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Mutations in MPZ (myelin protein zero) can cause demyelinating early-onset Charcot-Marie-Tooth type 1B disease or 
later onset type 2I/J disease characterized by axonal degeneration, reflecting the diverse roles of MPZ in Schwann 
cells. MPZ holds apposing membranes of the myelin sheath together, with the adhesion role fulfilled by its extracel-
lular immunoglobulin-like domain (IgMPZ), which oligomerizes.
Models for how the IgMPZ might form oligomeric assemblies has been extrapolated from a protein crystal structure in 
which individual rat IgMPZ subunits are packed together under artificial conditions, forming three weak interfaces. 
One interface organizes the IgMPZ into tetramers, a second ‘dimer’ interface links tetramers together across the intra-
period line, and a third hydrophobic interface that mediates binding to lipid bilayers or the same hydrophobic surface 
on another IgMPZ domain. Presently, there are no data confirming whether the proposed IgMPZ interfaces actually me-
diate oligomerization in solution, whether they are required for the adhesion activity of MPZ, whether they are im-
portant for myelination, or whether their loss results in disease.
We performed nuclear magnetic resonance spectroscopy and small angle X-ray scattering analysis of wild-type IgMPZ 

as well as mutant forms with amino acid substitutions designed to interrupt its presumptive oligomerization inter-
faces. Here, we confirm the interface that mediates IgMPZ tetramerization, but find that dimerization is mediated by a 
distinct interface that has yet to be identified. We next correlated different types of Charcot-Marie-Tooth disease 
symptoms to subregions within IgMPZ tetramers. Variants causing axonal late-onset disease (CMT2I/J) map to surface 
residues of IgMPZ proximal to the transmembrane domain. Variants causing early-onset demyelinating disease 
(CMT1B) segregate into two groups: one is described by variants that disrupt the stability of the Ig-fold itself and 
are largely located within the core of the IgMPZ domain; whereas another describes a region on the surface of IgMPZ 

tetramers, accessible to protein interactions. Computational docking studies predict that this latter disease-relevant 
subregion may potentially mediate dimerization of IgMPZ tetramers.
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Introduction
Charcot-Marie-Tooth (CMT) disease refers to heritable peripheral 
neuropathies that affect 1:2500 individuals.1 Most forms of CMT 
are demyelinating while one-third are primary axonal disorders.2,3

Mutations in myelin protein zero (MPZ) account for 5% of CMT cases 
and can cause autosomal dominant demyelinating (CMT1B) or 
axonal degeneration (CMT2I/J), likely reflecting multiple molecular 
functions of MPZ in Schwann cells.2,4

MPZ comprises ∼50% of the protein in myelin of the peripheral 
nervous and is critical for myelin function.5,6 MPZ is a single-pass 
transmembrane protein with a single immunoglobulin-like (Ig) 
extracellular domain,7,8 and cytosolic tail (Supplementary Fig. 1) 
that can be post-translationally modified by N-linked glycosylation, 
sulfation, palmitoylation and phosphorylation.9,10 MPZ is an adhe-
sion protein, holding together adjacent wraps of myelin mem-
brane, which is thought to be mediated by homotypic 
interactions of its Ig domain.11-13 The cytosolic tail of MPZ has a sig-
nalling role, promoting myelin compaction of the cytosolic region 
to form the major dense line.12,14,15

Exactly how the Ig domain of MPZ (IgMPZ) mediates adhesion of 
apposing membranes remains to be determined. Available models 

hypothesize that oligomerization of the IgMPZ mediates membrane 

adherence.11-13 Yet, the potential interactions that support the MPZ 

oligomerization within the same membrane (cis) or across the in-

traperiod line (trans) have yet to be defined and verified biochem-

ically.12,14,15 Our current understanding for how the IgMPZ forms 

oligomerizes has been extrapolated from a protein crystal structure 

in which individual rat IgMPZ subunits were packed together under 

artificial conditions.16 This showed two protein-protein interfaces: 

an asymmetric interface that drives the assembly of IgMPZ tetra-

mers that would bundle four MPZ proteins embedded in the same 

membrane (a ‘cis’ conformation); and a symmetrical dimeric inter-

face bridging MPZs in apposing membranes (a ‘trans’ conform-

ation). While this model fits within the width of the intraperiod 

line that spans the gap between adhered membrane sheaths, crys-

tal packing alone is an insufficient measure of how oligomerization 

occurs in solution. Indeed, another crystal structure of the human 

IgMPZ has a different crystal packing implying that the binding in-

terfaces in the rat IgMPZ crystal lattice are not dominant drivers of 

oligomer assembly.17 Recently, low resolution cryo-electron micro-

scopic data from SDS-solubilized full-length MPZ led authors to 

propose a different configuration for how IgMPZ mediates adhe-

sion,18 namely that tetramers might not form but rather dimers 

in a trans conformation interact as a zipper to drive membrane ad-

hesion. Finally, while CMT-causing variants within the IgMPZ are 

near the crystal packing interfaces,19-22 there are no disease- 

causing variants known to precisely alter the surface residues of 

these interfaces. Together, these observations present two non- 

exclusive possibilities: (i) that the interfaces thought to control 

IgMPZ oligomerization are incorrect; and (ii) that the IgMPZ oligomer-

ization is not strictly required for myelin function or that its inter-

ruption may not lead to a severe disease that would present 

clinically. One pathogenesis pathway that causes demyelinating 

CMT1B has been identified that involves accumulation of misfolded 

MPZ in the endoplasmic reticulum (ER), evoking ER-stress and acti-
vating the unfolded protein response (UPR).23,24 However, not all 
disease-causing variants retain MPZ in the ER and/or cause ER 
stress suggesting there are other pathogenic mechanisms that 
may involve disrupting IgMPZ protein-protein interactions.25

To gain molecular insights into MPZ function, we performed so-
lution binding studies to determine whether IgMPZ oligomerization 
is mediated through the interfaces identified with previous crystal 
packing data. We performed nuclear magnetic resonance (NMR) 
spectroscopy and small angle X-ray scattering (SAXS) analysis of 
wild-type IgMPZ as well as mutants with amino acid substitutions 
designed to interrupt its presumptive oligomerization interfaces. 
Our data confirm that the IgMPZ domain forms tetramers in solu-
tion. The IgMPZ also forms dimers, however, the mode of dimeriza-
tion is inconsistent with current models and is mediated by an 
interface that remains to be identified. To provide a structural cor-
relate for how distinct molecular mechanisms might drive CMT 
pathogenesis, we examined the molecular properties and location 
of disease-causing patient variants within the IgMPZ tetrameric 
structure. Here, we identified three spatially distinct residue 
groups. One group that causes severe early-onset demyelinating 
CMT1B maps to the core of the IgMPZ domain. Computational pre-
dictions show these variants destabilize the integrity of the Ig 
fold, consistent with previous studies showing many of these var-
iants are retained in the ER and evoke the UPR. A second set of var-
iants map to the perimeter of MPZ tetramers, potentially mediating 
interactions with other proteins such as MPZ from an apposing 
membrane. A third subregion mapping to a surface proximal to 
the transmembrane domain of the IgMPZ tetramer correlates with 
late-onset (CMT2I/J) in which myelin is mostly normal but axons 
degenerate.26 Finally, we integrate a computational evaluation of 
disease-causing variants on the IgMPZ surface with alternative 
hypothetical oligomerization interfaces and discuss possibilities 
for how MPZ mediates adhesion of myelin layers and how its inabil-
ity to do so might mediate different forms of CMT.

