein is
deemed “not yet folded” (85-88). In the case of PMP22, a
non-glycosylated mutant exhibited a half-life in model
mammalian cell lines similar to that of WT and also
trafficked normally, suggesting that the carbohydrate moiety
is not required for correct 3-D structure or stability (64, 89).
Moreover, the interaction between PMP22 and MPZ did not
appear to require the carbohydrate moiety on either protein
to be present. We observed that recombinant PMP22 forms
dimers in several types of detergent micelles, suggesting that
N-glycosylation is not required for the critical dimerization
step that is known to occur for native PMP22 early in the
secretory pathway (4, 64, 65). Nevertheless, PMP22’s lone
N-glycan may be important for forming higher oligomers,
the functional significance of which has yet to be determined
(64). Taken together, the available data indicates that the
carbohydrate is not particularly important in maintaining the
structure of PMP22, for folding, for stability, for dimeriza-
tion, or for interaction with MPZ, although it may contribute
to higher quaternary structure. It is therefore unlikely that
the lack of PMP22’s native glycan will hinder biophysical
characterization of this protein or attempts to correlate the
results from such studies with the biology of this disease-
linked protein.

Recombinant PMP22 Folds To Form a Mostly-Helical
Dimer with Ordered Tertiary Structure.The method used
to purify PMP22 involved the initial extraction/dissolution
of the recombinant protein using a harsh detergent, Empigen,
that is an excellent solubilizing agent, followed by on-column
replacement of this surfactant with mild zwitterionic or non-
ionic detergents. Following purification, PMP22 was judged
by both circular dichroism and NMR to adopt a folded and
largely R-helical structure. All 4 putative transmembrane
segments of the protein are most likely helical. The conclu-
sion extends previous work in which a 17 amino acid
fragment of the first transmembrane segment of PMP22 was
subjected to partial structural characterization in organic
solvent mixtures (to mimic the bilayer interior) and deter-
mined to be helical (90).

PMP22 was observed to exhibit a strong tendency to
dimerize, even under reducing (DTT-containing) conditions,
and goes on to form disulfide-linked dimers under oxidizing
conditions. Given that both the lumen of the endoplasmic

reticulum (where native PMP22 is known to fold and
dimerize) and the extracellular space (where PMP22’s
extramembrane Cys residues reside) are oxidizing environ-
ments, it is feasible that intra- or intermonomer disulfide
bonds are present in the native protein, although this has
not been observed in PMP22 extracted from myelinated
nerves (L. Notterpek, personal communication). That PMP22
exhibits a high propensity for dimerization is believed to be
intimately related to the genetically dominant inheritance
pattern for Charcot-Marie-Tooth and related neuropathies
that are linked to heterozygous mutations in the PMP22 gene
(64, 65). It is believed that mutations in one allele for PMP22
result in misassembly of the mutant protein, but that the
misfolded mutant can still form avid heterodimers with the
wild type allele-encoded PMP22, leading to ER quality-
control-based targeting ofboth WT/mutant gene products
for extrusion from the ER (64, 65), leading either to
degradation or accumulation as toxic intracellular aggregates
(review in ref4). It is remarkable that a membrane protein
that is judged to be folding-defective by ER quality control
is still competent to form dimers with the wild type protein.
The work of this paper will enable future studies of the
structural and energetic basis for heterodimerization between
wild type and disease mutant forms of PMP22.

Our analysis of the pH-dependency of the near-UV CD
spectrum of PMP22 (see Results) suggests that the variations
in the spectra of Figure 4C as a function of pH are most
likely due to conformational changes in the extracellular
domain, with little change in the structure of the transmem-
brane domain. This is not surprising. There is only a single
residue in the transmembrane domain (His12) that is
conceivably titratable over the pH 1-7 range examined in
this study. On the other hand, in the extracellular domain
there are 9 His/Glu/Asp residues, each of which could

FIGURE 6: Slices from different15N planes of a constant time
HNCA spectrum of PMP22. Sample conditions were the same as
for Figure 5. 128 and 192 increments were collected for the15N
and13C dimensions, respectively. Because PMP22 contains only a
single GXG motif and because the glycine peaks are easily
identifiable based on their distinctive chemical shifts, it is possible
to tentatively assign these resonances as arising from sites 31-33
(GNG) and either the three residues immediately prior to, or
following this motif in the extracellular domain.
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potentially undergo protonation at some point as the pH is
reduced from 7 to 1. The fact that the near-UV CD spectrum
of PMP22 was seen to be more intense at pH 3 than at more
neutral pH values is surprising, since it suggests a higher
degree of 3-D structural order at acidic pH values than at
more neutral pH values. One possible interpretation is that
the 3-D structure is actually well-ordered at both neutral and
acidic pH values, but that there are minor pH-dependent
structural changes that impact the packing of the Trp residues
in a way that results in more intense circular dichroism in
the 290-300 nm near-UV range. Another possible explana-
tion is that the structure is indeed more ordered at pH 3 in
detergent micelles, and that under micellar conditions this
bulk pH value leads to hydronium ion chemical activity at
the water-micelle interface that best reflects the chemical
activity of hydronium ions near the surfaces of the unusual
closely spaced multilamellar environment of compact myelin.

The identification of conditions for maintaining micellar
PMP22 in a well-folded form will allow detailed studies of
its folding and stability. It is believed that mutation-induced
defects in the folding of PMP22 underlie PMP22-linked
neuropathy. Charcot-Marie-Tooth is a well-documented
example of a human disease caused by protein misassembly
that is triggered by changes in sequence or gene dosage.
Misassembly of membrane proteins often arises because of
point mutations that hinder the proper folding of the protein,
such that the mutant protein ultimately reaches its destination
in a nonfunctional form, accumulates in the cell as ag-
gregates, or is degraded via the ERAD pathway (91). In each
instance, the amount of functional protein that reaches the
membrane is reduced. Additional negative consequences arise
if the misassembled protein is not properly degraded and
forms toxic aggregates and/or if the wild type protein is also
engaged by the defective mutant to form a complex, as
appears to be the case for PMP22. Membrane protein folding
mechanisms are beginning to be analyzed in detail, as
exemplified byin Vitro studies on model membrane proteins
such as glycophorin A, bacteriorhodopsin, diacylglycerol
kinase, DsbB, OmpA, and others (92-97). The results of
this work set the stage for studies to unravel the precise
effects of disease-linked point mutants on the stability,
folding, and misfolding of PMP22.

Finally, this work provides the basis for focused efforts
to characterize the structure of PMP22 using solution NMR
or X-ray crystallography. Both CD and NMR spectroscopy
indicate that PMP22 adopts a homogeneous folded structural
state. Further improvements in NMR spectral quality can be
expected following access to 900 MHz field spectrometers
and further sample optimization. Even as a 35 kDa dimer
that is part of a much larger micellar complex, PMP22 would
appear to be within the range of solution NMR’s current
capabilities as a method to determine protein backbone
conformation. Water soluble proteins as large as 82 kDa
monomers have now been structurally determined using
NMR methods (98), and the structures of more than one>30
kDa integral membrane protein are well underway (75, 76,
78, 79, 83, 99), not to mention several completed structures
for 15-30 kDa membrane proteins (77, 100). Particularly
exciting is the possibility of using NMR, even qualitatively,
to compare the structure and dynamics of wild type PMP22
to peripheral neuropathy-linked mutant forms.
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