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Disrupting the transmembrane domain interface
between PMP22 andMPZ causes peripheral neuropathy

Natalya Pashkova,1 Tabitha A. Peterson,1 Christopher P. Ptak,2 Stanley C. Winistorfer,1 Debbie Guerrero-Given,3

Naomi Kamasawa,3 Christopher A. Ahern,1 Michael E. Shy,1,4 and Robert C. Piper1,5,*
SUMMARY

Peripheral Myelin Protein 22 (PMP22) andMPZ are abundant myelin membrane proteins in Schwann cells.
The MPZ adhesion protein holds myelin wraps together across the intraperiod line. PMP22 is a tetraspan
protein belonging to the Claudin superfamily. Loss of either MPZ or PMP22 causes severe demyelinating
Charcot-Marie-Tooth (CMT) peripheral neuropathy, and duplication of PMP22 causes the most common
form of CMT, CMT1A. Yet, the molecular functions provided by PMP22 and how its alteration causes
CMT are unknown. Here, we findMPZ and PMP22 form a specific complex through interfaces within their
transmembrane domains. We also find that the PMP22 A67T patient variant that causes a loss-of-function
(hereditary neuropathy with pressure palsies) phenotype maps to this interface, and blocks MPZ associ-
ation without affecting localization to the plasma membrane or interactions with other proteins. These
data define the molecular basis for the MPZ � PMP22 interaction and indicate this complex fulfills an
important function in myelinating cells.

INTRODUCTION

Large diameter axons in the peripheral nervous system (PNS) are insulated by wraps of myelin sheath produced by Schwann cells to ensure

rapid and efficient transmission of electrical impulses. Heritable neuropathies of the PNS are often referred to as Charcot Marie Tooth (CMT)

disease. CMT is the most frequently diagnosed set of genetic neuromuscular diseases, affecting 1:2500 individuals.1 Autosomal dominant

(AD) inheritance CMT is the most common, followed by X-linked and autosomal recessive (AR) forms. Most forms of CMT are demyelinating

and characterized by poorly formed myelin (CMT1), whereas one-third of CMT cases are primary axonal disorders (CMT2) in which axons

degenerate but myelin formation is relatively normal.2,3

Two crucial Schwann cell proteins involved in the structure and function of myelin are Myelin Protein Zero (MPZ/P0) and Peripheral Myelin

Protein 22 (PMP22). Alteration of these proteins can cause CMT. MPZ comprises �50% of myelin protein,4,5 and is a single-pass transmem-

brane protein with a single immunoglobulin-like (Ig) extracellular domain and cytosolic tail.6,7 It is post-translationally modified by N-linked

glycosylation, sulfation, palmitoylation, and phosphorylation.8,9 MPZ is an adhesion protein, holding together adjacent wraps of myelinmem-

brane across the intraperiod line.8,10–13 MPZ also uses its cytosolic tail to alter the lipid bilayer, and promote myelin compaction of the cyto-

solic region between myelin wraps to form the major dense line.4,11,14–17 Thus, MPZ resembles other adhesion molecules such as cadherins

and integrins that couple their extracellular domains to the cytoskeleton as well as providing signaling cascades through their cytosolic do-

mains. Variants inMPZ account for 5% of CMT cases overall and can cause demyelinating or axonal phenotypes, reflecting the diverse roles of

MPZ in Schwann cells.2,18,19 Exactly howMPZ can bridgemyelin wraps is not clear. For instance, the structural basis for how the extracellular Ig

domain can adhere to an apposingMPZ Ig domainwithin compactmyelin has not been fully resolved. A central concept for howMPZworks to

formmyelin is that it may oligomerize to form small foci within themembrane to increase its ability to adhere across the intraperiod line as well

as alter the lipid bilayer to foster condensation of the cytoplasmic spaces within the major dense line. Evidence from crystallography studies

and solution binding studies show that the extracellular domain of MPZ can oligomerize such that it would bring 4 MPZ proteins together in

the plane of amembrane.20–23 Abundantmembrane particles that correspond to the size ofMPZ tetramers are evident in freeze-fracture elec-

tron microscopy studies on peripheral myelin.24–26 In addition, MPZ might be concentrated in small networks within lateral membrane ‘‘raft’’

microdomains26,27–31.

PMP22 is also a major component of myelin. There have been many functions proposed for PMP22, yet the molecular and cellular mech-

anisms that PMP22 uses to promote normal myelination remain unclear.32–40 PMP22 is a glycosylated 4-pass integral membrane protein that

belongs to a subfamily of claudin-related proteins that includes EMP1, EMP2, and EMP3.41 An emerging view is that the PMP22/EMP family of
1Department of Molecular Physiology and Biophysics, Carver College of Medicine, University of Iowa, Iowa City, IA 52242, USA
2Carver College of Medicine NMR Facility, University of Iowa, Iowa City, IA 52242, USA
3Electron Microscopy Core Facility, Max Planck Florida Institute for Neuroscience, Jupiter, FL, USA
4Department of Neurology, Carver College of Medicine, University of Iowa, Iowa City, IA 52242, USA
5Lead contact
*Correspondence: robert-piper@uiowa.edu
https://doi.org/10.1016/j.isci.2024.110989

iScience 27, 110989, November 15, 2024 ª 2024 The Author(s). Published by Elsevier Inc.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1

mailto:robert-piper@uiowa.edu
https://doi.org/10.1016/j.isci.2024.110989
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2024.110989&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


ll
OPEN ACCESS

iScience
Article
proteins promotes adhesion and interact with adhesion proteins.42–47 Unlike MPZ, which is exclusively expressed in Schwann cells, PMP22

shows a broader pattern of expression and has been found at tight junctions between epithelial cells suggesting it can help organize adhesion

structures.4,40,48Moreover, PMP22 can help adheremembranes together in a variety of in vitro contexts.49–51 Consistent with a potential role in

adhesion, PMP22 has been found to associate (directly or indirectly) with a variety of other adhesion proteins including Jam-C, integrin,

myelin-associated glycoprotein (MAG) and oligomerization with PMP22 itself.52–55 Overall, alteration of PMP22 accounts for approximately

50% of CMT cases.56,57 The majority of demyelinating cases of CMT (CMT1A) are caused by an extra copy of wildtype PMP22.58–61 However,

heterologous deletion of PMP22 causes HNPP (hereditary neuropathy with pressure palsies), a milder form of peripheral neuropathy reflect-

ing a partial loss-of-function phenotype.62 These observations underscore the importance of having the critical balance of PMP22 levels for

proper myelination. Most newly synthesized PMP22 is degraded in Schwann cells,63 and part of how overexpression or variants of PMP22

cause CMT may be due to endoplasmic reticulum (ER) stress,59,61,64–66 exacerbated by PMP22’s ability to alter ER membrane morphology.49

However, whether that serves as the primary mechanism for CMT pathogenesis or whether PMP22 works in conjunction with other proteins to

cause CMT is not clear.

We found that MPZ forms a strong and specific complex with PMP22. Though previous studies suggested MPZ forms a complex with

PMP22,50,67 the biochemical basis and specificity of that interaction were not defined nor validated by others. Our data demonstrate a robust

and specific interaction mediated by their transmembrane domains (TMD). Within these interacting interfaces lies the patient variant A67T,

which causes an HNPP phenotype. We find that the A67T variant disrupts formation of the MPZ � PMP22 complex without affecting PMP22

localization to the plasmamembrane nor associationwith other PMP22-interacting proteins. These data suggest the interaction betweenMPZ

and PMP22 serves a critical function in myelin.
RESULTS
MPZ forms a complex with PMP22

We found that PMP22 forms a very specific and strong interaction withMPZ in HEK293 cells and rat RT4 Schwannoma cells. Figure 1 shows that

PMP22-GFP co-immunoprecipitates C-terminally HA-tagged MPZ when both are co-expressed in HEK293 cells (Figure 1A) and RT4 Schwan-

noma cells (Figure 1C). However, no complex was found between MPZ and the PMP22-related protein EMP3 (Figure 1C). Immunoprecipita-

tions were accomplished using Sepharose coupled to a-GFP nanobodies. In general, these observations partly align with previous studies

showing evidence that PMP22 and MPZ form a complex.50,67 We found non-ionic detergents destroyed the complex whereas a detergent

formulation of DDM (n-dodecyl-b-d-maltoside) and CHS (cholesterol-like cholesteryl hemisuccinate) preserved the complex (Figure 1A). Pre-

vious studies used a mix of non-ionic detergents within their lysis buffer (NP40 and Triton X-100).67 In contrast, other detergents that better

preserve structure and function have been identified; these include DDM, which is a mild non-ionic detergent that is typically efficient at sol-

ubilizing membrane proteins.68,69 Often, the best preservation of membrane protein structure is achieved with the additional inclusion of

CHS.70,71 Previous studies indicate that PMP22 is cholesterol-philic and that higher-order oligomers of PMP22 in vitro appear to be preserved

using cholesterol-like environments.29,38,39,54,72,73 These biophysical properties provide a foundation to study theMPZ� PMP22 complex and

explain why detecting this complex may have been difficult for other investigators. We also found that DDM/CHS was as effective in solubi-

lizing available MPZ and PMP22 from HEK293 cells as 1% SDS, showing that DDM/CHS solubilizes each protein efficiently and does not work

on a subpopulation (Figure S1A). In addition, the inclusion of CHS toDDMgreatly enhanced the ability to co-immunoprecipitateMPZ-HAwith

PMP22-GFP indicating that cholesterol may help drive their association (Figure S1B).

To investigate these interactions, we usedGFP-tagged PMP22whereGFPwas fused to the PMP22C-terminus. Previous studies found that

GFP fusion to PMP22 had the potential to drive aggregation,74–76 which could confound our co-immunoprecipitation experiments.We sought

to circumvent this problem by using monomeric superfolder GFP (msGFP2)77 separated by a short flexible linker. As tested by size exclusion

chromatography, DDM/CHS-solubilized PMP22-GFP eluted as a major peak coincident with an apparent molecular weight of �150-300kDa

compared to size exclusion chromatography standards. No significant proportion of heterogeneous GFP-fusion aggregates was found in the

void volume resolved by Superose 6 column indicating PMP22-GFP did not aggregate (Figure S1C). To confirm theMPZ� PMP22 interaction,

we also used a PMP22 carrying amyc tag inserted into its second extracellular loop, previously reported to provide an epitope-tagged formof

PMP22 that is not prone to aggregation.74 Figure 1D shows that PMP22-mycexo also efficiently co-immunoprecipitated with MPZ-GFP. We

also examined the MPZ � PMP22 complex by size exclusion chromatography of DDM/CHS lysates from HEK293 cells co-expressing

PMP22-GFP and MPZ-HA. When expressed together, each protein was found absent from large aggregates in the void volume. Moreover,

the complex, revealed by immunoprecipitating PMP22-GFP across several eluted fractions, was also not found as a large aggregate and

migrated with an apparent MW of �200–350 kDa (Figure S1D).