Materials and methods
Plasmids

The list of plasmids used for protein expression and how they were 
made is provided in Supplementary Table 1.

Protein expression and purification

The detailed method for production of IgMPZ is provided in the 
Supplementary material, ‘Methods’ section. Briefly, MBP-IgMPZ fu-
sion proteins comprised of Maltose-binding protein, a TEV protease 
site, followed by an ‘AASM’ linker and residues I30-R153 of human 
MPZ was expressed in Origami 2(DE3) competent Escherichia coli 
(Novagen). MBP-IgMPZ was isolated from the periplasmic fraction 
generated by osmotic shock,16 concentrated on DEAE-Sepharose 
fast flow resin (Amersham Biosciences), eluted and then isolated 
over amylose resin (New England Biolabs). IgMPZ was liberated 
from MBP-IgMPZ with tobacco etch virus (TEV) protease, followed 
by size-exclusion chromatography.
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Nuclear magnetic resonance spectroscopy

NMR spectra were collected at 20°C on a Bruker AVANCE NEO 
600 MHz NMR spectrometer with a gradient cryoprobe. 15N/1H het-
eronuclear single quantum correlation (HSQC) spectra were pro-
cessed using NMRPipe27 and analysed using POKY.28 Longitudinal 
(T1) and transverse (T2) 1H-detected 1D 15N relaxation spectra 
were acquired on protein samples and relaxation curve-fitting ana-
lysis was performed with Topspin 4.0 (Bruker). For comparison with 
experimentally determined T1/T2 ratios, a theoretical T1/T2 ratio for 
the IgMPZ monomer was determined using HydroNMR29 on 
NMRBox.30

Small angle X-ray scattering analysis

IgMPZ proteins were exchanged into SAXS buffer [50 mM NaCl, 1 mM 
EDTA, 20 mM TrisCl (pH 7.6)]. IgMPZ wild-type and W53A, R74A, D75R 
mutant were concentrated to 105 and 200 µM, respectively, and 
were subsequently diluted to 50–200 µM with SAXS buffer. Samples 
(50 µl) were centrifuged for 5 min at 13 000 rpm. SAXS was performed 
at BioCAT (beamline 18ID at the Advanced Photon Source) with in-line 
sample loading that was run at 0.3–0.4 ml/min on an AKTA Pure FPLC 
(GE) without column separation. The flow cell consisted of a 1.0 mm ID 
quartz capillary with ∼20 µm walls. A coflowing buffer sheath sepa-
rated sample from the capillary walls to help prevent radiation dam-
age.31 Scattering intensity was recorded using an Eiger2 XE 9M 
(Dectris) detector placed 3.65 m from the sample giving access to a 
q-range of 0.003 Å−1 to 0.34 Å−1 (for wild-type) or 0.003 Å−1 to 0.42 Å−1 

(for the W53A, R74A, D75R mutant). Exposures of 0.25 s were acquired 
every 0.5 s during elution.

Data were reduced using BioXTAS RAW 2.1.1.32 I(q) versus q 
scattering curves were created from exposures selected from the 
sample peak. Matching buffer blanks for background subtraction 
were obtained from averaged presample exposures. The fraction 
of oligomers was determined from experimental SAXS data using 
the OLIGOMER program from the ATSAS suite.33 Homo-oligomeric 
arrangements of IgMPZ were identified from the expanded unit 
cell of the IgMPZ crystal structure (PDB ID: 1NEU)16 generated in 
UCSF Chimera.34 To obtain theoretical form factors, structural pre-
dictions for the IgMPZ proteins were generated by a ColabFold35

search of MMseqs236 with AlphaFold2.37 Oligomeric arrangements 
were generated by superimposition of ColabFold IgMPZ structures 
onto crystal structure-derived IgMPZ oligomers.38

Fluorescence microscopy

HEK293 cells were grown on glass bottom dishes in Dulbecco’s 
modified Eagle medium (Gibco) with 10% fetal bovine serum 
(Gibco) and 50 μg/ml penicillin/streptomycin at 37°C with 5% CO2. 
Transfections were done in the absence of penicillin/streptomycin 
using Lipofectamine LTX Reagent with Plus Reagent (Invitrogen, 
Cat. No. A12621). Twenty-four hours post-transfection, live cell mi-
crographs were captured using a Leica SP8 confocal microscope 
equipped with a 488 nm laser for excitation and an emission collec-
tion window of 520–540 nm.

Structural analysis

Crystal packing of the IgMPZ domain within 1NEU was examined 
using PISA.39 Predictions on the effects of mutations on the inter-
faces predicted by the 1NEU crystal structure were made using 
SSIPe.40 Calculating values for accessible surface area for each ami-
no acid in the IgMPZ of 3OAI was done using UCSF Chimera.34

Distance measurements and clash scores were also calculated 
using UCSF Chimera. Prediction of changes in the stability of the 
IgMPZ of 3OAI with different missense mutations was done using 
DeepDDG.41 Generation and refinement of alternative IgMPZ dimer 
interfaces were done using ClusPro2.42

Results
Oligomerization interfaces for IgMPZ

The IgMPZ oligomerizes, which is thought to mediate adhesion of 
myelin wraps.7 The interfaces hypothesized to mediate MPZ oligo-
merization have been extrapolated from a crystal structure of the 
rat IgMPZ wherein individual IgMPZ units form interfaces within 
the crystal lattice.16 How these three interfaces are arranged to 
bridge IgMPZ across the intraperiod line are schematically shown 
in Fig. 1. One asymmetrical interface (Interface A) would mediate 
formation of IgMPZ tetramers in a parallel ‘cis’ orientation emanat-
ing from the same membrane. A symmetrical dimer interface 
(Interface B) would link two apposing IgMPZ tetramers in antiparallel 
‘trans’ configuration that spans the ∼45 Å intraperiod line. A third 
interface (Interface C) from the crystal lattice highlights a 
tryptophan-containing hydrophobic patch that could mediate 
hydrophobic interactions with the apposing lipid bilayer. An alter-
nate model (Fig. 1C) lacks IgMPZ tetramers and proposes that the di-
mer interface mediates interaction of two MPZ proteins in trans to 
zipper myelin wraps together.18,20 Importantly, the interfaces in 
the rat IgMPZ crystal structure are predicted to be artefacts by 
PISA,39 and there is a paucity of data corroborating these models 
for how IgMPZ oligomerizes.

