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The ordered environment of cholesterol-rich membrane nanodo-
mains is thought to exclude many transmembrane (TM) proteins.
Nevertheless, some multispan helical transmembrane proteins
have been proposed to partition into these environments. Here,
giant plasma membrane vesicles (GPMVs) were employed to quan-
titatively show that the helical tetraspan peripheral myelin protein
22 (PMP22) exhibits a pronounced preference for, promotes the
formation of, and stabilizes ordered membrane domains. Neither
S-palmitoylation of PMP22 nor its putative cholesterol binding
motifs are required for this preference. In contrast, Charcot-Marie—
Tooth disease-causing mutations that disrupt the stability of PMP22
tertiary structure reduce or eliminate this preference in favor of the
disordered phase. These studies demonstrate that the ordered
phase preference of PMP22 derives from global structural features
associated with the folded form of this protein, providing a glimpse
at the structural factors that promote raft partitioning for multispan
helical membrane proteins.
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Our current understanding of biological membranes has been
shaped over the past 30 y by studies of membrane phase
separation into ordered and disordered domains. Early on, these
studies yielded the lipid raft hypothesis (1, 2), which was hotly
debated in subsequent years (3-8). Based on a wealth of data it is
now generally believed that phase separation does sometimes
occur in sphingomyelin and cholesterol-rich membranes, such as
in eukaryotic plasma membranes (PMs). While it is thought that
phase-separated ordered membrane domains are often small in
size, transient, and similar to the adjacent disordered phase in
lipid composition (8-10), there also appear to be certain native
membranes that are so cholesterol and sphingolipid-rich that
their physical properties are, to a significant degree, akin to those
of ideal liquid-ordered (Lo) phase model membranes (9, 11-13).

Early studies of membrane protein association with ordered
membrane nanodomains were based largely on results involving
the isolation of “detergent-resistant membranes” (14-17). More
recent biophysical studies conducted in intact phase-separated
membranes have confirmed that a number of single-pass trans-
membrane proteins do indeed have a preference to partition into
ordered phase domains relative to surrounding disordered bila-
yers. Particularly important in this regard are studies that have
employed “giant plasma membrane vesicles” (GPMVs), which
can be formed from a variety of mammalian cell types (12).
When GPMVs are isolated and then cooled, separation of mi-
croscopically observable ordered and disordered membrane
phases can occur, enabling quantitative studies of protein parti-
tioning between the two phases (3, 12, 18-21). GPMVs therefore
provide facile experimental access to conditions in which large
and stable ordered phase domains coexist with disordered
membranes (18, 21, 22). Groundbreaking studies of single span
membrane proteins in this medium led to development of a
convincing quantitative model describing the structural basis for
why some proteins of this class preferentially partition into the
ordered phase (12, 20, 23-26). Studies of the phase preferences
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of multispan membrane proteins remain at a much earlier stage of
development, with the exception of an important body of work for
the perfringolysin O toxin (PFO), which autoinserts into mem-
branes to form an oligomeric beta barrel in ordered phase do-
mains (27-29). Here, we present an example of a helical multispan
membrane protein that exhibits a pronounced preference for the
ordered phase in GPMVs—the tetraspan peripheral myelin pro-
tein 22 (PMP22).

The human PMP22 is a 160-residue protein containing four
transmembrane helices and intracellular N and C termini (Fig. 14).
PMP22 appears to play multiple roles in myelinating Schwann cells
and peripheral myelin (30-35) including cholesterol homeostasis
(36). This is especially important in Schwann cells given their
specialized function as the factory for myelin production in the
peripheral nervous system (PNS). Myelin membranes are unusually
rich in both cholesterol and sphingolipids (37, 38) and are there-
fore highly ordered, as well suits their roles in providing electrical
insulation and mechanical support to PNS axons. Mutations in the
pmp22 gene result in >70% of all cases of Charcot-Marie-Tooth
disease (CMTD, prevalence: 1:2,500) and related peripheral neu-
ropathies (31, 32, 39). These closely related disorders are charac-
terized by defective myelin membranes that contain altered
cholesterol levels relative to healthy myelin (40-42).