We next determined whether the PMP22�MPZ complex can only be formed fromproteins expressed together in the same cells. Figure 1B

shows that when MPZ-HA and PMP22-GFP are co-expressed in the same cell (labeled as ‘‘pre’’), they can efficiently be co-immunoprecipi-

tated. However, when expressed in separate cell populations and mixed after lysis (labeled as ‘‘post’’), the PMP22�MPZ complex could

not be recovered by co-immunoprecipitation. In all experiments, we found that a large proportion of MPZ-HA was in PMP22-GFP immuno-

precipitates, indicating that the association of MPZ with PMP22 is strong, efficient, andmay be near stoichiometric. We also find that MPZ-HA

forms a complex with MPZ-GFP when expressed in the same cell, consistent with its ability to oligomerize.20,21,78 In contrast, however, the

efficiency of MPZ�MPZ complex recovery was far less than that of the PMP22�MPZ complex recovery (Figure 1B). In addition, we confirmed

that PMP22-GFP associated with MPZ-mCherry within the plasma membrane of HEK293 cells as assessed by FRET measured by donor fluo-

rescence-enhancement after acceptor photobleaching (Figure 1E). MPZ tandemly fused to both msGFP2 andmCherry was used as a positive
2 iScience 27, 110989, November 15, 2024
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Figure 1. MPZ and PMP22 form a complex in HEK293 and RT4 Schwannoma cells

(A) Left panel shows scheme for co-immunoprecipitation in which MPZ carrying a C-terminal HA tag and PMP22 carrying a C-terminal GFP tag are co-expressed

and then immunoprecipitated with Sepharose linked to a-GFP nanobodies. Right panel shows results of co-immunoprecipitation. Lysates from HEK293 cells

transiently co-transfected with MPZ-HA and PMP22-GFP were prepared with 0.5% NP-40 and 0.5% Triton X-100 or with 1% DDM and 0.2% CHS detergents.

Bead-bound precipitates were washed in PBS with their respective detergents and eluted with SDS sample buffer. A proportion of the input (5%) was

analyzed along with precipitated complexes by SDS-PAGE and immunoblotting with mouse a-HA (to detect associated MPZ-HA) and mouse a-GFP (to show

efficiency of PMP22-GFP immunoprecipitation).

(B) The co-immunoprecipitation scheme in A was used for HEK293 cells in which PMP22-GFP andMPZ-HA orMPZ-GFP andMPZ-HA were co-expressed together

before (pre) lysis or were expressed in separate populations and mixed after lysis (post). Immunoprecipitation samples together with a 10% equivalent of the

starting input was immunoblotted with anti-HA to reveal associated MPZ-HA. Note that while MPZ-HA associates with MPZ-GFP, the level of this association

is far less than that with PMP22-GFP. Moreover, both associations required that proteins had to be expressed in the same cells prior to detergent lysis to

detect the presence of MPZ � MPZ or MPZ � PMP22 complexes.

(C) Co-immunoprecipitation of PMP22-GFP and MPZ-HA from DDM/CHS detergent lysates of transiently transfected RT4 Schwannoma cells. Whereas MPZ-HA

was co-precipitated with PMP22-GFP, it was not co-precipitated with the PMP22-related protein EMP3-GFP.

(D) Top panel shows scheme for co-immunoprecipitation of MPZ-GFP with PMP22 containing an exofacial myc epitope tag inserted into the second extracellular

loop. Bottom panel shows PMP22-mycexo is recovered when co-expressed with MPZ-GFP and immunoprecipitated with a-GFP nanobody beads.
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Figure 1. Continued

(E) Quantitation of FRET efficiency between PMP22-GFP and MPZ-mCherry and between MPZ-GFP and MPZ-mCherry. FRET was measured as an increase in

donor fluorescence after acceptor photobleaching in transiently transfected HEK293 cells. The ‘‘positive’’ control was MPZ tandemly fused to both msGFP2 and

mCherry. The ‘‘negative’’ control was Glycophorin A-GFP andMPZ-mCherry. Regions of interest were analyzed and quantified for at least 25 cells from 2 different

experiments. FRET efficiencies were calculated with the Leica LAS X Microlab module. All ROI data are represented singly and aggregated as mean FRET

efficiencyGS.D (from left to right 0.237G 0.052, 0.014G 0.020, 0.079G 0.042, 0.053G 0.029). One-way ANOVAwith Turkey’s multiple comparison test revealed

the negative control was significantly different from each of the other samples. On the right is a representative FRET image of PMP22-GFP + MPZ-mCherry. The

yellow boxes on the images show regions of interest used for bleaching and FRET measurements. Bar = 5mm.
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control which gave a percent FRET efficiency of 23.7%. As a negative control we used MPZ-mCherry co-expressed with glycophorin A-GFP,

both of which localize to the plasmamembrane but are not known to interact. The combination of MPZ-mCherry with PMP22-GFP had a FRET

efficiency significantly different than the negative control pair (7.9%G 4.2 vs. 1.4%G 2.0, respectively). Co-expressedMPZ-mCherry andMPZ-

GFP also had a significant FRET efficiency above the negative control (5.3% G 2.9 vs. 1.4% G 2.0, respectively). Most ROIs used for FRET

measurements were areas of the plasma membrane that were not juxtaposed to other cell plasma membranes. For the few ROIs that we

sampled on the plasma membrane areas between 2 cells, we saw no increased FRET efficiency. All of which indicated that the FRET signal

we observed was from proteins interacting within the same bilayer in cis.

Specificity of the MPZ � PMP22 association

Both MPZ and PMP22 each belong to subfamilies of homologous proteins (Figure S2). We found MPZ is the only member of its subfamily to

interact with PMP22, and PMP22 is the only member of its subfamily to interact with MPZ. MPZ belongs to a subfamily of single-pass trans-

membrane proteins, with extracellular Ig-like domain containing adhesion proteins including MPZL1, MPZL2, and subunits of voltage-gated

sodium channels (SCN2B, SCN3B, and SCN4B).79 Figure 2A shows that PMP22 strongly co-immunoprecipitated with MPZ-HA, very weakly

with MPZL2, and showed no co-immunoprecipitation with other MPZ family members MPZL1, SCN2B, SCN3B, or SCN4B. In contrast, while

the PMP22 related protein EMP3 did not interact with MPZ-HA, it did interact strongly with MPZL2, SCN2B, and SCN3B and also had a weak

interaction with MPZL1.

We next exploited this specificity to map the regions necessary and sufficient for PMP22�MPZ interaction using a set of chimeric MPZ/

b-subunit proteins where the extracellular Ig-like domain, transmembrane domains, and cytosolic tails were swapped. The exact composition

of these chimeric proteins is provided in supplemental data, described in the key resources table, and provided schematically in Figure 2B.

Chimeras made of parts of MPZL1 and SCN2B that contained the MPZ TMDwere all able to form a complex with PMP22-GFP as assessed by

co-immunoprecipitation. These included chimeras B, C, and D (containing the MPZ TMDwithin the context of SCN2B) and chimeras E, F and

G (containing theMPZ TMDwithin the context of MPZL1). We also examined whether these chimeras were informative about the regions that

mediate association of EMP3 with SCN2B. Here, the data indicated that the extracellular Ig-like domain-containing region of SCB2B was

necessary and sufficient for interaction with EMP3. Together, these data emphasize the specificity that PMP22 has for associating with

MPZ over other MPZ/b-subunit family members and demonstrate that association is mediated through the MPZ TMD. These data also

show that association of other MPZ/b-subunit members with different PMP22 family members (e.g., SCN2B association with EMP3) is not

exclusively through transmembrane regions.

PMP22 interaction surface on the transmembrane domain of MPZ

We next determined which amino acids within the MPZ TMD were critical for PMP22 association. Because TMD interactions are mediated

primarily via shape complementarity,80 we altered large bulky hydrophobic residues to small ones (e.g., I/L to A) and vice versa. These mu-

tations were made in the context of MPZ-mCherry to allow the subcellular localization of each mutant to be easily followed by microscopy to

ensure that loss of PMP22 interaction was not due to severe misfolding, as would be indicated by retention in the ER. Each MPZ-mCherry

mutant was co-expressed with PMP22-GFP and tested for association by co-immunoprecipitation with a-GFP nanobody beads. Figure 3A

shows that mutations in a subset of MPZ TMD residues disrupted association with PMP22. These residues largely clustered on one face of

the predicted transmembrane a-helix and located on the half of the TMD closest to the extracellular side of the membrane (Figure 3D).

This cluster contains residues G155, L158, and L162, that we further confirmed as critical for interaction in the context of a C-terminal HA

epitope-tagged MPZ (Figure 3B). We also found that neither these mutations singly nor in combination had deleterious effects on the ability

of MPZ-mCherry to traffic to the plasma membrane (Figure 3C) nor the ability to form an oligomeric complex with MPZ-GFP (Figures 3B

and S3A). Together, these data confirm that the interaction with PMP22 is conferred through the MPZ TMD and highlight a discrete region

within this domain that is likely to comprise the binding interface. In addition, these data provide well-characterized mutant versions of MPZ

for in vitro and in vivo functional studies that have specifically lost their ability to associate with PMP22 but retain other protein interactions as

well as correct trafficking to the cell surface.

Basis for how PMP22 interacts with MPZ

Figure 4A shows that among the PMP22/EMP family of proteins, only PMP22 formed a complex with MPZ whereas GFP-tagged EMP1, EMP2

or EMP3 did not. To find regions of PMP22 that contribute toMPZ association, we initiallymade a set of chimeric proteins between PMP22 and

EMP3 for co-immunoprecipitation experiments. However, this approach was uninformative as chimeras containing swaps of 1–3 different
4 iScience 27, 110989, November 15, 2024
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Figure 2. Specificity of MPZ association with PMP22

(A) Several members of theMPZ/b-subunit family were assessed for their ability to associate with PMP22-GFP using the co-immunoprecipitation scheme outlined

in Figure 1. DDM/CHS detergent lysates from HEK293 cells expressing the indicated HA-tagged MPZ/b-subunit proteins with either PMP22-GFP or EMP3-GFP

were immunoprecipitated with a-GFP nanobody beads. Immunoprecipitation of PMP22-GFP only efficiently recoveredMPZ-HA and a very low level of MPZL1. In

contrast, MPZL2, SCN3B, and SCN2B formed strong complexes with EMP3-GFP. A 5% equivalent of the input lysate was included in each immunoblot.