Empirical testing of IgMPZ oligomerization interfaces

To investigate how IgMPZ oligomerizes in solution, we generated a 
recombinant soluble IgMPZ domain lacking the transmembrane 
and cytoplasmic regions of MPZ (Supplementary Fig. 1), which 
was analysed at various concentrations using NMR and SAXS. We 
also analysed mutant IgMPZ containing amino acid substitutions de-
signed to disrupt Interface A (tetramer) alone, or in combination 
with disruption of Interface B (dimer). Interface A centres on W53 
in one IgMPZ subunit, which is coordinated by H115, E97 and N116 
on another IgMPZ subunit (Fig. 2A). Interface B defines a symmetric 
dimer held together by R74, D75 on one monomer engaging S78 on 
the other. Using a prediction algorithm,40 we queried which differ-
ent amino acid substitutions would cause the greatest change in 
binding energy at these interfaces without disrupting the integrity 
of the Ig fold itself (Fig. 2A and Supplementary Table 2). This iden-
tified the W53A mutation for disrupting Interface A (ΔA) and 
R74A, D75R mutations for disrupting Interface B (ΔB). None of these 
mutations have been reported in CMT patients, thus providing the 
basis of an unbiased structure/function analysis.

We then analysed 15N-labelled wild-type IgMPZ, IgMPZΔA (W53A) 
and IgMPZΔAΔB (W53A, R74A, D75R) domains in NMR 15N/1H HSQC 
experiments (Fig. 2B and C and Supplementary Fig. 2). All produced 
similar well dispersed spectra of backbone amides indicating all 
three IgMPZ domains were well-folded. In the context of full-length 
MPZ with a C-terminal tagged GFP, both wild-type and the ΔAΔB 
mutant were found primarily at the cell surface of transiently 
transfected HEK293 cells, indicating each had folded properly in 
cells and were not retained by ER quality control machinery 
(Fig. 2D). The average T1 (longitudinal) and T2 (transverse) relax-
ation times (the ratio of which is proportional to the size of IgMPZ 
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complexes) were measured over a range of IgMPZ concentrations 
(Fig. 2C). The T1/T2 data for wild-type IgMPZ showed a poor fit to 
monomer alone as predicted by HydroNMR,29 and instead showed 
an increasing T1/T2 ratio with increasing protein concentrations in-
dicating that oligomers assemble in the affinity range of ∼100 µM. 
In contrast, both the IgMPZΔA and IgMPZΔAΔB mutants had a lower 
T1/T2 ratio across the same concentration range indicating that 
the extent of oligomerization was different from that of wild-type 
IgMPZ. However, the T1/T2 ratio of IgMPZΔA and IgMPZΔAΔB still in-
creased in a concentration-dependent manner and were indistin-
guishable from one another, suggesting that oligomerization still 
occurred. One likely possibility was that there is more than one 

interface driving oligomerization and that the W53A mutation dis-
rupted one of these (Interface A), but that the other interface was 
unaffected by mutating residues that mediate interaction through 
the hypothetical dimer interface (Interface B).

While T1/T2 data can differentiate between fully monomeric 
IgMPZ versus mixtures containing a proportion of IgMPZ oligomers, 
it lacks resolution above 25 kDa to differentiate between oligomer 
forms (e.g. dimers, tetramers). SAXS, a complementary solution- 
based method with increasing resolution at higher molecular 
weights, was used to discern the oligomeric status of wild-type 
IgMPZ (Fig. 3A, Supplementary Fig. 3 and Supplementary Table 3). 
Experimental SAXS curves generated from IgMPZ samples were fit 

Figure 1 Current models for structural organization of IgMPZ functional assembly in myelin. (A) Intermolecular packing in the rat IgMPZ crystal structure 
(PDBid: 1NEU).16 IgMPZ subunits organize into tetramers (cyan) with the C-terminus on the same side in a cis configuration. Each subunit in the tetramer 
is also dimerized to another IgMPZ subunit from an apposing membrane in a trans configuration (pink). Surface residues mediating the cis-tetramer 
(Interface A; green) and trans-dimer (Interface B; orange) interactions are displayed. Shown in yellow is another proposed interface (Interface C) 
made of hydrophobic residues that may associate directly with the lipid bilayer. (B) The oligomeric assembly model in A, schematized and extended 
in the context of the intraperiod line (top). Tetramers in one membrane, held together by the green tetramer Interface A, assemble with other tetramers 
of the apposing membrane via the orange dimer Interface B. (C) An alternate proposed model, lacking a tetramer IgMPZ where myelin wraps are held 
together by two apposing IgMPZ domains interacting through Interface B.
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to a mixture of curves computed from theoretical protein models of 
their predicted homo-oligomeric components. The proportions of 
each component curve were used to deduce the proportion of oligo-
mers in the solution. The set of component oligomers in the fitting 
model were optimized to obtain computed SAXS curves with the 
best fits to empirical SAXS data. Using OLIGOMER,43 our empirical 
SAXS data fit poorly to theoretical predictions containing only 
monomeric IgMPZ (χ2 > 25). In contrast, a theoretical curve generated 
from five oligomeric components had a very good fit (χ2 = 0.99). The 
minimal set of IgMPZ oligomers to obtain a reasonable fit (χ2 < 1.5) in-
cluded monomer and tetramer. At higher concentration, equilib-
rium shifted away from monomers towards dimers, tetramers, 
8-mers and 16-mers (Fig. 3C and Supplementary Table 4).

Because NMR data indicated that the IgMPZΔA mutant no longer 
formed tetramers, but that further mutation of the hypothetical di-
mer interface (ΔB) had no further effect on the ability to oligomerize 
(Fig. 2C), we also analysed the mutant IgMPZΔAΔB by SAXS (Fig. 3B). 
If both A and B interfaces operate, we would expect SAXS data to 
show a dramatic change fitting only Ig monomers, whereas if 

only the A interface operates without any effect of compromising 
the B interface, the IgMPZΔAΔB mutant would retain its ability to 
oligomerize but lack the ability to form tetramers. SAXS data 
showed that the IgMPZΔAΔB mutant still underwent concentration 
dependent oligomerization. However, the extent of IgMPZΔAΔB 
oligomerization was less than for wild-type IgMPZ, consistent with 
the NMR T1/T2 relaxation data, which also indicated less oligomer-
ization. The fit of the IgMPZΔAΔB SAXS data to the theoretical oligo-
meric distributions optimized for wild-type IgMPZ showed that 
IgMPZΔAΔB still formed a dimer in a concentration-dependent man-
ner, but had lost the ability to form tetramers and 8-mers (Fig. 3C
and Supplementary Table 4).