The involvement of PMP22 in cholesterol trafficking as part of
the process of myelin membrane formation suggests that this
protein might have an intrinsic affinity for ordered membrane
domains. Indeed, it has previously been reported that PMP22 is
found in ordered membranes isolated from neurons following
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Fig. 1.

PMP22 partitions into ordered phase domains of GPMVs. (A) Cartoon topology map of PMP22 showing the locations of the myc-epitope tag, sites of

posttranslational modifications (cyan, glycosylation; green, palmitoylation), cholesterol interaction motifs (orange) and their essential Tyr residues (purple),
and the sites of the missense mutations examined in this study (L16P, A67T, M69K, G93R, 1137V, and T118M; red). (B) Representative GPMVs containing WT or
N41Q PMP22 derived either from Hela cells or RSCs. (Scale bars, 5 um.) The disordered phase marker is shown in red, and PMP22 is shown in green. (C)
Quantification of PMP22 partitioning coefficients from three independent biological experiments for each condition with >10 GPMVs collected per replicate.
Each point represents an individual GPMV. Mean + SD is reported and plotted on graph.

application of classical detergent-extraction methods (38, 43).
However, some of these early methods of membrane domain
isolation, including that used to identify PMP22 as an ordered-
domain associated protein, are thought to be artifact-prone (6, 7,
14-16). Nevertheless, the likely role of PMP22 in Schwann cell
cholesterol homeostasis combined with its residence in cholesterol
and sphingolipid-rich myelin membranes suggest that the hypoth-
esis that PMP22 may preferentially partition into ordered phase
membranes has merit. This hypothesis is tested in this work.

Results

PMP22 Preferentially Partitions into Ordered Phase Membrane Domains
of GPMVs. To examine the preference of PMP22 for the ordered
versus the disordered phase in plasma membranes (PM), we
expressed human PMP22 (Fig. 14) in HeLa cells and then pre-
pared GPMVs using established protocols (21). To render PMP22
easily immunodetectable, the c-myc tag was inserted into the
second extracellular loop, a modification that has no effect on
PMP22 trafficking or function (44, 45). PMP22 in GPMVs was
visualized using confocal fluorescence microscopy using an anti-
myc antibody conjugated to AlexaFluor 647 (AF647, green).
Disordered phase domains within GPMVs were identified using
the fluorescent carbocyanine lipid DiIC12 (red), which partitions
preferentially into disordered membrane domains (22). Fig. 1B
shows representative PMP22-containing GPMVs. Within each
phase PMP22 was uniformly distributed and showed no tendency
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to concentrate at the boundary between the ordered and disordered
domains (Fig. 1B).

In our experiments we noticed an increase in the amount of
PMP22-containing GPMVs when preparations were performed
using cells overexpressing the N41Q N-glycosylation deficient
variant of PMP22 (Fig. 14, cyan) versus the WT protein. Elim-
inating glycosylation of PMP22 does not affect its function or
turnover (46, 47). This observation is most likely due to an in-
creased concentration of N41Q PMP22 at the PM compared to
WT PMP22 (SI Appendix, Fig. S1). Representative N41Q PMP22-
containing GPMVs derived from both HeLa cells and primary rat
Schwann cells (RSCs) are also shown in Fig. 1B. Both glycosylated
and nonglycosylated PMP22 show a clear preference for ordered
phase membrane domains, as evidenced by the lack of colocali-
zation of the red DiIC12 and green AF647 channels. PMP22
shows a distinct preference for ordered membrane domains in
GPMVs prepared from both HeLa cells and RSCs.

AF647 fluorescence intensity was quantified in ordered and dis-
ordered GPMV membrane domains to determine the relative con-
centration of PMP22 in each membrane phase. Following image
quantitation, the ordered domain partitioning fraction (Pordered)
of PMP22 was calculated, where Pgrgered iS [PMP22]ordered/
([PMP22]grdered + [PMP22]gisorderea) @and ranges from 0 to 1 with
a value of 0.5, meaning the protein has equal affinity for both phases,
while Pygereq > 0.5 means that the protein prefers the ordered phase,
and Pygerea < 0.5 means that the protein prefers the disordered
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phase. For an example of GPMYV analysis, see SI Appendix, Fig.
S2 (25).