(B) The indicated HA-epitope tagged chimeric proteins made of the extracellular Ig-like domain, TMD, and cytosolic domains of MPZL1, SCN2B, and MPZ were

assessed for association with PMP22-GFP, EMP3-GFP, or GFP alone (Ø-GFP) as described in (A). Chimeras containing the TMD of MPZ were all co-precipitated

with PMP22-GFP whereas substitution of the extracellular domain or cytosolic domain of MPZ with that of SCN2B or MPZL1 did not block PMP22 association. In

contrast, the ability of SCN2B to associate with EMP3-GFP is conferred by its extracellular Ig-like containing domain.
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transmembrane helices or extracellular loops largely compromised the ability of these chimeric proteins to associate with MPZ and did not

yield a clear pattern for what region was required for association. Based on the data in Figure 3 indicating that residues residing in one-half of

theMPZ TMDwere important for PMP22 association, we next focused on amino acid substitutions within the PMP22 transmembrane domains

concentrating on residues within the four membrane-spanning helices closest to the extracellular side. Rather than use patient variants, we

systematically analyzed each transmembrane helix by altering large hydrophobic residues to small ones (and vice versa) and assessing the

impact on co-immunoprecipitation of these mutant PMP22 proteins with MPZ (Figure 4B). To rationalize this mutagenesis strategy, we

mapped these amino acid substitutions onto a previously determined homology model for PMP22 that was made based on its similarity

to claudin-15 (PDB:4P79) for which a crystal structure is known.81,82 We also used a model of PMP22 generated by Alphafold83 (Figure 4C),

which predicted a structure similar to claudin-15 and the previously determined PMP22 homologymodel (RMSD 0.98 and 1.311, respectively).

Importantly, both models were highly similar within the membrane spanning segments (RMSD 0.95), bolstering the prediction of which res-

idues were likely facing out of the TMDhelical bundle and positioned for potential interactions with another protein versus those residues with

side chains making intramolecular interactions between transmembrane helices that would likely be critical for the integrity of the PMP22
iScience 27, 110989, November 15, 2024 5
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Figure 3. Mapping the PMP22-interacting interface within the MPZ transmembrane segment

(A) Top panel shows experimental scheme in which PMP22-GFP is co-expressed with mutant versions of MPZ-mCherry and immunoprecipitated with a-GFP

nanobody beads. Lower panel shows immunoprecipitation results on the indicated MPZ-mCherry mutants.

(B) Left. Results from Awere verified usingMPZmutants in the context of anMPZ C-terminally HA-epitope-tagged protein co-expressed with PMP22-GFP or GFP

alone (B-GFP) by coimmunoprecipitation with a-GFP nanobody beads and immunoblotting with a-HA antibodies. Right. MPZ-HA Wild-type (WT) and the

indicated mutants were assessed for their ability to co-immunoprecipitate with MPZ-GFP or GFP alone (Ø-GFP) using a-GFP nanobody beads.

(C) Cell surface localization of WT MPZ-mCherry and the indicated mutants was assessed by confocal microscopy. Micrographs showWT MPZ-mCherry and the

the indicated mutants at the plasma membrane marked by glycophorin A tagged with GFP. The MPZ R98Wmutant, which is known to be retained in the ER, was

included for comparison. Multiple fields encompassing >100 cells were assessed for overlap of MPZ-mCherry with the plasma membrane marker glycophorin A

using Manders overlap coefficient and plotted for each field in graph at right along with mean G SD. One way ANOVA revealed no differences in cell surface

localization (p > 0.1) among mutants and the WT MPZ-mCherry with the exception of the R98W mutant that had a significantly lower cell surface localization

(p < 0.0001) to every other MPZ-mCherry protein analyzed. Bar = 5mm.

(D) Residues in the MPZ transmembrane segment that when mutated had no effect (green) and dramatic reduction (red) in the ability to associate with PMP22

weremapped onto amodel (AlphaFold: AF-P25189-F1) of a portion ofMPZ containing the extracellular Ig-like domain and the a-helical region encompassing the

transmembrane segment. Note that the red residues align along one face of the a-helix forming a cluster indicating the likely interface mediating PMP22

association.

ll
OPEN ACCESS

iScience
Article
structure. Accordingly, we focused our mutagenesis on residues predicted to face outwardly. Several amino acid substitutions in PMP22 were

found to ablate or dramatically reduce interaction withMPZ (Figures 4B and 4C). These include the I70A, L71A, F75A amino acid substitutions

that map to a cluster of residues on one face of the 2nd transmembrane helix of PMP22 and blocked MPZ association altogether. Altering

residues near this cluster (e.g., I73A and I74A) but on a different face of the second transmembrane helix diminished but did not destroy inter-

action with PMP22. Alteration of other residues along the 2nd transmembrane helix of PMP22 more toward the cytosolic region did not affect

MPZ association. Similarly, amino acid substitutions within the 1st, 3rd, and 4th transmembrane helices of PMP22 were without effect on MPZ

association with the exception of I116A near the extracellular edge on the 3rd transmembrane helix. Finally, while wild type MPZ and PMP22

interact as assessed by FRET within the plasma membrane of HEK cells, MPZG155V, and PMP22F75A did not produce a significant FRET signal

when co-expressed, confirming that these mutations disrupt interaction within cells (Figure S3B).

The residues identified as disrupting the interaction between MPZ and PMP22 were used as restraints to generate a docking model that

describes how MPZ could form a complex with PMP22 (Figure 5). Here, residues on one face of the 2nd transmembrane helix of PMP22 (I70,

L71, and F75) are docked to residues on one face of the MPZ TMD (G155, L158, I162, and L166). It is not apparent in this model for how alter-

ation of residue I116 to Alanine on the 3rd transmembrane helix of PMP22 blocks associationwithMPZ since I116 does not interact directly with

MPZ. In Alphafold models of PMP22, I116 is packed against transmembrane helix 2 (<3 Å to W61, V65; <4 Å to S64, T68; <5 Å to L62) and the

I116Amutation leads to a 43% reduction in residue-residue van derWaals contacts between the exofacial halves of the 2nd and 3rd transmem-

brane helices as assessed on the RING webserver.84 The position of I116 suggests that a mutation may act indirectly by introducing structural

or dynamic changes that alter the ability of the 2nd PMP22 transmembrane helix to bindMPZ. Alternativemodels that include I116 as a docking

restraint (shown in Data Figure S4) show a loss or reduction of a number of experimentally predicted residue interactions and a correspond-

ingly higher restraints violation energy. These docking models are speculative and rely on the accuracy of the predicted structures for the

individual interacting partners. Nonetheless, they are instructive for highlighting potential interacting surfaces within the TMDs of PMP22

and MPZ that our mutagenesis and co-immunoprecipitation experiments define.

The interaction of PMP22 with MPZ is important for PMP22 function

We next surveyed whether known PMP22 amino acid substitution variants that cause a range of peripheral neuropathy phenotypes had an

impact on complex formation with MPZ. We focused on residues predicted to be on the outer-facing surfaces of the TMDs and excluded

residues that would potentially mediate intramolecular interactions between transmembrane helices and thus may be critical for proper

PMP22 folding.81 The A67T patient variant is located in the 2nd transmembrane helix in the midst of the cluster of residues we found by muta-

genesis to be important for MPZ association (Figures 5A and 5B). An in silico PMP22 A67T substitution in our PMP22�MPZ docking model

leads to atomic clashes with both L158 and I162 of MPZ suggesting that sidechain rearrangements and helix repositioning would be required

to maintain intermolecular interactions. Further, A67T is predicted by SSIPe85 to decrease the DDG of binding by 0.343 kcal/mol, and by

HADDOCK to decrease the buried interaction surface area when PMP22 A67T is docked to the TM helix of MPZ. Figure 5C shows that

this patient variant dramatically blocked association with MPZ-HA as assessed by co-immunoprecipitation. In contrast, other PMP22 patient

variants that are predicted to map to outwardly oriented residues had no effect on MPZ association. These included A115V and T118M in the

3rd transmembrane helix and I137V in the 4th transmembrane helix of PMP22. The A67T variant was described in a patient with an HNPP

phenotype, reflecting a heterozygous loss of PMP22 function.86 This indicates that the association of PMP22 with MPZ may be a critical

requirement for PMP22 to fully function in vivo.

Previous experiments indicate that several biophysical properties as well as trafficking efficiency to the cell surface is largely preserved in

the PMP22 A67T patient variant compared to wild-type (WT) PMP2273,87,.88 These observations support the idea that the loss of function for

the A67T variant is specifically due to loss of MPZ association rather than an indirect effect due to perturbation of other properties. To test this

idea further, we assessed whether PMP22 A67T preserved its ability to interact with other proteins (Figure 6). PMP22 has been found to form a

complex with itself and with the double Ig-domain containing adhesion protein Jam-C.52,55,89 In addition, during the course of our experi-

ments, we discovered that PMP22 also interacts with the Jam-B adhesion protein and the PMP22-related protein, EMP1. Therefore, we
iScience 27, 110989, November 15, 2024 7
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Figure 4. Specificity of PMP22 interaction with MPZ

(A) PMP22-GFP or the PMP22-related proteins EMP1-GFP, EMP2-GFP, EMP3-GFP, or GFP alone (Ø-GFP) were co-expressed with MPZ-HA in HEK293 cells and

immunoprecipitated with a-GFP nanobodies. Immunoprecipitated eluted proteins were immunoblotted with a-HA to detect associated MPZ-HA and a-GFP to

monitor recovery of PMP22-GFP. A 5% equivalent of the input lysate was included in the immunoblots.

(B) The indicated amino acid substitutions were incorporated into PMP22-GFP and assessed for association with co-expressed MPZ-HA.

(C) Model of PMP22 (AlphaFold: AF-Q01453-F1) showing orientation of the four transmembrane helices (TM1-4) of PMP22 and the predicted position of the

amino acids critical for MPZ binding. Residues in PMP22 that when mutated had no effect (green), a partial reduction (pink) and dramatic reduction (red) in

the ability to associate with MPZ are shown.
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determined whether the A67T patient variant as well as other amino acid substitutions within the presumed interface of PMP22 that mediates

MPZ association preserved these protein interactions. Figure 6A shows that the PMP22-GFP carrying the A67T substitution or the I70A, I74A,

or F75A were able to oligomerize with PMP22-HA and EMP1-HA as determined by co-immunoprecipitation. Likewise, these PMP22 mutants

were also able to co-immunoprecipitate both Jam-C-HA or Jam-B-HA (Figure 6B), demonstrating that other protein interactions are unper-

turbed by these amino acid substitutions and indicate the overall integrity of the PMP22 structure remained intact.