These data substantiate that IgMPZ forms oligomers in solution 
and that at least two interfaces mediate these interactions. One 
of the interfaces relies on W53, supporting the idea that the tetra-
meric Interface A found in the crystal lattice of the rat IgMPZ indeed 
operates in solution. The data also suggest another interface that 
mediates IgMPZ dimerization, but one distinct from the dimer 
Interface B present in the rat IgMPZ crystal lattice (Figs 1A and 2A).

Figure 2 Engineered mutations targeting crystal structure dimer interface studied by solution nuclear magnetic resonance. Targeted mutagenesis 
coupled with nuclear magnetic resonance (NMR) analysis of IgMPZ confirms location of Interface A but not Interface B. (A) Top: To rationally design mu-
tations that specifically disrupt protein interaction interfaces (bar labels above denote target), we used a computational approach to predict changes in 
binding energy for indicated amino acid substitutions within IgMPZ for the tetramer Interface A (green) and dimer Interface B (orange). Note that the 
W53A amino acid substitution mutant only has predicted effects on Interface A whereas the R74A, D75R double mutant only has predicted effects 
on Interface B. Data are graphed from calculations shown in Supplementary Table 2. Bottom: Structural diagrams of IgMPZ dimers bound via 
Interface A (left, green) or Interface B (right, orange). Interface mutants expected to cause the largest oligomeric disruptions were the top candidates 
to evaluate experimentally. (B) Overlay of 15N/1H HSQC NMR spectra of 15N-labelled wild-type IgMPZ (black), the W53A mutant intended to disrupt 
the tetrameric Interface A (blue) IgMPZ ΔA, and the combined W53A, R74A, D75R triple mutant targeting both Interface A and the dimer Interface B 
(red) IgMPZ ΔAΔB. Most 15N/1H HSQC peaks of the three different proteins overlap showing that they share high degree of structural similarity and sta-
bility (individual spectrum displayed in Supplementary Fig. 2). (C) NMR analysis of molecular tumbling. The ratio of T1 and T2 relaxation times for 
15N-labelled wild-type IgMPZ, IgMPZ ΔA and IgMPZ ΔAΔB were measured and plotted as a function of protein concentration. An increase in T1/T2 ratio cor-
responds to an increase in molecular size related to oligomerization. For comparison, the predicted T1/T2 ratio of monomer only (blue hashed line) is 
also plotted. (D) Localization of C-terminally GFP-tagged wild-type MPZ (WT) or mutant MPZ ΔAΔB (W53A, R74A, D75R) expressed in HEK293 cells via 
transient transfection. MPZ ΔAΔB trafficked to the cell surface similar to wild-type MPZ showing both proteins were not retained in the endoplasmic 
reticulum (ER) and passed ER quality control.
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Distribution of disease-causing variants in the Ig 
domain of MPZ reveals three subgroups

Our binding data demonstrated that the IgMPZ forms tetramers. 

Moreover, inspection of the transmembrane domain of MPZ shows 

that it contains two GxxxG motifs known to allow tight packing of 

transmembrane domains together.44-46 These data support the 

idea that four MPZ proteins in the same membrane can form a 

tetramer (cis-tetramer) via their Ig domain. We next analysed the 

distribution of disease-causing patient amino acid substitution var-

iants to determine whether there were any distinct subdomains of 

IgMPZ tetramers that correlate with different disease symptoms or 

mechanisms. Our intent was to determine if a predictive model 

for types of CMT could be generated based on structural correlates. 

We also wanted to determine whether there were disease-related 
subregions on the IgMPZ surface that might serve as interaction 
sites, such as one that could constitute the unknown IgMPZ dimer 
interface. Two different forms of CMT can arise from variants in 
the IgMPZ domain.47 One form, CMT2I/J, is characterized by axonal 
degeneration but with relatively normal myelin morphology and 
late-onset. The other form is demyelinating CMT1B, occurring 
earlier in life. Using patient variant data summarized in 
Supplementary Table 5, we calculated two parameters. One was 
the solvent-accessible surface area as a measure of how close the 
variants were located to the surface of the protein (Fig. 4A). The 
other parameter, calculated using DeepDDG,41 predicted the effect 
of variants on the overall stability of the IgMPZ domain determined 
by the change in ΔG (Gibbs free energy change defining wild-type 

Figure 3 Human IgMPZ oligomer distribution in solution studied by small angle X-ray scattering. Small angle X-ray scattering (SAXS) data show that 
wild-type IgMPZ oligomerizes at µM concentrations forming monomers (blue), dimers (orange) and tetramers (green), whereas the IgMPZ ΔAΔB (W53A, 
R74A, D75R) mutant eliminated tetramer but not dimer formation. (A) Top: SAXS scattering data (circles) for 105 µM wild-type IgMPZ. Data are overlayed 
with the predicted curve for monomeric IgMPZ (blue) and a five-component fitted curve (pink). Bottom: Residuals of raw data against monomer only fit 
(blue) and five-component curve fit (pink) are shown along with calculated χ2 values. (B) SAXS data (circles), monomer only fit (blue), five-component 
curve fit (pink) and residuals for IgMPZ ΔAΔB (W53A, R74A, D75R) measured at 200 µM. (C) IgMPZ oligomeric distributions obtained from five-component 
fits shown in A and B as well as diluted concentrations of 0.5× (both) and 0.25× (IgMPZ ΔAΔB). Curve fitting components (monomers, dimers, tetramers, 
dimeric-tetramers, dimeric-octamers) were modelled from the predicted oligomeric arrangement in the crystal structure (PDBid: 1NEU).16 The propor-
tions of each component that best fit experimental data are shown graphically (plotted from data in Supplementary Table 4).
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protein stability) (Fig. 4B and Supplementary Table 5). We categor-
ized patient variants as axonal late-onset CMT2I/J or demyelinating 
early-onset CMT1B. To reduce noise from variants lacking site- 
specific effects, we limited analysis to single amino acid substitu-
tions, excluding deletions, frameshift or premature stop codon var-
iants and we filtered out variants with significant variability in 
disease symptoms (S78L, R98H).47 Variants previously identified 
as hyperglycosylating (D61N, D109N, D118N, K138N) were also ex-
cluded because the additional bulky surface sugar likely disrupts 
MPZ function in a distinct way.48

Overall, variants causing CMT2I/J were predicted to have far less 
of a destabilizing effect on the IgMPZ fold than the CMT1B group of 
variants (P < 0.05) (Fig. 4B). Likewise, the positions of the residues 
involved in CMT2I/J had a higher solvent accessible surface area in-
dicating their position at the surface of the IgMPZ domain 
(Supplementary Fig. 4A), consistent with the lower propensity of 
surface residues in general to cause destabilization to a protein 
fold when mutated.49 We refer to this set of residues as Group 1 
(Table 1). Computationally predicting the effect of CMT1B variants 
on the stability of IgMPZ revealed two subgroups. One group had a 
low predicted effect on IgMPZ stability (non-destabilizing CMT1BN, 
which we refer to as Group 2 residues). This group also had a high 
solvent accessible surface area (Supplementary Fig. 4B). Another 
separate group contained variants that were predicted to have large 
destabilizing effects on the IgMPZ fold (destabilizing CMT1BD, which 
we refer to as Group 3 IgMPZ variant residues), had significantly low-
er levels of solvent accessible surface area (Table 1).