GPMVs from HelLa cells showed clear phase separation at
20 °C while those from RSCs exhibited phase separation at 15 °C.
Quantification of Pygereq for WT and N41Q PMP22 in GPMVs
derived from HeLa cells as well as for N41Q PMP22 in GPMVs
derived from RSCs is shown in Fig. 1C. Data were acquired from
three independent biological experiments for each condition,
and >10 GPMVs were analyzed per replicate. In HeLa GPM Vs,
WT PMP22 showed a Pgrgerea Of 0.78 + 0.12 (mean + SD) and
N41Q PMP22 showed a Pyrgerea Of 0.79 + 0.10. N41Q PMP22-
containing RSC GPMVs displayed a Pogereq 0f 0.82 + 0.14. As a
control, we measured the phase partitioning in both HeLa cells
and RSC GPMVs of the well-studied mEGFP-labeled form of
the single pass membrane protein, linker for activated T cells
(tgLAT) (SI Appendix, Fig. S3). The measured P qereq Values of
0.54 + 0.11 and 0.55 + 0.07 for tgLAT in GPMVs derived from
HeLa and RSCs, respectively, are in line with those reported in
the literature using the same GPMV preparation in rat basal
leukemia cells (20, 24). Additionally, we measured P gerea fOr
N41Q PMP22 in HeLa GPMVs using a different membrane
phase marker, NBD-DSPE (SI Appendix, Fig. S4), which iden-
tifies ordered membrane phase domains (22). Using this marker,
we calculated a Pogereq Of 0.82 + 0.06. To ensure that potential
antibody-induced dimerization of PMP22 was not impacting our
partitioning results, we measured PMP22 phase partitioning us-
ing an AF647-labeled antigen-binding fragment (Fab; see SI
Appendix, Fig. S4). While Py gereq for PMP22 was slightly lower
(Porderea = 0.71 + 0.07) when the Fab was used for detection,
PMP22 still strongly preferred ordered membrane domains, in-
dicating that antibody-induced dimerization was not driving the
observed phenomena. These results quantitatively demonstrate
that PMP22 has a pronounced preference to partition into or-
dered membrane domains in GPMVs from both model mam-
malian cell lines and primary Schwann cells. Additionally, there
were no significant differences in WT versus N41Q PMP22 phase
partitioning indicating that this phase preference is not affected
by N-linked glycosylation. In light of this result and because the
level of surface expression for N41Q PMP22 made it easier to
image, all subsequent experiments reported in this work utilized
a N41Q PMP22 variant (hereto referred to as “PMP22” for the
sake of simplicity). Moreover, because HeLa-derived GPMVs
showed phase separation at a temperature closer to physiological
levels and had higher transfection efficiencies compared to RSCs,
all subsequent experiments utilized HeLa-derived GPMVs.

S-Palmitoylation of PMP22 Is Not a Significant Driver of Its Ordered
Phase Preference. It was recently shown that PMP22 is palmi-
toylated at Cys85 (Fig. 14, green) (48). In that study, this post-
translational addition of a saturated fatty acid group on the
cytosolic side of the protein was shown not to affect PMP22
processing/trafficking but was seen to be important for mod-
ulating epithelial cell shape and motility. For single-pass
transmembrane proteins, it has repeatedly been shown that
palmitoylation plays a significant role in mediating membrane
phase partitioning; one study estimated that this modification
contributes ~0.5 kcal-mol™ free energy per palmitoyl chain in
favor or ordered phase partitioning (20, 24). The removal of
palmitoylation from tgLLAT disrupts the ordered phase prefer-
ence of that protein and causes it to equally prefer both mem-
brane phases (24). We therefore tested to see if palmitoylation
affects PMP22 partitioning into ordered membrane phases.