We also measured how well each PMP22 mutant trafficked to the cell surface using a modified assay previously described that follows

the exposure of a myc epitope tag when PMP22-mycexo is localized to the cell surface.65 Here, PMP22-mycexo is co-expressed on the same

mRNA with a modified blue-fluorescent protein localized to the nucleus, providing a fiduciary signal to monitor the levels of PMP22-mycexo

production (Figure 6C). As a comparison, we also measured the trafficking efficiency of PMP22 G150D, the variant found in Trembler (Tr)

mice known to trap PMP22 within the ER.90 As a qualitative comparison, we examined cell surface labeling of the exofacial myc epitope via

immunofluorescence (Figure 6C). We also performed a quantitative analysis via flow cytometry (Figure S5). We found that PMP22-mycexo

carrying the A67T patient variant causing an HNPP phenotype was trafficked to the cell surface to the same extent as wildtype PMP22.

Moreover, the amino acid substitutions within the 2nd transmembrane helix we found via systematic mutagenesis (e.g., I70A, L71A, and

F75A) also retained their ability to traffic to the cell surface. In contrast, PMP22 with the Trembler G150D mutation had a much lower ef-

ficiency of delivery to the cell surface and was found abundantly in the ER when cells were permeabilized before immunolabeling

(Figure S6).

Distribution of PMP22 and MPZ within the plasma membrane

There is evidence thatMPZmay be concentratedwithin themyelinmembrane, workingwithin a large particle thatmay contain 4MPZ proteins

and perhaps other myelin proteins,24–26 as well as having a favored distribution in membrane microdomains on the order of 200–1000 nm.27

Such microdomains might perhaps be driven by the assembly of cholesterol and sphingolipid rich areas that form the biochemical basis of

detergent resistant membrane fractions in whichMPZ and PMP22 partition into in biophysical experiments29,73. Myelin sheets themselves are

high in cholesterol91 and PMP22 is cholesterol-phillic29,38,39,72,73 and potentiates the organization of lipid raft proteins in myelin.37 In polarized

epithelial cells, PMP22 localizes to tight junctions, which are also organized by lipid ‘‘raft’’ subdomains40,92. Moreover, PMP22 is a claudin fam-

ily member, with the closest relative Claudin-15 that forms extensive polymers within membranes to organize tight junctions.82,93 Thus, one

possibility is that PMP22 associates with MPZ to help confine the resulting adhesion complex in microdomains allowing it to optimize its ac-

tivity in the membrane. To test whether the PMP22�MPZ complex localized to plasma membrane subdomains, we performed immunogold

labeling of freeze fracture replicas fromHEK293 cells expressingMPZ-mCherry and PMP22-GFP (Figure 7).94 Double gold labeling ofMPZ and

PMP22 revealed that both proteins were randomly distributed across the plasma membrane without an obvious concentration of proteins in

specific plasma membrane subdomains. This included areas where the plasma membrane of one cell was in contact with another in case the

formation of MPZ�MPZ interactions in trans between cells could form amore stable concentration of complexes.We did notice instances of

small chains of intermembrane particles evident on the E-face (exofacial leaflet), but they were rare and we could not verify their identity by

gold labeling, the vast majority of which was only evident on the P-face (cytosolic leaflet).

DISCUSSION

Here, we find that two major myelin proteins, PMP22 and MPZ, form a strong and specific complex that is mediated by interactions between

their transmembrane domains. That PMP22 andMPZ can form a complex has been previously proposed along with themodel that their inter-

action ismediated by their extracellular domains potentially working in trans to bridgemyelin wraps.8,50,67 Those studies report using the non-

ionic detergents NP-40 and Triton X-100 with which we were unable to recover any associated MPZ in PMP22 co-immunoprecipitates. Rather

the integrity of the complex was preserved using DDM and CHS in which MPZ very efficiently associated with PMP22. Despite the paucity of

insight into PMP22 function and the potential importance of the PMP22�MPZ complex, analysis of a PMP22�MPZ complex has not been

pursued by other groups in the intervening 2 decades. We suggest that the remarkable dependence on particular detergent conditions

described here for the preservation of the PMP22�MPZ complex may have been an impediment for further study. Previous data also indi-

cated that MPZ may form its interaction with PMP22 via its extracellular Ig-like domain. However, these studies used a recombinant GST-

MPZ-Ig fusion protein produced intracellularly in bacteria. The MPZ Ig-like domain maintains its structure via an intradomain disulfide

bond which is perturbed in the reduced bacterial cytoplasmic environment, leading to production of a mis-folded aggregate.22 Similarly,

we found that intracellularly produced recombinant MPZ Ig-like domain fused to GST, the latter also containing a reactive cysteine, also pro-

duces a misfolded aggregate. Use of a structurally impaired Ig domain undermines the ability to make conclusions about how the MPZ Ig

domain may or may not interact with partner proteins. In contrast, our data support the model that PMP22 and MPZ interact in the same
iScience 27, 110989, November 15, 2024 9
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Figure 5. The A67T patient variant of PMP22 causing an HNPP phenotype maps to the presumed interface between PMP22 and MPZ

(A) Model of the complex between PMP22 andMPZ in which association is mediated by residues identified in amino acid substitution experiments. (Upper panel)

The multi-component model composed of the full-length human PMP22 (light blue—AlphaFold: AF-Q01453-F1) and MPZ (pink—AlphaFold: AF-P25189-F1) is

oriented in a lipid bilayer of 60% POPC: 40% cholesterol (white). For a few unstructured residues between MPZ domains, torsion adjustments were made for

improved visualization of the extracellular domain and the flexible portion of the cytosolic tail. The residues that destroy or diminish the association of

PMP22 and MPZ when mutated are indicated. The position of the HNPP-causing patient variant, A67T, which lies within the predicted interface mediating

MPZ � PMP22 binding is indicated (*).

(B) Model of the PMP22�MPZ interface shown in (A) with the positions of select patient variants including the A67T indicated on the different transmembrane

helices.

(C) Effect of PMP22 patient variants on the association with MPZ. MPZ-HA was co-expressed with GFP alone (Ø-GFP), WT PMP22-GFP or the indicated PMP22

patient variants and assessed for complex assembly by coimmunoprecipitation with a-GFP nanobody beads and immunoblotting for MPZ-HA with a-HA

antibodies. Comparable expression levels of the different PMP22 patient variants as well as the efficiency were assessed by immunoblotting input lysates

and bead immunoprecipitates with a-GFP antibodies.
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membrane bilayer via their TMDs. This is supported by chimeric proteins made of MPZ and its related single Ig-like domain family members

whereby proteins with the MPZ TMD were able to interact with PMP22, whereas substitution of the extracellular domain of MPZ with that of

SCN2B or MPZL1 had no effect on interaction with PMP22. This model was further verified with amino acid substitutions in both MPZ and

PMP22 that perturb complex formation and cluster within the TMD of MPZ and the 2nd transmembrane helix of PMP22, respectively. In addi-

tion, we find that the PMP22�MPZ complex can be recovered when both are expressed in the same cell, but not when each is expressed in

separate cell populations andmixed after cell lysis, and that interaction determined by FRET occurredwithin the plasmamembrane segments

that were not juxtaposed to other cells. These data further rationalize the model in Figure 5 that the PMP22�MPZ forms in ciswithin the same

membrane.
10 iScience 27, 110989, November 15, 2024
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Figure 6. Specificity of PMP22 mutants lacking the ability to bind MPZ

(A) PMP22-GFP, both WT and the indicated mutants along with GFP alone (Ø-GFP), were assessed for their ability to bind EMP1-HA (left) or PMP22-HA (right).

Comparable expression levels of the different PMP22 mutants as well as the efficiency was assessed by immunoblotting input lysates and bead

immunoprecipitates with a-GFP antibodies.

(B) PMP22-GFP, both WT and the indicated mutants, were assessed for the ability to bind Jam-B-HA (left) and Jam-C (right).

(C) The cell surface localization of PMP22 WT and the indicated mutants was assessed in the context of the PMP22-mycexo protein containing an extracellular

(exofacial) myc epitope. Expression of PMP22-mycexo was coupled to the expression of a nuclear-localized puromycin-blue fluorescent protein fusion by

having it downstream of an internal ribosome entry site on the PMP22 mRNA. Stable transfected HEK293 cell lines expressing these mutants were fixed, left

unpermeablized and labeled with a-mycmonoclonal antibody and Alexa 568 secondary antibody prior to visualization by confocal microscopy (right). Bar = 5mm.
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PMP22 plays a crucial role in myelin formation and its homozygous loss results in severe demyelinating neuropathy.62,95,96 Hetero-

zygous loss of PMP22 results in a milder peripheral neuropathy, HNPP. We found the A67T patient variant of PMP22 that also causes a

partial loss-of-function HNPP-like phenotype also blocks MPZ association but preserves PMP22 trafficking and interactions with other

proteins interrogated here. These data strongly suggest that association of PMP22 with MPZ is an important requirement for PMP22

to function in myelin. This poses two complementary questions about the molecular and cellular functions of the PMP22�MPZ

complex.

One question is what the role of MPZ � PMP22 complex formation is to promote normal myelination. Overall, little is known about what

PMP22 does at the molecular level. PMP22 binds cholesterol and can distort lipid bilayers, organize lipid subdomains, coordinate the actin

cytoskeleton dynamics, and in some cells coordinate formation of cell-cell tight junctions.33,35,37–40,73 PMP22 is also required for proper

biogenesis of junctions that maintain the morphology of the paranodal loops of myelin.52 MPZ is largely restricted to compact myelin that

is enriched in cholesterol and proper levels of cholesterol are required for the trafficking of MPZ to myelin wraps in compact myelin.97,98
iScience 27, 110989, November 15, 2024 11



Figure 7. Immunogold labeling of MPZ and PMP22 in HEK cell freeze fracture replicas

(A) Electron micrographs of the replicas from HEK293 cells expressing MPZ-mCherry alone (A) or (B–E) micrographs of HEK293 cells expressing both MPZ-

mCherry and PMP22-GFP. Cells were allowed to form cell-cell contacts before fixation in 1% paraformaldehyde. MPZ-mCherry was labeled with 6 nm

immunogold particles and PMP22-GFP was labeled with 12 nm immunogold particles. Where two cell membranes are contacting, the immunogold labeling

for both proteins were observed exclusively on the protoplasmic face/leaflet (P-face) and always homogeneously spread throughout the plasma membrane

rather than distributed in clusters. The labeling pattern was same in the single expression and labeling (A) and double expression and labeling (B). The

topology of two contacting membrane is presentenced in (C). The labeled P-face shows continuity to its cytoplasm and an extraplasmic face/leaflet (E-face)

of another cell is closely contacting on the P-face. The P-face exclusive labeling indicates the specificity of the labeling and consistent with the intercellular

epitope locations. There were instances of intramembrane particles in a small cluster and strings observed on the E-face (D, E, arrows), but these were only

rarely found. The small amount of immunogold particles near the string in (E) indicated the labeling of a hidden P-face below the E-face, called cryptic

labeling, however the positions of the immunogold particles didn’t follow the string shape and could not be verified if they correspond to the localization of

PMP22-GFP or MPZ-mCherry.
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One possibility is that PMP22 helps organize lipid subdomains that cluster MPZ to better fulfill its role as an adhesion protein. Alternatively,

PMP22 itself might directly perform adhesive activity that amplifies the adhesion properties of MPZ to which it is complexed. PMP22 andMPZ

segregate to detergent-resistant membranes, indicating a potential for populating lipid rafts29–31 and X-ray diffraction data from myelin is

consistent with the presence of dynamic yet small discrete membrane subdomains within condensedmyelin.27 Freeze fracture data of myelin

show the presence of larger intramembrane particles within both the P and E-faces that may correspond tomultipleMPZ proteins and poten-

tially could have PMP22 present as well to organize MPZ tetramers.24–26 Moreover, current models for howMPZ is organized across the intra-

period line propose lateral networks of proteins that PMP22 association could potentially help configure.17,20 In our freeze fracture experi-

ments, we did not observe a focused concentration of MPZ or PMP22 in the plasma membrane even in areas where cell-to-cell contacts

were present and potentially allowing MPZ-mediated adhesion. We also did not observe the type of intramembrane particles that were

observed in myelin or in cells expressing high levels of claudin-15, a close structural homolog of PMP22 that forms large tight junction arrays.