We next mapped the amino acid positions of the newly defined 
phenotype groups onto the modelled structure of a IgMPZ tetramer 
to discern if CMT disease phenotypes mapped to discrete subdo-
mains (Fig. 4C). Residues that when mutated give rise to CMT2I/J 
(Group 1) largely map to a surface-exposed cluster of residues prox-
imal to the MPZ transmembrane domain (Fig. 4C and 
Supplementary Fig. 4). This surface also surrounds the site where 
the N-linked glycan of ∼3 kDa is attached. This sizable glycan would 
likely interact with this surface as well, possibly indicating that the 
critical nature of this subdomain is to properly engage or accommo-
date the N-linked glycan.

The location of variants causing CMT1B which are not predicted 
to destabilize the IgMPZ fold (Group 2, Table 1) largely mapped to a 
surface distal to IgMPZ tetramer transmembrane domains and clo-
ser to the apposing membrane (Fig. 4C). A ‘top’ view, looking at 
the tetramer from the apposing membrane, shows this surface is 
confined to the outer perimeter of the tetramer, ideally suited for 
interaction with other protein partners. This subregion is distinct 
from the hydrophobic region on the top of the IgMPZ domain nearest 
the apposing membrane that contains a patch of tryptophan resi-
dues previously proposed to associate with the apposing lipid bi-
layer and defined above as Interface C.16

The location of Group 3 variants, which were predicted to desta-
bilize the IgMPZ fold (Table 1), largely map to the interior of each 
IgMPZ domain (Fig. 4C), consistent with the idea that the amino acids 
critical to the integrity of the IgMPZ fold would be located within the 
core of the protein farther from the surface.49

Different spatial distribution groups correlate with 
disease mechanism

One of the best understood pathogenesis pathways for how MPZ 
mutations causes autosomal-dominant CMT is by provoking the 
UPR and promoting ER stress.23,50 This occurs when improperly 
folded MPZ accumulates in the ER, triggering signalling through 

PERK, IRE1 and ATF6.51 Previous studies in cultured cells have sur-
veyed various patient variants throughout the IgMPZ domain for 
their propensity to accumulate in the ER and to elicit UPR.25

However, not all CMT1B-causing variants evoke UPR implying 
that there are additional mechanisms that can drive demyelinating 
CMT. The analysis in Fig. 4 differentiated a group of CMT1B variants 
that were predicted to destabilize the IgMPZ domain from a group of 
variants with low predicted effect on the IgMPZ stability. Therefore, 
we tested whether these computed effects correlated with how 
these variants evoked the UPR, as described in previous studies.25

To generate a numerical index, we combined values that measured 
UPR transcriptional response as well as the degree of ER localization 
(Supplementary Table 6). We found the destabilizing group of 
CMT1B variants that largely map to residues in the core of the 
IgMPZ (Group 3, CMT1BD) evoked the UPR significantly (P < 0.05) 
more than the non-destabilizing group of CMT1B variants (Group 
2, CMT1BN) that largely map to surface-exposed residues (Fig. 5). 
These data suggest not only a way to predict which IgMPZ variants 
would trigger a pathogenesis pathway driven by ER stress, but sug-
gests that disrupting the function of a different part of the IgMPZ, 
namely the surface on the distal exterior of IgMPZ tetramers 
(Fig. 4), fulfils a distinct function that when compromised leads to 
a different disease mechanism that drives CMT1B.

Potential involvement of disease-relevant surface 
subregions of IgMPZ in dimerization

Two of the three variant position groups (Group 1: CMT2I/J and 
Group 2: CMT1BN) defined subregions on the surface of IgMPZ tetra-
mers having the potential to mediate specific biomolecular interac-
tions. Because our NMR and SAXS analysis demonstrated that IgMPZ 

dimerizes but that the identity of the dimerization interface re-
mains undefined, we used computational docking methods to 
find whether a particular subregion on the IgMPZ surface was fa-
voured for dimerization. Using ClusPro,42 we found 71 clusters of di-
mer poses using one IgMPZ monomer binding to another IgMPZ 

monomer (Fig. 6A) using four scoring schemes that differed in 
how they weigh energy coefficients (e.g. favouring electrostatic, 
hydrophobic or van der Waals forces). Poses were filtered to find 
those that did not produce steric clashes in the context of IgMPZ tet-
ramers (Fig. 6A). This produced only five tetramer-compatible 
poses (Fig. 6D) in addition to the dimer interface extrapolated 
from the 1NEU crystal structure (Fig. 6C). The five new poses were 
identified with a scoring scheme that favoured a mix of electrostat-
ic interactions combined with van der Waals (shape complemen-
tarity). Strikingly, these interfaces involved surface residues from 
the group (Group 2: CMT1BN) of surface-exposed non-destabilizing 
CMT1B variants located on the outer distal surface of the IgMPZ 