To eliminate the palmitoylation of PMP22, we mutated Cys85
to an Ala residue. This mutation did not affect the localization of
PMP22 in HeLa cells (ST Appendix, Fig. S1). We then measured
the Py gereq for C85A PMP22 in GPMVs. As seen in Fig. 2.4 and
B, palmitoylation did not dramatically affect the ordered phase
preference of PMP22. We determined a P qcreq for C85A
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PMP22 of 0.77 + 0.10. This value is almost identical to that
reported for WT and N41Q PMP22 in Fig. 1. Because the
standard method for GPMV preparation requires the use of
the reducing agent dithiothreitol (DTT;2 mM), we tested if
PMP22 was still palmitoylated under these conditions. PMP22
transfected cells were incubated overnight with 100 mM
17-octadecynoic acid (17-ODYA), a palmitic acid analog con-
taining an alkyne on the terminal carbon, which is known to be
incorporated by thioesterases into palmitoylated proteins. Cells
were then treated with or without 2 mM DTT for 90 min at
37 °C, lysed, and PMP22 was immunoprecipitated. We then
added a biotin handle to palmitoylated proteins using biotin
azide and classical “click” chemistry (48). Palmitoylated PMP22
was identified via Western blotting using an anti-biotin antibody
(SI Appendix, Fig. S5). Palmitoylation was quantified as the in-
tensity of the anti-biotin band over the anti-c-myc band and
normalized to the amount of palmitoylation found in N41Q
PMP22 samples without DTT treatment (Fig. 2C). As seen in
Fig. 2C and SI Appendix, Fig. S5, treatment of HeLa cells for
90 min with 2 mM DTT did not affect PMP22 palmitoylation. As
expected, C85A PMP22 was not palmitoylated in these experi-
ments. These results show that S-palmitoylation of PMP22 is not
a significant driver of ordered phase preference.
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Fig. 2. Palmitoylation is not required for PMP22 localization to the ordered
phase. (A) Triple images are representative examples of PMP22-containing
GPMVs from C85A/N41Q PMP22-transfected Hela cells. (Scale bars, 5 pm.) (B)
Quantification of C85A PMP22 partitioning coefficients from three in-
dependent biological experiments with >10 GPMVs collected per replicate.
Mean + SD is reported and plotted on the graph. (C) Quantification of the
amount of palmitoylated PMP22 from three biological replicates based on
Western blots shown in S/ Appendix, Fig. S5. The amount of palmitoylated
PMP22 from each sample is quantified by dividing the intensity from the
biotin blot by the intensity of the myc blot and then normalized to the
amount of palmitoylated PMP22 in the N41Q sample without DTT
treatment.
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Cholesterol Binding Motifs in PMP22 Do Not Mediate Its Ordered
Phase Preference. We next tested whether either or both of the
predicted cholesterol binding sites in PMP22 play a role in its
ordered phase preference. For the multispan beta barrel mem-
brane protein perfringolysin O (PFO), it was shown that protein-
associated sterols could alter the phase partitioning properties of
the protein in phase-separated synthetic lipid vesicles (28). It has
been shown that pmp22 ~'~ Schwann cells exhibit reduced plasma
membrane levels and abnormal localization of cholesterol (33, 36).
These cells also show reduced migration, adhesion, and lamellipo-
dia extension, all of which can be restored through external sup-
plementation of cholesterol in the culture media. PMP22 contains
both a classical cholesterol-recognition amino acid consensus
(CRAC) motif in TM4 (L-X;_5-Y-X;_s-K) and an inverted CRAC
(CARC) motif in TM3 (K-X;_4-Y-X; ¢-I), as illustrated in orange in
Fig. 14. While these motifs are loosely defined and are not always
indicative of direct cholesterol interaction (49), there is substantial
experimental and computational evidence supporting the notion
that these motifs are sometimes directly involved in binding cho-
lesterol (50, 51).

We mutated one or both of the essential Tyr residues in the
CARC and CRAC motifs to Ala (Y97A, Y153A, and Y97A/
Y153A mutants; Fig. 14, purple). We then assessed the phase
preference for each mutant in GPMVs. Mutation of Tyr97 had no
effect on PM levels of PMP22, but mutation of Tyr153 or of both
Tyr residues led to decreased PMP22 levels at the PM, suggesting
lower expression and/or surface trafficking efficiency for these
mutants (SI Appendix, Fig. S1). Nevertheless, the mutations did
not significantly alter the ordered phase preference of PMP22
(Fig. 34 and B). Y97A exhibited a Poygereq of 0.83 £ 0.10, Y153A
exhibited a Py gereq Of 0.81 + 0.13, and the double mutant Y97A/
Y153A yielded a Pyrgerea Of 0.71 £ 0.15. Porgerea for the double
mutant was only slightly reduced. We interpret these results to
indicate that the presence of CRAC and/or CARC motifs are not
significant drivers of the preference of PMP22 for ordered
phase domains.