Our data in HEK293 cells do not exclude these possibilities may yet happen in myelin, and may rather indicate that other factors in myelin are

required to achieve such structures. This could involve the very high levels of MPZ and PMP22 in myelin membranes, the high level of choles-

terol in myelinmembranes, and the confined space these proteins operate in as exemplified by the very thin cytoplasmic space that forms the

major dense line.

There are other possibilities for what functions are fulfilled when PMP22 and MPZ form a complex. There may also be effects on the

biogenesis of PMP22 that are aided by association with MPZ. Complex formation could potentially control the levels and distribution
12 iScience 27, 110989, November 15, 2024
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of PMP22. A sizable fraction of PMP22 is degraded in Schwann cells rather than being sent to the plasma membrane.63 In heterologous

cells, a large proportion of PMP22 is trapped in the ER and that proportion increases with increased expression of PMP22.65 PMP22 can

also be found in aggresomes, suggesting that PMP22 is inefficiently degraded by ER-associated degradation (ERAD).36,99 Complex forma-

tion with MPZ might potentiate the ability of PMP22 to exit the ER or help control the levels of PMP22 by regulating its recognition by the

ERAD machinery.

A second question is whether complex formation with MPZ plays a pathogenic role in CMT, especially CMT1A that is linked to a

gene duplication of PMP22 resulting in disease caused by mild over-expression of wild type PMP22. One potential mechanism for

the pathogenesis of CMT1A may be due to ER-stress from excess production of PMP2261,64,65,100, that could be exacerbated by alter-

ation of membrane morphology and perturbation of cholesterol distribution.38,39,49 These effects would be mediated by simply too

much PMP22 in the ER and motivates the therapeutic strategy of reducing PMP22 levels.101 However, CMT1A could be caused not sim-

ply by more PMP22 per se, but rather too much of the PMP22�MPZ complex. Alternatively, the ability of excess PMP22 to form a com-

plex with MPZ may be protective, reducing the severity of CMT that excess PMP22 would otherwise cause if it were unable to form a

complex with MPZ. Either of these possibilities would open new therapeutic opportunities to find drugs that could weaken or

strengthen the association of PMP22 with MPZ. Now that we have defined amino acid substitutions in MPZ and PMP22 that specifically

block complex formation but preserve other protein interactions and proper trafficking to the cell surface, experiments aimed at under-

standing the cellular and physiological functions of the PMP22�MPZ complex in vivo and its potential role in driving pathogenesis of

CMT1A can now be addressed.

A full explanation of the normal function and pathogenic functions will need to incorporate the fact that PMP22 interacts with additional

partners. PMP22 associates with itself to form dimers and also interacts with Jam-C and MAG.52,54,55 Here, we show additional interactions

with Jam-B (Jam2) and EMP1 (Figure 6). Mutant forms of PMP22 trapped in the ER can also form a complex with STIM1, a subunit of the

store-operated calcium channel.35 These interactions could be critical for these PMP22 partners to operate. JAM-C is expressed in junc-

tional regions of Schwann cells and MAG is localized to the myelin wrap closest to the axon.102,103 Loss of Jam-C or MAG result in neu-

ropathy similar to loss of PMP22.52 EMP1 expression is stimulated upon nerve injury and is inversely regulated compared to PMP22, which

is induced during Schwann cell differentiation.104 An important question is how PMP22 is properly portioned among these partners and

how that portioning might be influenced by more or less PMP22, both conditions of which are pathogenic. Thus, it may not be the loss of

MPZ association per se that is responsible for the HNPP phenotype in the PMP22 A67T variant, but an imbalance in other PMP22 com-

plexes. The many potential roles and partners for PMP22 also advance the question of the overall stoichiometry of these complexes

and whether there is ‘‘enough’’ PMP22 to associate with all these partners. Previous experiments that estimated the relative abundance

of MPZ and PMP22 indicated that while �50% of myelin protein is MPZ, only 5% is PMP22.7,105–107 However, these estimates come

from dyeing proteins after SDS-PAGE, which does not accurately compare proteins with very different amino acid content. Moreover,

PMP22 abundance in myelin, in terms of mRNA levels, has been shown to be twice that of MPZ.108 Thus, there may be a larger ratio

of PMP22 to MPZ and its binding partners than we currently realize. Nonetheless, even these upper estimates are unlikely to allow

all of MPZ and other partners to be in a complex with PMP22. Thus, it may be that PMP22 plays a more acute transitory role in the function

of its binding partners.
Limitations of the study

Here, we show how MPZ can form a complex with PMP22 and show that a PMP22 variant associated with a loss-of-function phenotype in

people specifically blocks formation of the complex. The implication is that complex formation is critical for PMP22 to achieve its full

function. However, this is one particular patient variant and we cannot know if some other PMP22 property is affected by that variant

that might explain loss-of-function. Using the structural insights we obtained through mutagenesis, we have identified other mutations

that cause loss of MPZ � PMP22 association without disturbing the other cellular and biochemical behaviors and interactions that we do

know about. These should be tested in vivo to extend the structure/function correlation to better test the importance of the MPZ �
PMP22 interaction and allow for a detailed analysis of what this complex achieves at the cellular and molecular level. We also note

that all of our experiments are in heterologous cells. We did not investigate how abundant this complex is in normal myelin nor where

those interactions occur within myelin. The heterologous cells also did not recapitulate the types of membrane protein structures in

myelin that previous studies speculated were comprised of MPZ, so we cannot assess whether PMP22 association with MPZ is an impor-

tant structural component of the adhesion structures thought to operate between authentic myelin sheets across the intraperiod line.

Nonetheless, the mutations defined here that disrupt the complex would enable these types of in vivo studies. Finally, we did not

explore how these proteins might make higher order oligomers. We could detect MPZ � MPZ, PMP22�PMP22, and MPZ � PMP22 in-

teractions but these proteins did not form larger polymers in our analysis. Our data neither rule-in nor rule-out that such assemblies can

form and whether they operate within myelin.
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Materials availability

Plasmids and other materials generated in this study are available upon request.

Data and code availability

� Microscopy, plasmid, and flow cytometry data are deposited in FigShare.com and is publicly available: https://doi.org/10.6084/m9.figshare.26219009. All
data reported in this paper will be shared by the lead contact upon request.

� No custom code was generated or used in this study.
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Piscosquito, G., Laurá, M., Muntoni, F., et al.
(2023). Disease Progression in Charcot-
Marie-Tooth Disease Related to MPZ
Mutations: A Longitudinal Study. Ann.
Neurol. 93, 563–576. https://doi.org/10.
1002/ana.26518.

20. Shapiro, L., Doyle, J.P., Hensley, P., Colman,
D.R., and Hendrickson, W.A. (1996). Crystal
structure of the extracellular domain from
P0, themajor structural protein of peripheral
nerve myelin. Neuron 17, 435–449.

21. Ptak, C.P., Peterson, T.A., Hopkins, J.B.,
Ahern, C.A., Shy, M.E., and Piper, R.C.
(2023). Homomeric interactions of the
MPZ Ig domain and their relation to
Charcot-Marie-Tooth disease. Brain 146,
5110–5123. https://doi.org/10.1093/brain/
awad258.

22. Sakakura, M., Tanabe, M., Mori, M.,
Takahashi, H., and Mio, K. (2023). Structural
bases for the Charcot-Marie-Tooth disease
induced by single amino acid substitutions
of myelin protein zero. Structure 31, 1452–
1462.e4. https://doi.org/10.1016/j.str.2023.
08.016.
23. Inouye, H., Tsuruta, H., Sedzik, J.,
Uyemura, K., and Kirschner, D.A. (1999).
Tetrameric assembly of full-sequence
protein zero myelin glycoprotein by
synchrotron x-ray scattering. Biophys. J.
76, 423–437. https://doi.org/10.1016/
S0006-3495(99)77209-7.

24. da Silva, P.P., and Miller, R.G. (1975).
Membrane particles on fracture faces of
frozen myelin. Proc. Natl. Acad. Sci. USA 72,
4046–4050. https://doi.org/10.1073/pnas.
72.10.4046.

25. Gabriel, G., Thomas, P.K., King, R.H.,
Stolinski, C., and Breathnach, A.S. (1986).
Freeze-fracture observations on human
peripheral nerve. J. Anat. 146, 153–166.

26. Hollingshead, C.J., Caspar, D.L., Melchior,
V., and Kirschner, D.A. (1981). Compaction
and particle segregation in myelin
membrane arrays. J. Cell Biol. 89,
631–644. https://doi.org/10.1083/jcb.89.
3.631.

27. Inouye, H., Kuo, F.H., Denninger, A.R.,
Weinhausen, B., Burghammer, M., and
Kirschner, D.A. (2017). Myelin structure in
unfixed, single nerve fibers: Scanning X-ray
microdiffraction with a beam size of 200nm.
J. Struct. Biol. 200, 229–243. https://doi.org/
10.1016/j.jsb.2017.07.001.

28. Inouye, H., Liu, J., Makowski, L., Palmisano,
M., Burghammer, M., Riekel, C., and
Kirschner, D.A. (2014). Myelin organization
in the nodal, paranodal, and juxtaparanodal
regions revealed by scanning x-ray
microdiffraction. PLoS One 9, e100592.
https://doi.org/10.1371/journal.pone.
0100592.

29. Hasse, B., Bosse, F., andMüller, H.W. (2002).
Proteins of peripheral myelin are associated
with glycosphingolipid/cholesterol-
enriched membranes. J. Neurosci. Res. 69,
227–232. https://doi.org/10.1002/jnr.10287.