tetramer (Fig. 4C and Table 1). To view this quantitively, we calcu-
lated the average distance for the 10 CMT1B (Group 2) residues to 
the docked IgMPZ surface for each dimer pose as well as the same 
parameter for the 12 CMT2I/J (Group 1) residues (Fig. 6B and 
Supplementary Fig. 5). These values showed that the IgMPZ dimer-
ization interfaces were closer to the CMT1BN surface (Group 2 resi-
dues) than to the CMT2I/J surface (Group 1 residues) (Fig. 6B and 
Supplementary Fig. 6). Only one pose (6_9 in Fig. 6) docked onto 
the tetramer such that it was closer to the Group 1 ‘CMT2I/J’ surface. 
However, this pose places two tetramers at an angle that is incom-
patible with the insertion of the transmembrane domains within 
either the same membrane or apposing membrane lipid bilayer 
across the intraperiod line (Fig. 6D, lower). Comparing the surface 
regions defining the interfaces used by the remaining 
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Figure 4 Structurally distinct regions of IgMPZ tetramers correlate to disease phenotypes. (A) Surface accessibility of wild-type IgMPZ residues with ami-
no acid variants that cause axonal CMT2I/J or demyelinating CMT1B. Positions were mapped onto the human IgMPZ structure (PDBid: 3OAI)17 and 
colour-coded for solvent-accessible surface area. A larger percentage of CMT1B linked residue positions are buried. (B) Patient variants causing differ-
ent CMT types defined previously47 (axonal CMT2I/J or demyelinating CMT1B and listed in Supplementary Table 5) were computationally evaluated for 
whether they would destabilize the IgMPZ structure quantified as a change in predicted ΔG for IgMPZ stability. Demyelinating CMT1B patient variants had 
on average a higher prediction for destabilization than axonal CMT2I/J linked variants (*P < 0.05). The CMT1B patient variants could be divided into two 
subgroups: one with low predicted effects on stability (N), and another with high predicted effects on stability (D). (C) The three groups of residue posi-
tions (Table 1) are shown in the context of the IgMPZ tetramer in three viewing orientations. Group 1 (violet) are residues mutated in CMT2I/J; Group 2 
(orange: CMT1BN) are residues mutated in CMT1B that result in low predicted effects on IgMPZ stability; and Group 3 (light blue: CMT1BD) showing posi-
tions of CMT1B mutations predicted to destabilize the IgMPZ domain. Right: Using the molecular surface of the tetramer, coloured patches indicate the 
solvent accessible residues in the context of surrounding residues. A CMT2I/J patch is visible on the bottom surface of the IgMPZ tetramers near the 
transmembrane domain and glycosylation site, while a CMT1BN patch is visible along the side view. Surface-inaccessible (buried) residues are not vis-
ible in this schematic. Supplementary Fig. 4 shows that the CMT1BD (Group 3) residues have significantly lower levels of surface accessibility than other 
residue groups.

Table 1 Residue position groups defined by CMT type and biophysical parameters

Group 1: Residues wherein 
variants cause axonal CMT2I/J

Group 2: CMT1BN Residues wherein variants cause 
demyelinating CMT1B but NOT predicted  

to destabilize IgMPZ

Group 3: CMT1BD Residues wherein variants cause 
demyelinating CMT1B and predicted  

to destabilize IgMPZ

D35, R36, H39, S44, S51, D61, P70, 
D75, Y119, T124, S140, Y145

I30, S63a, H81, D90, N116, D128, K130, D134, I135, G137 F52, T65, Y68, Y82, G93, R98, W101, G103, G110, S111, 
I112, I114, G123, C127, N131, P133, V146

aAverage predicted stability for S63 is in Group 2; includes S63F (Group 2) and S63C (Group 3, near cut-off).
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computational dimer poses with the surface regions containing 
CMT2I/J variants and CMT1BN variants shows good overlap with 
the latter but not the former (Supplementary Fig. 7). We also used 
these models to fit SAXS data generated with the IgMPZΔAΔB do-
main, which formed only monomers and dimers to determine if 
any of these models was favoured. While including model 6_14 as 
the dimer had the best fit (χ2 0.599, Rg 20.67), it was comparable to 
that given by Interface B (χ2 0.599, Rg 21.48) and only slightly better 
than other models. Importantly, fits using dimers modelled 
through Interface A (χ2 0.712, Rg 23.06) or Interface C (χ2 1.250, Rg 
27.12) were much worse, supporting the conclusion that these lat-
ter interfaces are not used for dimer formation but that the compu-
tational dimer models are plausible. Overall, the observation that 
the computational predictions for dimer formation are compatible 
within the context of linking tetramers and map to surface residues 
relevant to CMT1B suggests that this surface patch could be 
disease-relevant by mediating tetramer-tetramer interactions.

Discussion
MPZ is the major membrane protein expressed in Schwann cells 
and mediates myelin formation. The adhesion activity of MPZ is ob-
served in heterologous cultured cells when ectopically ex-
pressed11,12 and MPZ knockout mice have poorly compacted 
myelin sheaths.13 It is thought that MPZ oligomerizes across the in-
traperiod line of myelin to hold apposing wraps of Schwann cell 
plasma membranes together, thus providing a key structural role 
in forming myelin. Mutations throughout MPZ as well as just the 

IgMPZ domain cause autosomal dominant CMT disease, a collection 
of hereditary motor and sensory neuropathies,21,47,52-54 that are 
characterized either by poorly formed myelin (CMT1B) or by axonal 
degeneration wherein the structure of myelin is relatively intact 
(CMT2I/J). These facts pose several distinct unanswered questions 
about how the IgMPZ domain operates in both normal myelinating 
Schwann cells and in disease pathogenesis. Key to addressing these 
questions is to understand the structural basis of IgMPZ oligomeriza-
tion, its role in normal myelination and whether perturbation of 
oligomerization might drive autosomal dominant CMT2I/J or 
CMT1B.

Current models propose that adhesion of myelin wraps is 
mediated by IgMPZ oligomerization itself, however this has not 
been tested.16,18,20 Our data suggest that IgMPZ has two distinct 
oligomerization modes. One of those is predicted from crystal pack-
ing of the rat IgMPZ domain and works by bundling four MPZ pro-
teins anchored in the same membrane together, forming a 
cis-tetramer (Fig. 1B). Our SAXS data support the model whereby 
IgMPZ tetramerizes in the ∼100 µM range through an interface that 
relies on W53 interactions, consistent with the arrangement of tet-
ramers via crystal packing in the rat IgMPZ crystal structure. While 
W53A-mutant IgMPZ domains do not form tetramers, they still di-
merize. The current models for how MPZ mediates adhesion across 
the intraperiod line relies on a trans interaction of MPZ proteins 
from each apposing membrane. Mutating the hypothetical dimer 
Interface B extrapolated from crystal packing, which is postulated 
to mediate this trans configuration, did not diminish dimerization. 
Thus, interface B is unable to explain how MPZ is linked across the 
intraperiod line making alternative models distinct possibilities 
(Fig. 7).