Phase Partitioning of Disease Mutant Forms of PMP22. Since pal-
mitoylation and cholesterol interaction motifs do not appear to
play a major role in defining the phase preference of PMP22, we
hypothesized that there is something intrinsic to the structure of
the protein that drives its preferential association with the ordered
phase. In order to test this hypothesis, we measured P gereq for a
number of CMTD mutant forms of PMP22 (Fig. 14). These dif-
ferent mutants were previously observed to demonstrate a range
of in vitro conformational stabilities, plasma membrane trafficking
efficiencies in cultured cells, and disease severity as quantitated by
nerve conduction velocities in CMTD patients with these PMP22
variants (45).

We first examined PMP22 containing a disease mutation in
TM1: the L16P variant (Fig. 14, red), which is also known as the
“Trembler-J” mutation because of its mouse phenotype (31, 32,
45). Under WT/mutant heterozygous conditions, L16P PMP22
causes severe demyelination in both human and mice. Moreover,
previous biophysical studies of L16P PMP22 showed that the
L16P mutation introduces a flexible hinge in the TM1 helix,
destabilizing the fully folded form of the protein and causing it to
adopt an unfolded or folding-intermediate state in which TM1 is
disassociated from TM2-4, which remain bundled, but only as a
molten globule (45, 52, 53). Folding stability measurements in
detergent micelles revealed L16P PMP22 to be destabilized
compared to WT PMP22 with a AAG of 3.3 + 0.5 kcal-mol™
(45). While introduction of the L16P mutation resulted in sig-
nificantly reduced cell surface expression compared to PMP22
(SI Appendix, Fig. S1), we nevertheless were able to generate
enough L16P PMP22-containing GPMVs to measure its phase
preference—its Porgerea Was 0.32 + 0.17 (Fig. 4; representative
GPMV shown in SI Appendix, Fig. |S6). The L16P mutation
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Fig. 3. Cholesterol interaction motifs do not contribute to the ordered
phase domain preference of PMP22. (A) Representative PMP22 containing
GPMVs from Y97A/N41Q, Y153A/N41Q, and Y97A/Y153A/N41Q mutant
forms of PMP22-transfected Hela cells. (Scale bar, 5 um.) (B) Quantification
of PMP22 partitioning coefficients from three independent biological ex-
periments with >10 GPMVs imaged per replicate. Mean + SD is reported and
plotted on the graph.

dramatically reverses the phase preference of PMP22 such that
the protein now partitions preferentially into disordered mem-
brane phase domains. This result led us to the hypothesize that the
formation of stable tertiary structure in WT PMP22 is important
for its preference to partition into ordered phase domains.

To test this hypothesis, we measured Py gereq for five additional
PMP22 disease variants known to display a range of stabilities.
The first three, M69K, G93R, and T118M PMP22 (mutation sites
located in TM2, the intracellular loop, and TM4, respectively;
Fig. 14), are significantly destabilized compared to WT PMP22:
M69K PMP22 exhibited a AAG of 2.7 + 0.5 kcal-mol™!,
G93R PMP22 a AAG of 2.9 + 0.5 kcal-mol ™', and T118M a AAG
of 1.3 + 0.6 kcal-mol ™! (45). The Py gereq values for these variants
showed significantly reduced ordered phase preferences relative
to WT PMP22 (Fig. 4). M69K and T118M PMP22 were found to
prefer disordered membrane phases with Py, gereq Values of 0.13 +
0.07 and 0.22 + 0.10, respectively (Fig. 4; representative GPMV
shown in SI Appendix, Fig. S6). G93R PMP22 was found to have
no preference for either phase of the membrane, displaying a
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Fig. 4. Phase domain partitioning of PMP22 missense mutants. Quantifi-
cation of the PMP22 partitioning coefficients of WT-like glycosylation-
deficient N41Q along with various missense mutants from three biological
experiments with >10 GPMVs collected per replicate. Mean + SD is reported
and plotted on the graph. The nonparametric Mann-Whitney U test was
used for all statistical analysis. *P < 0.05, **P < 0.01, ***P < 0.001, ****pP <
0.0001, ns = not significant; all statistics compare missense mutations to
N41Q PMP22. For representative GPMVs of each PMP22 mutant, see S/ Ap-
pendix, Fig. S6.