30. Erne, B., Sansano, S., Frank, M., and
Schaeren-Wiemers, N. (2002). Rafts in adult
peripheral nerve myelin contain major
structural myelin proteins and myelin and
lymphocyte protein (MAL) and CD59 as
specific markers. J. Neurochem. 82,
550–562. https://doi.org/10.1046/j.1471-
4159.2002.00987.x.

31. Fasano, A., Amoresano, A., Rossano, R.,
Carlone, G., Carpentieri, A., Liuzzi, G.M.,
Pucci, P., and Riccio, P. (2008). The different
forms of PNS myelin P0 protein within and
outside lipid rafts. J. Neurochem. 107,
291–301. https://doi.org/10.1111/j.1471-
4159.2008.05598.x.

32. Jetten, A.M., and Suter, U. (2000). The
peripheral myelin protein 22 and epithelial
membrane protein family. Prog. Nucleic
Acid Res. Mol. Biol. 64, 97–129. https://
doi.org/10.1016/s0079-6603(00)64003-5.

33. Fabbretti, E., Edomi, P., Brancolini, C.,
and Schneider, C. (1995). Apoptotic
phenotype induced by overexpression of
wild-type gas3/PMP22: its relation to the
demyelinating peripheral neuropathy
CMT1A. Genes Dev. 9, 1846–1856.
https://doi.org/10.1101/gad.9.15.1846.

34. Zoidl, G., Blass-Kampmann, S., D’Urso, D.,
Schmalenbach, C., and Müller, H.W. (1995).
Retroviral-mediated gene transfer of the
peripheral myelin protein PMP22 in
Schwann cells: modulation of cell growth.
EMBO J. 14, 1122–1128.

35. Vanoye, C.G., Sakakura, M., Follis, R.M.,
Trevisan, A.J., Narayan, M., Li, J., Sanders,
C.R., and Carter, B.D. (2019). Peripheral
myelin protein 22 modulates store-
operated calcium channel activity,
providing insights into Charcot-Marie-
Tooth disease etiology. J. Biol. Chem. 294,
12054–12065. https://doi.org/10.1074/jbc.
RA118.006248.

36. Lee, S., Bazick, H., Chittoor-Vinod, V., Al
Salihi, M.O., Xia, G., and Notterpek, L.
(2018). Elevated Peripheral Myelin Protein
22, Reduced Mitotic Potential, and
Proteasome Impairment in Dermal
Fibroblasts from Charcot-Marie-Tooth
Disease Type 1A Patients. Am. J. Pathol.
188, 728–738. https://doi.org/10.1016/j.
ajpath.2017.10.021.

37. Lee, S., Amici, S., Tavori, H., Zeng, W.M.,
Freeland, S., Fazio, S., and Notterpek, L.
(2014). PMP22 is critical for actin-mediated
cellular functions and for establishing lipid
rafts. J. Neurosci. 34, 16140–16152.
https://doi.org/10.1523/JNEUROSCI.
1908-14.2014.

38. Zhou, Y., Borchelt, D., Bauson, J.C., Fazio,
S., Miles, J.R., Tavori, H., and Notterpek, L.
(2020). Subcellular diversion of cholesterol
by gain- and loss-of-function mutations in
PMP22. Glia 68, 2300–2315. https://doi.org/
10.1002/glia.23840.

39. Zhou, Y., Miles, J.R., Tavori, H., Lin, M.,
Khoshbouei, H., Borchelt, D.R., Bazick, H.,
Landreth, G.E., Lee, S., Fazio, S., and
Notterpek, L. (2019). PMP22 Regulates
Cholesterol Trafficking and ABCA1-
Mediated Cholesterol Efflux. J. Neurosci.
39, 5404–5418. https://doi.org/10.1523/
JNEUROSCI.2942-18.2019.

40. Notterpek, L., Roux, K.J., Amici, S.A.,
Yazdanpour, A., Rahner, C., and Fletcher,
B.S. (2001). Peripheral myelin protein 22 is a
constituent of intercellular junctions in
epithelia. Proc. Natl. Acad. Sci. USA 98,
14404–14409. https://doi.org/10.1073/pnas.
251548398.

41. Van Itallie, C.M., and Anderson, J.M. (2006).
Claudins and epithelial paracellular
transport. Annu. Rev. Physiol. 68, 403–429.
https://doi.org/10.1146/annurev.physiol.68.
040104.131404.

42. Ahmat Amin, M.K.B., Shimizu, A., andOgita,
H. (2019). The Pivotal Roles of the Epithelial
Membrane Protein Family in Cancer
Invasiveness and Metastasis. Cancers 11,
1620. https://doi.org/10.3390/
cancers11111620.

43. Qin, Y., Mohandessi, S., Gordon, L., and
Wadehra, M. (2015). Regulation of FAK
Activity by Tetraspan Proteins: Potential
Clinical Implications in Cancer. Crit. Rev.
Oncog. 20, 391–405. https://doi.org/10.
1615/CritRevOncog.v20.i5-6.110.

44. Simske, J.S. (2013). Claudins reign: The
claudin/EMP/PMP22/gamma channel
protein family in C. elegans. Tissue Barriers
1, e25502. https://doi.org/10.4161/tisb.
25502.

45. Amici, S.A., Dunn, W.A., Jr., Murphy, A.J.,
Adams, N.C., Gale, N.W., Valenzuela, D.M.,
Yancopoulos, G.D., and Notterpek, L.
(2006). Peripheral myelin protein 22 is in
complex with alpha6beta4 integrin, and its
absence alters the Schwann cell basal
lamina. J. Neurosci. 26, 1179–1189. https://
doi.org/10.1523/JNEUROSCI.2618-05.2006.

46. Durgan, J., Tao, G., Walters, M.S., Florey,
O., Schmidt, A., Arbelaez, V., Rosen, N.,
Crystal, R.G., and Hall, A. (2015). SOS1 and
Ras regulate epithelial tight junction
formation in the human airway through
EMP1. EMBO Rep. 16, 87–96. https://doi.
org/10.15252/embr.201439218.
iScience 27, 110989, November 15, 2024 15

http://refhub.elsevier.com/S2589-0042(24)02214-4/sref10
http://refhub.elsevier.com/S2589-0042(24)02214-4/sref10
http://refhub.elsevier.com/S2589-0042(24)02214-4/sref11
http://refhub.elsevier.com/S2589-0042(24)02214-4/sref11
http://refhub.elsevier.com/S2589-0042(24)02214-4/sref11
http://refhub.elsevier.com/S2589-0042(24)02214-4/sref11
http://refhub.elsevier.com/S2589-0042(24)02214-4/sref11
http://refhub.elsevier.com/S2589-0042(24)02214-4/sref11
http://refhub.elsevier.com/S2589-0042(24)02214-4/sref12
http://refhub.elsevier.com/S2589-0042(24)02214-4/sref12
http://refhub.elsevier.com/S2589-0042(24)02214-4/sref12
http://refhub.elsevier.com/S2589-0042(24)02214-4/sref12
http://refhub.elsevier.com/S2589-0042(24)02214-4/sref12
http://refhub.elsevier.com/S2589-0042(24)02214-4/sref12
https://doi.org/10.1002/jnr.490270307
http://refhub.elsevier.com/S2589-0042(24)02214-4/sref14
http://refhub.elsevier.com/S2589-0042(24)02214-4/sref14
http://refhub.elsevier.com/S2589-0042(24)02214-4/sref14
http://refhub.elsevier.com/S2589-0042(24)02214-4/sref14
http://refhub.elsevier.com/S2589-0042(24)02214-4/sref15
http://refhub.elsevier.com/S2589-0042(24)02214-4/sref15
http://refhub.elsevier.com/S2589-0042(24)02214-4/sref15
http://refhub.elsevier.com/S2589-0042(24)02214-4/sref15
http://refhub.elsevier.com/S2589-0042(24)02214-4/sref15
http://refhub.elsevier.com/S2589-0042(24)02214-4/sref15
https://doi.org/10.1016/j.bbamem.2024.184368
https://doi.org/10.1016/j.bbamem.2024.184368
https://doi.org/10.1038/s41598-018-37009-4
https://doi.org/10.1038/s41598-018-37009-4
http://refhub.elsevier.com/S2589-0042(24)02214-4/sref18
http://refhub.elsevier.com/S2589-0042(24)02214-4/sref18
http://refhub.elsevier.com/S2589-0042(24)02214-4/sref18
http://refhub.elsevier.com/S2589-0042(24)02214-4/sref18
http://refhub.elsevier.com/S2589-0042(24)02214-4/sref18
http://refhub.elsevier.com/S2589-0042(24)02214-4/sref18
https://doi.org/10.1002/ana.26518
https://doi.org/10.1002/ana.26518
http://refhub.elsevier.com/S2589-0042(24)02214-4/sref20
http://refhub.elsevier.com/S2589-0042(24)02214-4/sref20
http://refhub.elsevier.com/S2589-0042(24)02214-4/sref20
http://refhub.elsevier.com/S2589-0042(24)02214-4/sref20
http://refhub.elsevier.com/S2589-0042(24)02214-4/sref20
https://doi.org/10.1093/brain/awad258
https://doi.org/10.1093/brain/awad258
https://doi.org/10.1016/j.str.2023.08.016
https://doi.org/10.1016/j.str.2023.08.016
https://doi.org/10.1016/S0006-3495(99)77209-7
https://doi.org/10.1016/S0006-3495(99)77209-7
https://doi.org/10.1073/pnas.72.10.4046
https://doi.org/10.1073/pnas.72.10.4046
http://refhub.elsevier.com/S2589-0042(24)02214-4/sref25
http://refhub.elsevier.com/S2589-0042(24)02214-4/sref25
http://refhub.elsevier.com/S2589-0042(24)02214-4/sref25
http://refhub.elsevier.com/S2589-0042(24)02214-4/sref25
https://doi.org/10.1083/jcb.89.3.631
https://doi.org/10.1083/jcb.89.3.631
https://doi.org/10.1016/j.jsb.2017.07.001
https://doi.org/10.1016/j.jsb.2017.07.001
https://doi.org/10.1371/journal.pone.0100592
https://doi.org/10.1371/journal.pone.0100592
https://doi.org/10.1002/jnr.10287
https://doi.org/10.1046/j.1471-4159.2002.00987.x
https://doi.org/10.1046/j.1471-4159.2002.00987.x
https://doi.org/10.1111/j.1471-4159.2008.05598.x
https://doi.org/10.1111/j.1471-4159.2008.05598.x
https://doi.org/10.1016/s0079-6603(00)64003-5
https://doi.org/10.1016/s0079-6603(00)64003-5
https://doi.org/10.1101/gad.9.15.1846
http://refhub.elsevier.com/S2589-0042(24)02214-4/sref34
http://refhub.elsevier.com/S2589-0042(24)02214-4/sref34
http://refhub.elsevier.com/S2589-0042(24)02214-4/sref34
http://refhub.elsevier.com/S2589-0042(24)02214-4/sref34
http://refhub.elsevier.com/S2589-0042(24)02214-4/sref34
http://refhub.elsevier.com/S2589-0042(24)02214-4/sref34
https://doi.org/10.1074/jbc.RA118.006248
https://doi.org/10.1074/jbc.RA118.006248
https://doi.org/10.1016/j.ajpath.2017.10.021
https://doi.org/10.1016/j.ajpath.2017.10.021
https://doi.org/10.1523/JNEUROSCI.1908-14.2014
https://doi.org/10.1523/JNEUROSCI.1908-14.2014
https://doi.org/10.1002/glia.23840
https://doi.org/10.1002/glia.23840
https://doi.org/10.1523/JNEUROSCI.2942-18.2019
https://doi.org/10.1523/JNEUROSCI.2942-18.2019
https://doi.org/10.1073/pnas.251548398
https://doi.org/10.1073/pnas.251548398
https://doi.org/10.1146/annurev.physiol.68.040104.131404
https://doi.org/10.1146/annurev.physiol.68.040104.131404
https://doi.org/10.3390/cancers11111620
https://doi.org/10.3390/cancers11111620
https://doi.org/10.1615/CritRevOncog.v20.i5-6.110
https://doi.org/10.1615/CritRevOncog.v20.i5-6.110
https://doi.org/10.4161/tisb.25502
https://doi.org/10.4161/tisb.25502
https://doi.org/10.1523/JNEUROSCI.2618-05.2006
https://doi.org/10.1523/JNEUROSCI.2618-05.2006
https://doi.org/10.15252/embr.201439218
https://doi.org/10.15252/embr.201439218