Recently, Raasakka and Kursula proposed an alternate model 
(Fig. 1C) for how IgMPZ could mediate adhesion of myelin wraps 
via zippering of trans dimers.18,20 That model proposes that the di-
mer interface is Interface B but is working at a more oblique angle 
than positioned in the model of Shapiro.16 Our data support the 
idea of dimer formation, but not through Interface B, and alterna-
tive dimer interfaces could not be resolved with the low resolution 
cryo-EM images Rassakka et al.18 used to formulate the zipper mod-
el. Certainly, other trans dimer configurations are possible (e.g. 
model 6_18, Fig. 6); however, the more substantial discrepancy be-
tween our results and the model of Rassakka et al.18 is the omission 
for a role of IgMPZ tetramers, which clearly form in solution. It is pos-
sible that tetramers might not form in the context of full-length 
MPZ in biological membranes. Such a conformation requires the 
transmembrane domains (TMD) of MPZ protomers to come to-
gether in close contact, essentially bundling like stems in a flower 
bouquet of IgMPZ domains. Notably, the membrane-spanning seg-
ment of MPZ has two GxxxG motifs that have been found to allow 
for close packing of transmembrane domains, bolstering the 
plausibility that full-length MPZ might form cis tetramers.44-46

Another feature of MPZ is its N-linked glycosylation, occurring on 
an Asn residue within a region of the IgMPZ domain near the mem-
brane that it is inserted into, which would not be predicted to inter-
fere with tetramer formation (Fig. 4C). Moreover, previous X-ray 
scattering data from SDS-solubilized full-length MPZ were compat-
ible with tetrameric MPZ complexes.55 Thus, in our view, the possi-
bility that MPZ forms tetramers in native myelin membranes is 
plausible.

One of the central features of the model from Shapiro et al.16 is 
that Interface B nicely mediates an Ig-Ig interaction between two 
myelin wraps that fits within the ∼45 nm of the intraperiod line of 
compacted myelin. Our data showing that Interface B does not 

Figure 5 Endoplasmic reticulum retention of MPZ as a function of CMT 
IgMPZ variant groups. The ability of different CMT-causing MPZ amino 
acid variants to promote endoplasmic reticulum (ER) retention and acti-
vate the unfolded protein response (UPR) was previously determined.25

For each CMT IgMPZ variant, measurements were averaged and grouped 
for CMT2I/J (Group 1), and the two CMT1B subgroups (Groups 2 and 3). 
CMT1BN (Group 2) and CMT1BD (Group 3) were classified as described 
in Fig. 4B and listed in Table 1. The average ER retention and activation 
of UPR for non-destabilizing and destabilizing CMT1B variant subgroups 
is significantly different. (*P < 0.05). For variants that did not cause ER re-
tention and UPR had an index in the range between ratio between 2:1 
and 1:2 and 2:1 whereas variants that had dramatic ER retention and 
UPR exceeded 2:1. Data plotted for this evaluation are listed in 
Supplementary Table 6.

5118 | BRAIN 2023: 146; 5110–5123                                                                                                                             C. P. Ptak et al.

http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awad258#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awad258#supplementary-data


operate in solution illustrates the need to re-evaluate how MPZ 
oligomerization could fulfil its adhesion function (Fig. 7). 
Computational models produced two possibilities. One is that a di-
mer interface would link multiple MPZ tetramers all within the 
same membrane, promoting the formation of a large hydrophobic 
tryptophan-containing surface on the distal top of MPZ clusters. 
Such clusters of MPZ may correspond to the intramembrane parti-
cles that emanate from each myelin wrap observed in freeze frac-
ture electron microscopy studies, as previously hypothesized.56

Another possibility is that the dimer interface could work in trans 
across the intraperiod line, but in a way that does not operate in 
compact myelin. The 6_18 pose (Fig. 6) has a ‘trans’ orientation, 
but is extended and would bridge a much larger gap between mem-
branes than is observed in the intraperiod line of compacted 

myelin. Such an extended configuration could act as an intermedi-
ate step, holding the intraperiod line together but with larger 
spacing until an additional process compresses membrane appos-
ition (Fig. 7). Interestingly, an S63C mutation, located with the 
CMT1BN surface subregion, appears to cause a disulphide linkage 
between IgMPZ domains resulting in a wider 70 Å intraperiod line 
that can be compressed when the disulphide linkage is reduced, 
implying the interface that is locked by a disulphide bond may re-
present one that is used naturally yet transiently during myelin for-
mation.57 Future efforts to assess the physiological consequences 
of MPZ mutants that lack specific oligomeric interfaces, such as 
the W53A mutation that blocks tetramer formation, will be helpful 
to resolve how this biochemical property plays a role for normal 
myelin development and how perturbation of these properties 

Figure 6 Evaluation of IgMPZ dimer docking models for tetramer compatibility and proximity to CMT subgroup residues. Computational docking ex-
periments reveal that the CMT1BN (Group 2) surface subregion may mediate how a cis-IgMPZ tetramer binds (dimerizes) to another tetramer. (A) Dimer 
docking poses between IgMPZ monomers calculated using ClusPro (top) were filtered for those that were sterically compatible in the context of IgMPZ 

tetramers. Five of 71 dimer arrangements (bottom) could be positioned without overlapping a coexistent tetramer. (B) ClusPro models that had no clash 
in the context of IgMPZ tetramers or that were excluded because of clash were evaluated for their proximity to CMT2I/J (Group 1) and CMT1BN (Group 2) 
linked residues. For each model, a subgroup proximity score was calculated by summing the shortest distance between each subgroup residue and the 
docked IgMPZ for the dimer model being evaluated and normalized by the total subgroup residues. Right: For each of the tetramer compatible dimer 
models, the subgroup proximity score for CMT2I/J (Group 1) (violet) and CMT1BN (Group 2) (orange) variants were directly compared. (C) Top row: 
Cartoon ribbon model for an IgMPZ monomer (cyan) with coexistent homo-tetramer (orange) and trans homo-dimer (green) subunits positioned accord-
ing to IgMPZ packing in the rat crystal structure (PDBid: 1NEU).16 CMT1BN (Group 2) variant linked residues (orange) are displayed on the cyan IgMPZ sub-
unit. Bottom row: Depiction of predicted arrangement across the intraperiod line of a trans homo-dimer interacting (green) subunit. (D) Five alternative 
ClusPro IgMPZ dimer docking poses (for incompatible-, cis- and extended-trans-) identified in A with the same model depictions and colour schemes as C.
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may play a role in CMT. Breaking these interfaces may work to 
cause dominant CMT1B as our structural and genetic studies sug-
gest. Alternatively, loss of oligomerization might be recessive, re-
sulting in haploinsufficiency that results in the type of 
demyelinating and later onset CMT disease observed in heterozy-
gous MPZ−/+ mice58,59 and in partial loss of MPZ function in 
patients.60