Porderea 0f 0.51 + 0.13 (Fig. 4; representative GPMYV shown in
SI Appendix, Fig. S6). These results confirm that destabilized
variants of PMP22 exhibit a reduced preference for ordered
membrane phases.

We also examined the phase partitioning of two PMP22 variants
that were only slightly destabilized, or not destabilized at all,
compared to WT PMP22. In folding stability measurements, A67T
and I137V PMP22 (located in TM2 and TM4, respectively;
Fig. 14) displayed AAG values of —0.1 + 0.9 kcal-mol™" and 0.2 +
0.7 kcal'mol™ respectively—very similar to WT. In GPMVs,
both of these PMP22 variants showed marked preference for
ordered phase domains (Fig. 4). A67T PMP22 displayed a
Porderea Of 0.59 £ 0.10, a value only modestly reduced compared
to that for WT PMP22 (Fig. 4; representative GPMV shown in
SI Appendix, Fig. S6). The 1137V variant exhibited a Pggereq Of
0.75 + 0.08, which is almost identical to the P, gereq measured
for WT PMP22 in paired experiments, 0.79 + 0.10 (Fig. 4;
representative GPMV shown in SI Appendix, Fig. S6). These
results show that variants of PMP22 that retain conformational
stability still prefer ordered membrane domains over disor-
dered domains. Taken together, these results indicate linkage
between conformational stability and/or tertiary packing of
PMP22, and the preference of the protein for ordered
membrane domains.

PMP22 Alters the Biophysical Properties of GPMVs and Promotes
Formation of Ordered Phase Domains. Because it has been shown
that PMP22 is critical for the formation of stable membrane do-
mains in Schwann cells (33), we hypothesized that PMP22 may
alter the stability of phase separation between ordered and dis-
ordered phase domains in GPMVs. To test this, we first de-
termined the miscibility temperature (Thgisc) of PMP22-containing
GPMVs compared to GPMVs derived from cells transfected with
an empty vector (“MOCK” conditions; Fig. 54). Tyisc is defined
as the temperature at which 50% of the GPMVs exhibit phase
separation (9, 12, 54). A higher Ty Suggests more stable phase-
separated membrane domains. We collected images of >100
GPMVs at each temperature over temperatures ranging from
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12.5 °C to 32.5 °C and calculated the fraction of phase-separated
GPMVs at each temperature. Fitting this data to a sigmoidal curve
allowed us to determine the Ty of the GPMVs. Fig. 5B shows
the Tyise seen for PMP22-containing GPMVs and for GPMVs from
MOCK transfected cells. PMP22-containing GPMVs exhibited a
Twise of 20.2 + 0.6 °C, whereas MOCK GPMVs showed a Tyisc
of 18.8 + 0.4 °C. The Ty seen for empty GPMVs was similar to
what has previously been reported (9, 54). To validate that the
increase in Tyisc Was not due to general overexpression of a TM
protein at the plasma membrane, we measured the Tygs. of
tgLAT-containing GPMVs (SI Appendix, Fig. S74A). GPMVs
containing tgL AT exhibited a Tysc of 18.4 + 0.4 °C, similar to
MOCK conditions (Fig. 5B), suggesting that the Tyy;s increase of
PMP22-containing GPMVs was not due to generic membrane
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Fig. 5. PMP22 alters the biophysical properties of GPMVs. (A) Percent phase
separation of GPMVs containing WT-like N41Q PMP22 (green) or of GPMVs
derived from cells transfected with an empty vector (MOCK; red) at various
temperatures. Each point shows the average of three independent experi-
ments, and the error bars represent the SEM. More than 100 GPMVs were
measured at each temperature in each experiment. Plots are fit to a sig-
moidal curve. (B) Calculation of the phase Ty for GPMVs from MOCK-
transfected cells, GPMVs containing glycosylation-deficient N41Q PMP22,
L16P/N41Q PMP22, or tgLAT. Ty is calculated from the fit of the sigmoidal
curve for each independent experiment, and the SEM is calculated from the
three replicates. The reported value represents the mean Tysc + SEM. Sig-
nificance was determined using a nonparametric Mann-Whitney U test
comparing N41Q PMP22, L16P/N41Q PMP22, or tgLAT-containing GPMVs to
MOCK GPMVs. (C) Ordered domain sizes (micrometers) from GPMVs
obtained from cells transfected with either an empty vector (MOCK), GPMVs
containing N41Q PMP22, or GPMVs containing L16P/N41Q PMP22. Data
were obtained for three biological replicates for MOCK samples and L16P/
N41Q PMP22 and six biological replicates for N14Q PMP22. The total number
of vesicles measured is reported in the graph. Significance was determined
using a nonparametric Mann-Whitney U test. *P < 0.05; ns, not significant.
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protein overexpression. Additionally, we measured the Ty of L16P
PMP22-containing GPMVs to assess if this increased domain
stability was associated with PMP22 ordered domain partition-
ing. We found that L16P containing GPMVs had a Ty 0f 19.2 +
0.4 °C (Fig. 5B and SI Appendix, Fig. S7B). This value was not
statistically different from GPMVs obtained from MOCK-
transfected cells. These results indicate that WT PMP22, but
not an unstable disease variant of the protein, stabilizes phase
separation in GPMVs.