ll
OPEN ACCESS

iScience
Article
47. Bangsow, T., Baumann, E., Bangsow, C.,
Jaeger, M.H., Pelzer, B., Gruhn, P., Wolf, S.,
von Melchner, H., and Stanimirovic, D.B.
(2008). The epithelial membrane protein 1 is
a novel tight junction protein of the blood-
brain barrier. J. Cereb. Blood Flow Metab.
28, 1249–1260. https://doi.org/10.1038/
jcbfm.2008.19.

48. Roux, K.J., Amici, S.A., Fletcher, B.S., and
Notterpek, L. (2005). Modulation of
epithelial morphology, monolayer
permeability, and cell migration by growth
arrest specific 3/peripheral myelin protein
22. Mol. Biol. Cell 16, 1142–1151. https://
doi.org/10.1091/mbc.e04-07-0551.

49. Mittendorf, K.F., Marinko, J.T., Hampton,
C.M., Ke, Z., Hadziselimovic, A., Schlebach,
J.P., Law, C.L., Li, J., Wright, E.R., Sanders,
C.R., andOhi, M.D. (2017). Peripheral myelin
protein 22 alters membrane architecture.
Sci. Adv. 3, e1700220. https://doi.org/10.
1126/sciadv.1700220.

50. Hasse, B., Bosse, F., Hanenberg, H., and
Müller, H.W. (2004). Peripheral myelin
protein 22 kDa and protein zero: domain
specific trans-interactions. Mol. Cell.
Neurosci. 27, 370–378. https://doi.org/10.
1016/j.mcn.2004.06.009.

51. Jung, J., Coe, H., and Michalak, M. (2011).
Specialization of endoplasmic reticulum
chaperones for the folding and function of
myelin glycoproteins P0 and PMP22. FASEB
J. 25, 3929–3937. https://doi.org/10.1096/fj.
11-184911.

52. Guo, J., Wang, L., Zhang, Y., Wu, J., Arpag,
S., Hu, B., Imhof, B.A., Tian, X., Carter, B.D.,
Suter, U., and Li, J. (2014). Abnormal
junctions and permeability of myelin in
PMP22-deficient nerves. Ann. Neurol. 75,
255–265. https://doi.org/10.1002/ana.
24086.

53. Rao, R.G., Sudhakar, D., Hogue, C.P., Amici,
S., Gordon, L.K., Braun, J., Notterpek, L.,
Goodglick, L., and Wadehra, M. (2011).
Peripheral myelin protein-22 (PMP22)
modulates alpha 6 integrin expression in the
human endometrium. Reprod. Biol.
Endocrinol. 9, 56. https://doi.org/10.1186/
1477-7827-9-56.

54. Fantin, S.M., Parson, K.F., Yadav, P., Juliano,
B., Li, G.C., Sanders, C.R., Ohi, M.D., and
Ruotolo, B.T. (2021). Ion mobility-mass
spectrometry reveals the role of peripheral
myelin protein dimers in peripheral
neuropathy. Proc. Natl. Acad. Sci. USA 118,
e2015331118. https://doi.org/10.1073/pnas.
2015331118.

55. Tobler, A.R., Notterpek, L., Naef, R., Taylor,
V., Suter, U., and Shooter, E.M. (1999).
Transport of Trembler-J mutant peripheral
myelin protein 22 is blocked in the
intermediate compartment and affects the
transport of the wild-type protein by direct
interaction. J. Neurosci. 19, 2027–2036.
https://doi.org/10.1523/JNEUROSCI.19-06-
02027.1999.

56. Rossor, A.M., Polke, J.M., Houlden, H.,
and Reilly, M.M. (2013). Clinical
implications of genetic advances in
Charcot-Marie-Tooth disease. Nat. Rev.
Neurol. 9, 562–571. https://doi.org/10.
1038/nrneurol.2013.179.

57. van Paassen, B.W., van der Kooi, A.J., van
Spaendonck-Zwarts, K.Y., Verhamme, C.,
Baas, F., and de Visser, M. (2014). PMP22
related neuropathies: Charcot-Marie-Tooth
disease type 1A and Hereditary Neuropathy
with liability to Pressure Palsies. Orphanet J.
16 iScience 27, 110989, November 15, 2024
Rare Dis. 9, 38. https://doi.org/10.1186/
1750-1172-9-38.

58. Timmerman, V., Nelis, E., Van Hul, W.,
Nieuwenhuijsen, B.W., Chen, K.L., Wang, S.,
Ben Othman, K., Cullen, B., Leach, R.J.,
Hanemann, C.O., et al. (1992). The
peripheral myelin protein gene PMP-22 is
contained within the Charcot-Marie-Tooth
disease type 1A duplication. Nat. Genet. 1,
171–175. https://doi.org/10.1038/
ng0692-171.

59. Lupski, J.R., Wise, C.A., Kuwano, A., Pentao,
L., Parke, J.T., Glaze, D.G., Ledbetter, D.H.,
Greenberg, F., and Patel, P.I. (1992). Gene
dosage is a mechanism for Charcot-Marie-
Tooth disease type 1A. Nat. Genet. 1, 29–33.
https://doi.org/10.1038/ng0492-29.

60. Li, J., Parker, B., Martyn, C., Natarajan, C.,
and Guo, J. (2013). The PMP22 gene and its
related diseases. Mol. Neurobiol. 47,
673–698. https://doi.org/10.1007/s12035-
012-8370-x.

61. Pantera, H., Shy, M.E., and Svaren, J. (2020).
Regulating PMP22 expression as a dosage
sensitive neuropathy gene. Brain Res. 1726,
146491. https://doi.org/10.1016/j.brainres.
2019.146491.

62. Chance, P.F., Alderson, M.K., Leppig, K.A.,
Lensch, M.W., Matsunami, N., Smith, B.,
Swanson, P.D., Odelberg, S.J., Disteche,
C.M., and Bird, T.D. (1993). DNA deletion
associated with hereditary neuropathy with
liability to pressure palsies. Cell 72, 143–151.
https://doi.org/10.1016/0092-8674(93)
90058-x.

63. Pareek, S., Notterpek, L., Snipes, G.J.,
Naef, R., Sossin, W., Laliberté, J., Iacampo,
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STAR+METHODS

KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

mouse a-GFP monoclonal Santa Cruz Technology, Santa Cruz, CA sc-9996; RRID:AB_627695

mouse a-HA monoclonal BioLegend, San Diego, CA cat# 901514; RRID:AB_2565336

mouse a-myc-Tag (9B11) monoclonal Cell Signaling Technology, Danvers, MA cat# 2276; RRID:AB_331783

rabbit a-mCherry polyclonal EMD Millipore Corp., Burlington, MA cat# AB356482; RRID:AB_2889995

Peroxidase-conjugated (HRP) a-mouse Cell Signaling Technology cat#:7076; RRID:AB_330924

a-rabbit secondary antibody Cell Signaling Technology cat# 7074; RRID:AB_2099233

a-GFP nanobody agarose Uiowa Protein crystallography facility –

Chicken a-GFP for immunogold labeling Abcam, Waltham, MA cat# ab13970; RRID:AB_300798

Rabbit a-mCherry for immunogold labeling Rockland Immunochemicals, Limerick PA cat#600-401-379; RRID:AB_2209751

6 nm gold secondary donkey a-rabbit Jackson Immunoresearch, WestGrove, PA cat# 711-195-152; RRID:AB_2340609

12 nm gold secondary donkey a-chicken Jackson Immunoresearch, WestGrove, PA cat# 703-205-155; RRID:AB_2340368

Chemicals, peptides, and recombinant proteins

Dodecyl-b-D-maltoside (DDM) Anatrace (Maumee, OH) D310S

cholesteryl hemisuccinate (CHS) Anatrace (Maumee, OH) CH210

Protease inhibitors cOmplete lacking EDTA Sigma (St. Louis, MO) Product COEDTAF-RO

Pefabloc Sigma (St. Louis, MO) Product 11873601001

Dulbecco’s modified Eagle’s medium (DMEM) Gibco, Grand Island, NY Ref. 11965-092

10% fetal bovine serum (FBS) Gibco, Grand Island, NY Ref. 26140079

16% EM grade paraformaldehyde solution Electron Microscopy Sciences/Fisher scientific REF: EMS 15710

Microscope sample carrier Leica, Wetzlar, Germany cat# 16770134

Dome-type carrier Leica, Wetzlar, Germany

Software

Fiji software (ImageJ) https://imagej.net/software/fiji/downloads

Graphpad Prism https://www.graphpad.com/features

FlowJo v10 https://www.flowjo.com

T-coffee https://tcoffee.crg.eu/apps/tcoffee/index.

html

Photoshop https://www.adobe.com CS6

LAS X Microlab Leica, Wetzlar, Germany

TIA software – Formerly Field Electron and Ion

Company, FEI

https://www.thermofisher.com/nl/en/home/

electron-microscopy/products/software-em-

3d-vis.html

Deposited data

Raw data are publicly available on FigShare https://doi.org/10.6084/m9.figshare.

26219009

GenBank formatted maps of all plasmids are

available on FigShare

https://doi.org/10.6084/m9.figshare.