We also investigated whether there might be functionally dis-
tinct regions of an IgMPZ tetramer that correlate with different dis-
ease symptoms and mechanisms. By computationally calculating 
which patient missense variants are likely to destabilize the integ-
rity of the IgMPZ fold, we defined three discrete subregions of IgMPZ 

with differing molecular pathologies. Variants causing demyelinat-
ing CMT1B generally map to two regions. One region was within the 
core of the IgMPZ where variants were predicted to have a destabil-
izing effect on the integrity of the IgMPZ fold (Group 3: CMT1BD). The 
localization of these variants to the IgMPZ core correlated with their 
ability to activate the UPR when expressed in heterologous cells. A 
different group of CMT1B variants mapped to a surface lining the 
exterior distal surface of IgMPZ tetramers where they pose little dan-
ger of destabilizing the Ig domain but are ideally suited for mediat-
ing protein:protein interactions (Group 2: CMT1BN). This 
observation suggests the existence of two distinct CMT1B disease 
mechanisms, one being where misfolded MPZ causes the domin-
ant, deleterious activation of ER stress and another where alter-
ation of the IgMPZ perturbs a functional interaction on the 
tetramer surface. Interestingly, another class of variants that cause 
gain of N-linked glycosylation has been found that do not cause 
ER stress and may also work like Group 2 variants to sterically per-
turb IgMPZ protein interactions.48 Having structurally defined 
groups of variants that correspond to different disease mechan-
isms would help explain why UPR activation does not correlate 
with all CMT1B variants or CMT1B severity.25 These distinctions 
will be important in the future to ensure treatments are matched 
to the correct CMT disease mechanisms. Recently an inhibitor 

(IFB-088, Sephin1) of the GADD34/PPP1R15A phosphatase complex, 
which works to potentiate the integrated stress response, has been 
used to successfully treat mice with CMT1B variants (S63del and 
R98C) that trigger the UPR and is entering phase 2 trials.50,61 As a 
single amino acid substitution mutant, the R98C mutant falls clear-
ly within Group 3 of destabilizing variants (Table 1 and 
Supplementary Table 5). We suggest the efficacy of Sephin1 treat-
ment may correlate best for the Group 3 CMT1BD destabilizing var-
iants versus CMT1BN variants that map to the IgMPZ surface. We 
note that not all CMT1BD variants strongly evoke the UPR and are 
retained in the ER. Outliers such as T65N, Y82C, P133A have large 
predicted effects on the stability of the Ig fold, but cause low levels 
of ER retention and UPR. It is not precisely known what the ER qual-
ity control machinery recognizes about its protein clientele.62 Thus, 
these changes might disrupt the fold in substantial ways to alter its 
function, but not trigger the dramatic ER retention that other dis-
ruptions do. Understanding these outliers (Supplementary Figs 8
and 9) will be important to assess efficacy of Sephin1 clinical trials.

The function of the Group 2 ‘CMT1BN surface’ remains to be de-
termined, but it is optimally positioned to mediate protein-protein 
interaction with an IgMPZ tetramer. Our computational experiments 
found that alternate modes of IgMPZ dimerization involved this sur-
face supporting the idea that this region could play a key role in 
oligomerization and partly explains how perturbation of this sur-
face might contribute to demyelinating disease. Nonetheless, it is 
less clear whether or how loss of an IgMPZ oligomerization interface 
might drive autosomal dominant CMT disease. Inability of half of 
the IgMPZ domains to mediate critical oligomerization events could 
disrupt the regularity of larger MPZ assemblies that ultimately ad-
here myelin wraps together, or alter the ability of MPZ to signal to 
cytosolic components to drive compaction of the major dense 
line.12,63

Spatial mapping also revealed that residues involved in axonal 
CMT2I/J were on the bottom proximal surface of the IgMPZ tetramer 
(Group 1). Moreover, patient variants that give rise to CMT2I/J were 

Figure 7 Possible tetramer-tetramer arrangements across intraperiod line. (A) Configurations of neighbouring IgMPZ homo-tetramers with steric via-
bility across the intraperiod line. Left shows configuration based on the packing arrangement in the rat IgMPZ crystal structure (PDBid: 1NEU). Middle 
shows alternate configuration of interacting tetramers, where both IgMPZ homo-tetramers are anchored in the same membrane, is based on the 
6_16 ClusPro model in Fig. 6D. Models 6_14 and 6_19 suggest similar cis tetramer-tetramer interaction surfaces. Right shows the 6_18 pose with the 
two IgMPZ tetramers linked in a trans configuration across in an extended arrangement that is accommodated with a larger distance between apposing 
membranes. The colour scheme is the same as in Fig. 6. (B) Hypothetical schematic arrangements of MPZ within myelin and potential roles of CMT1BN 

(Group 2) variant linked residues. Far left: The model developed by Shapiro et al.16 is based on the IgMPZ crystal contacts.16 Middle shows arrangements 
whereby multiple MPZ tetramers are held together in cis via a dimer interface. This could allow MPZ to form clusters within the plasma membrane to 
make areas of local asymmetry rather than a strictly interdigitated arrangement as hypothesized from the crystal structure-based arrangement. Far 
right shows the homo-dimer interaction in the 6_18 ClusPro pose. Tetramer-tetramer interaction would span ∼70 Å, which is wider than the ∼45 Å span 
between membrane bilayers across the intraperiod line in compacted myelin. This extended trans conformation could serve a transition step during 
the initial assembly of myelin wraps, to be later reconfigured during myelin compaction.
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not computationally predicted to compromise the stability of the 
IgMPZ fold, even though some of these variants can evoke the UPR 
indicating that they do not efficiently pass through the ER quality 
control system (Supplementary Figs 8 and 9). One key difference 
is that while computational studies consider only the IgMPZ protein, 
when expressed in cells, the IgMPZ domain also undergoes N-linked 
glycosylation. Moreover, the ‘CMT2I/J -surface’ surrounds the gly-
cosylation site suggesting this region likely interacts with the gly-
can in a particular way, perhaps to properly position the IgMPZ 

domain with respect to the membrane. Indeed, mutations in the 
consensus N-linked glycosylation site (N122XT) cause late-onset 
CMT2I/J in humans and mice54,64 with morphological changes in 
the areas of non-compacted myelin and paranodes that communi-
cate with underlying axons. Glycosylation has also been found to 
alter the adhesion activity of MPZ in heterologous systems, sug-
gesting it helps optimally position IgMPZ for interactions.65,66 We 
suggest that the effect of the Group 1 CMT2I/J variants is to affect 
the interaction with the glycan and in so doing mimic the effect 
that loss of the glycan altogether has on myelin function. Going for-
ward, the key to understanding how variants within he CMT2I/J re-
gion cause disease could be a detailed characterization of the 
molecular and cellular defects of the T124M MPZ mutant that lacks 
N-linked glycosylation.

Data availability
The SAXS experimental data, oligomer fittings, and models 
from this study are deposited in SASBDB with accession codes: 
SASDRC3 (IgMPZ), SASDRD3 (IgMPZΔAΔB). https://www.sasbdb.org/ 
data/SASDRC3, https://www.sasbdb.org/data/SASDRD3. A project 
summary can be found here: https://www.sasbdb.org/project/1973.
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