We also examined whether the presence of PMP22 increased
the size of ordered phase domains in GPMVs. To do this, we
imaged a large number of GPMVs derived from cells transfected
with either an empty vector or one encoding WT or L16P PMP22
(three independent biological replicates with >30 GPMVs
measured per replicate). For these images, we measured the
radii of individual GPMVs as well as the fraction of each GPMV
that contained the disordered phase maker DilC12. From this
information, we were able to calculate the relative size of or-
dered domains in GPMVs, as indicated in Fig. 5C (see SI Ap-
pendix, Fig. S8 for raw values). We found that GPMVs derived
from cells transfected with an empty vector contained ordered
domains with an average circumference of 11.8 + 0.9 pm.
GPMVs with PMP22 contained ordered domains with a cir-
cumference of 16.6 + 0.1 pm, while GPMVs with L16P PMP22
contained ordered domains with a circumference of 11.9 =+
2.5 pm. These results show that PMP22, but not unstable L16P
PMP22 causes a significant increase in ordered domain size and
suggests that PMP22 is able to stabilize the ordered membrane
domains of GPMVs. Combined with the fact that PMP22 in-
creases the Ty of GPMVs, we conclude that folded PMP22 is
able to alter the biophysical properties of GPMVs to promote
formation and stabilization of ordered phase domains.

Discussion

While there are a number of biochemical reports that identify
multispan membrane proteins found to colocalize with bio-
chemically isolated “detergent-resistant” cell fractions (55-57),
this work quantitively demonstrates a preference to partition into
ordered phase membrane domains by a multispan membrane
protein in cell-derived GPMVs.

Factors Contributing to the Ordered Phase Domain Preference of
PMP22. Much effort has been devoted to understanding the driv-
ing forces of membrane phase preference for transmembrane
proteins. In work conducted by the London laboratory, phase
partitioning for the multispan beta barrel membrane protein PFO
in synthetic lipid vesicles was found to be dependent on lipid
composition, protein-associated sterols, pH, and hydrophobic
matching between the protein TM segments and bilayer width
(27-29). In the Levental group, previous work culminated in an
elegant paper that provided a quantitative model describing the
biochemical and biophysical features promoting ordered phase
domain partitioning for single-pass transmembrane proteins (20).
Ordered phase domain partitioning of single-pass proteins is pro-
moted by increasing length for the transmembrane helix, by the
presence of one or more palmitoyl chains, and by the presence of
small amino acid side chains in the fully membrane-exposed TM
segment, which reduces the exposed surface area in the plane of
the membrane, especially for the half that occupies the exoplasmic
bilayer leaflet. Whether components of this model can be extrap-
olated to ordered phase-preferring multispan membrane proteins
is not yet clear. However, this study of PMP22 represents an im-
portant step in exploring this question.