26219009
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

HEK293 cells (ATCC: CRL-1573) and RT4-D6P2T Schwannoma cells (ATCC: CRL-2768) were cultured at 37�Cwith 5%CO2 in Dulbecco’s modi-

fied Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin + streptomycin antibiotics (Gibco, Grand

Island, NY). For cell passage, cells where washed once in trypsin/EDTA, allowed to incubate f or 3 min in 1 mL of trypsin/EDTA(0.25%) (Gibco,
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Grand Island, NY) before diluting in 10 volumes of media and replating. Cells were free of mycoplasma and verified by genotyping using ser-

vices from IDEXX (IDEXX Bioanalytics, Columbia, MO).
METHOD DETAILS

Plasmids and molecular techniques

Gene synthesized open reading frames were purchased from IDT (Coralville, IA), subcloned into expression plasmids by Gibson assembly

(e.g., pcDNA3.1, ThermoFisher, Waltham, MA), and sequenced by Sanger sequencing and/or Oxford nanopore long-read technology using

Plasmidsaurus (Eugene, OR). Plasmid use and description are provided in Table S1 and the full sequence of plasmids are provided in depos-

ited data referenced in the key resources table. GFP tagging of MPZ, PMP22, and Glycophorin A was done using msGFP2 (Valbuena et al.,

2020), a monomeric superfolder version of GFP that was stable against photobleaching. PCR amplification for cloning used theNEBNext high

fidelity enzyme master mix (New England Biolabs, Ipswich, MA 01938).
Protein expression in cultured cells

Transient transfections were accomplished with Lipofectamine LTX using 5 mg plasmid DNA per million cells in Opti-MEM reduced serum

media according to manufacturer’s instruction (ThermoFisher, Waltham, MA). After transfection, cells were cultured in DMEM with 10%

FBS without antibiotics prior to analysis. Stable transfected PMP22-mycexo cell lines were made using the piggyBac system and a co-expres-

sion vector with the puromycin-resistance protein fused to blue fluorescent protein (mTAGBFP2) appended with a nuclear localization

signal.109,110 At 24 h post transfection, cells were grown in DMEM media with 10% FBS and 5 mg/mL puromycin (Sigma, St. Louis, MO) for

2 days. Cells expressing mTAGBFP2 were sorted from non-mTAGBFP2 expressing cells by flow cytometry and cultured in the absence of

puromycin.
Immunoprecipitation

Anti-GFP nanobody-conjugated agarose beads (Protein Crystallography facility, University of Iowa) were used for immunoprecipitations.

Cells were grown in 6 cm dishes, 18–20 h post transfection washed with Dulbecco’s phosphate-buffered saline (DPBS) and suspended

with Versene (ThermoFisher, Waltham, MA). Cells were lysed for 30 min on ice in 500 mL lysis buffer (PBS with 1% DDM, 0.2% CHS, supple-

mented with cOmpleteTM, and Pefabloc protease inhibitors) and centrifuged at 4�C 12,200 rpm for 15 min. The cleared supernatant (400 mL)

wasmixedwith 34 mL of a-GFP nanobody agarose beads in 100 mL PBS and incubated 1 h rotating at 4�C. After three washes by centrifugation
at 5,000 rpm 4min with 1mL of cold lysis buffer diluted 8 times with PBS, proteins were eluted with SDS-loading sample buffer with heating at

95�C. Equal amounts of whole cell lysates (input) and immunoprecipitated proteins were resolved by SDS-PAGE then immunoblotted with

indicated antibodies.
Fluorescence microscopy

HEK293 cells were grown on glass bottom dishes (MatTek, P35G-1.5-20-C). After 18–20 h of transfection, live cells expressing either GFP and/

or mCherry tagged proteins were visualized in the culture media using a Leica SP8 confocal microscope equipped with 405, 488 and 552 nm

lasers.

For FRET analysis, cells were fixed in 4% paraformaldehyde in DPBS, washed with 50 mM Tris-HCl in DPBS pH7.5 to inactivate residual

fixative, and imaged in DPBS. The Leica LAX X Microlab software was used using the FRET AB acceptor photobleaching method with the

msGFP/mCherry pair of fluorophores.111 For visualization of stable cell lines with wild type or mutant PMP22-mycexo at the cell surface, cells

were grown on glass coverslips in 6-well culture plates, fixed with 4% paraformaldehyde in DPBS 15min, washed with 50 mMTris-HCl in DPBS

pH 7.5, then washed with DPBS. Coverslips were blocked with 5% goat serum in DPBS for 30 min, then incubated with mouse a-myc-tag anti-

body 40min at RT. Following three washes with DPBS, coverslips were incubated with goat a-mouse Alexa 568 secondary antibody for 30min

in the dark. Following three washes with DPBS, the coverslips were mounted on glass slides using Vectashield antifade mounting medium

(H-1000, Vector Laboratories, Burlingame, CA).
Flow cytometry

HEK293 cells were lifted from plates using trypsin/EDTA, pelleted, and resuspended in 5mLs of media (Dulbecco’s modified Eagle’s medium

(DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin + streptomycin antibiotics). Cells were filtered through 40mM

nylon mesh (Thermofisher, Waltham, MA), and stored for up to 1 h at 4�C prior to Flow analysis and/or cell sorting. Flow cytometry data

were obtained using a Becton Dickinson LSRII equipped with 405 nm, 488 nm, and 561 nm lasers. Analysis and data graphing was done using

FlowJo v10 software (FlowJo, Ashland, OR 97520). To isolate BFP positive HEK293 cells after integration of piggyBac-based vectors express-

ing nuclear localized BFP, suspended and filtered cells were sorted for BFP using a Becton Dickinson Aria Fusion equipped with 407 nm,

488 nm, and 639 nm lasers. The gating strategy used FSC and SSC gates to define the median range of cell size and quality. For cell sorting,

untransfected HEK293 cells were used for calibration such that the gate BFP+ cells allowed <1% of untransfected HEK293 cells to pass. No

upper limit on BFP expression was set for this gate.
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Size-exclusion chromatography

HEK293 cells expressing PMP22-GFP alone or with MPZ-HA were lysed in PBS with 1% DDM, 0.2% CHS buffer, supplemented with cOmple-

teTM, and Pefabloc protease inhibitors and centrifuged at 4�C 12,200 rpm for 15 min, then at 100,000xg for 30 min. Solubilized lysate sample

was separated on Superose 6 10/300 column (Cytiva) by LC (HPLC, Shimadzu or NGC Chromatography System, BioRad) equilibrated with

PBS buffer pH 7.4 containing 0.05% DDM and 0.01% CHS, at 0.5 mL/min, and observed by fluorescence detection of the GFP fusion protein

(Ex/Em: 488/510 nm) and/or absorbance at A280. With the BioRad System, 1 mL fractions were collected for further analysis.
Electron microscopy and freeze-fracture replica immunolabeling

Transiently transfected HEK293 cells grown to confluence were fixed by removing half the volume of the culture media and replacing it with

2% PFA in 0.12MSorensen’s phosphate buffer (PB) for 15min. The fixative was replacedwith fresh 2%PFA in 0.12MPB and incubated for 1 h at

room temperature. Fixed cells were scrapped, pelleted and processed for freeze fracture replica immunogold labeling as previously

described in Guerrero-Given et al. and Furman et al.94,112 Briefly, the pellets of cells were cryoprotected in 10%, 20%, 30% glycerol in

0.1M PB respectively for 1 h each, and stored in 30% glycerol in 0.1M PB for overnight. A drop of the cell pellet was placed on a cylinder-

type carrier (1.0 mm cat# 16770134, Leica) and covered with a dome-type carrier (0.8 mm cat#16770132, Leica) coated with a lecithin, then

high-pressure frozen with an HPM 100 (Leica Microsystems Inc., Deerfield, IL). The frozen cells were knife-fractured at�120�C, and replicated

with a 2 nmpre-carbon deposition, shadowedwith 3 nmof carbon/platinum at a 60� angle, and supported by a final deposition of 30–40 nmof

carbon using a JFDII Freeze Fracture machine (JEOL, Akishima, Japan). The replicas were digested in a solution containing 2.5% SDS, 20%

sucrose and 15 mM Tris-HCl (pH 8.3) with a gentle agitation at 82.5�C for 19 h. The replicas were washed and blocked with 4% bovine serum

albumin and 1% fish skin gelatin in 50 mM Tris-buffered saline (TBS, pH 7.6) for 1 h, then incubated with rabbit anti-RFP(mCherry) antibody

(final concentration of 1.1 mg/mL) and chicken anti-GFP (final concentration of 0.25 mg/mL) diluted in the same blocking solution for 18 h at

room temperature. After several washes, the replicas were incubated in a solution containing donkey anti-rabbit IgG conjugated to 6 nmgold

particles (1:30, Jackson Immunoresearch) and donkey anti-chicken IgY++ (IgG) conjugated to 12 nm gold particles (1:30 Jackson Immunor-

esearch) for 18 h at room temperature. After being washed, the replicas were picked up on 2 mm aperture copper grids and examined with a

Tecnai G2 Spirit Bio twin transmission electron microscope (ThermoFisher, Waltham, MA) at 100 kv acceleration voltage. Images were taken

with a Veleta CCD camera (Olympus, Tokyo, Japan) controlled by a TIA software (ThermoFisher, Waltham, MA, formerly FEI, Hillsboro, OR).

Brightness and contrast of images were maximumly adjusted in Photoshop (Adobe CS6).
Modeling

Models for PMP22 (AF-Q01453-F1) and MPZ (AF-P25189-F1) were obtained from the AlphaFold PSDB.83 The complex between PMP22 (all

residues) and MPZ (transmembrane residues: R153-L184) was modeled using the HADDOCK webserver113,114 with initial restraints defined

by all residues shown to disrupt the complex when experimentally mutated (on PMP22: A67, I70, I71, I73, I74, F75, I116; on MPZ: G155,

V157, L158, I162, L166, V169). The best models from the two top ranking MPZ docking poses exhibited mutually exclusive interactions

with restraints and were each further refined on a subset of residue restraints (Figure S1). The final model that best rationalizes the mutagen-

esis data was constrained for involvement of I70 without a requirement for proximity of I116. Full-length MPZ (residues I30-K248) was super-

imposed115 on the final model and embedded in a representative lipid bilayer (60%POPC:40%cholesterol) using the CHARMM-GUI web-

server116 with membrane orientation optimized by the PPM method.117
QUANTIFICATION AND STATISTICAL ANALYSIS

FRET data as well as colocalization data were graphed using Prism software (Graphpad Software, Boston, MA 02110). One-way ANOVA anal-

ysis of data with Tukey’s multiple comparison tests were made using Prism. To measure co-localization, the JaCoP plugin118 for Fiji was used

to find the Manders coefficient.119
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