The results demonstrated that the tetraspan integral membrane
protein PMP22 has a distinct preference to partition into ordered
phase membrane domains of GPMVs derived from both Hela
and primary Schwann cells. Unlike ordered phase-preferring
single-pass transmembrane proteins (20, 23, 24), partitioning of
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PMP22 is not driven by palmitoylation. Although native PMP22 is
palmitoylated, it retains its strong preference for the ordered
phase even under conditions in which its palmitoylation site is
mutated away. Our results demonstrate that this modification is
not required for the ordered membrane phase preference of
PMP22, as it seems to be for single-pass membrane proteins.
Ordered phase partitioning of PMP22 was also found not to be
associated with the putative CARC and CRAC cholesterol binding
motifs present in PMP22. This suggests that unlike PFO, sterol
binding does not drive PMP22 phase partitioning although we
cannot rule out the possibility that PMP22 associates with choles-
terol through mechanisms independent of the CRAC/CARC motifs.

We observed that the conformational stability of the folded
form of PMP22 plays a major role in mediating the phase pref-
erence of PMP22. Introduction of the destabilizing L.16P muta-
tion in the middle of TM1 reversed the phase preference of
PMP22 so that it now favors the disordered phase. We have
previously shown that the L16P mutant converts the straight and
uninterrupted WT TM1 helical segment into a pair of helices
linked by a flexible hinge (52, 53). This causes TM1 to dissociate
from the other TM helices to favor a destabilized form of the
protein in which TM2, TM3, and TM4 remain in contact as a
molten globular bundle while TM1 is dissociated in the mem-
brane, tethered to the rest of the protein by the TM1-TM2 loop.
While we do not have the same in-depth structural information
on M69K, G93R, and T118M PMP22, it has previously been
shown that these mutations also destabilize the conformational
stability of PMP22. Here, we find these mutations also decrease
the affinity of PMP22 for ordered membrane domains, causing
the disease variant forms of the protein to have either no pref-
erence for either phase (G93R) or to adopt a preference for
disordered membrane phases (M69K and T118M). The A67T
and 1137V mutations, which either marginally destabilize or have
no effect on the conformational stability of PMP22, retained a
WT-like preference to partition into ordered phase membrane
domains, further supporting our hypothesis about the role of
conformational stability in the phase preference of PMP22.

In Fig. 64, we plot Pyrgereq for the seven forms of PMP22
examined in this work versus conformational stability, plasma
membrane trafficking, and CMTD severity (as measured by
nerve conduction velocity in patients with these single nucleotide
polymorphisms) (45). We observed a strong positive correlation
between stability, plasma membrane trafficking, and nerve con-
duction velocity with ordered phase partitioning of PMP22.
Protein stability reflects the equilibrium constant between the
folded conformation of a protein and the unfolded form. As il-
lustrated in Fig. 6B, stable forms of PMP22, such as wild type,
preferentially partition into ordered membrane domains,
whereas unstable forms of PMP22, such as the L16P disease
mutant, prefer the disordered phase. It is now clear that the
protein folding quality control system of the endoplasmic re-
ticulum (ER) has mechanisms for recognizing and retaining un-
stable forms of PMP22, eventually leading to ERAD pathway
degradation of the protein. However, how quality control recog-
nizes unstable PMP22 is not yet well understood (58). It is note-
worthy that while the ER is the site for cholesterol biosynthesis in
the cell, its membrane has only modest quantities of cholesterol.
Most cholesterol is exported on to the Golgi apparatus (which has
roughly 2x higher cholesterol in its membranes) and from there
on to the plasma membrane (roughly 6x higher) (59). Given that
ordered membrane domains in cells are cholesterol-rich, the re-
sults of this work lead us to speculate that one of the mechanisms
that promotes “escape” of stable (predominately folded) forms of
PMP22 from ER quality control may be its partitioning