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A B S T R A C T   

The mitochondrial outer membrane creates a diffusion barrier between the cytosol and the mitochondrial 
intermembrane space, allowing the exchange of metabolic products, important for efficient mitochondrial 
function in neurons. The ganglioside-induced differentiation-associated protein 1 (GDAP1) is a mitochondrial 
outer membrane protein with a critical role in mitochondrial dynamics and metabolic balance in neurons. 
Missense mutations in the GDAP1 gene are linked to the most common human peripheral neuropathy, Charcot- 
Marie-Tooth disease (CMT). GDAP1 is a distant member of the glutathione-S-transferase (GST) superfamily, with 
unknown enzymatic properties or functions at the molecular level. The structure of the cytosol-facing GST-like 
domain has been described, but there is no consensus on how the protein interacts with the mitochondrial outer 
membrane. Here, we describe a model for GDAP1 assembly on the membrane using peptides vicinal to the 
GDAP1 transmembrane domain. We used oriented circular dichroism spectroscopy (OCD) with synchrotron 
radiation to study the secondary structure and orientation of GDAP1 segments at the outer and inner surfaces of 
the outer mitochondrial membrane. These experiments were complemented by small-angle X-ray scattering, 
providing the first experimental structural models for full-length human GDAP1. The results indicate that GDAP1 
is bound into the membrane via a single transmembrane helix, flanked by two peripheral helices interacting with 
the outer and inner leaflets of the mitochondrial outer membrane in different orientations. Impairment of these 
interactions could be a mechanism for CMT in the case of missense mutations affecting these segments instead of 
the GST-like domain.   

1. Introduction 

Mitochondria can be distinguished from other cellular organelles by 
their dual membrane and the biochemical capabilities arising from 
endosymbiosis with ancient prokaryote features commonly referred to 
as holdover characteristics. They are solely responsible for eukaryotic 
cellular respiration and crucial for energy metabolism. They participate 
in exchanging metabolic products, regulation of reactive oxygen species 

(ROS) levels, and cellular calcium buffering. 
In neurons, the importance of mitochondria arises from the immense 

energy consumption [1,2]. Homeostasis in both the central nervous 
system (CNS) and the peripheral nervous system (PNS) is closely regu
lated by the rate of oxidative respiration, enabling aerobic energy 
metabolism [3]. Moreover, the development and function of neurons, 
glial cells, and especially progenitor and neuronal stem cells are heavily 
impacted by mitochondrial function. 
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The mitochondrial membrane surrounds the organelle with the outer 
mitochondrial membrane (OMM), the intermembrane space, and the 
inner mitochondrial membrane (IMM), encapsulating the mitochondrial 
matrix. The membranes comprise similar composition in terms of lipid 
constituents with other cellular membranes. Mitochondrial membranes 
contain phosphatidylglycerol and cardiolipin [4–6]. The phospholipid 
pool consists of phosphatidylcholine, phosphatidylserine, phosphati
dylethanolamine, phosphatidylinositol and phosphatic acid. These 
lipids maintain the membrane potential and enable the membrane ar
chitecture required for respiration [4]. The tasks of the outer and inner 
membranes differ, as does their protein composition. The inner mem
brane is protein-rich and much more restrictive in terms of permeability, 
being saturated with proteins of the oxidative phosphorylation chain. 
The traffic between the mitochondrial matrix and the intermembrane 
space is driven by active transport. The outer membrane is much more 
permeable, allowing diffusion of metabolic products to and from the 
cytosol. Translocation of small globular proteins is possible through 
porous channelling protein complexes. The outer membrane enables 
contacts with other cellular compartments, such as the cytoskeleton, 
lysosomes, peroxisomes and endoplasmic reticulum. The interplay be
tween other cell compartments and changes in mitochondrial 
morphology comprises mitochondrial dynamics, which couples mito
chondrial fission and fusion. Specific proteins on the mitochondrial 
membranes, including the ganglioside-induced differentiation-associ
ated protein 1 (GDAP1), participate in these events. Fission is driven by 
the soluble cytosolic dynamin-related protein 1 (DRP1), interacting with 
OMM partners, such as mitochondrial fission protein 1. Mitochondrial 
fission factors polymerize, creating a scission and separating the mito
chondria [5]. Mitochondrial fission and fusion enable mitochondria to 
replicate and renew independently from the cell cycle. The detailed 
mechanism of GDAP1 in mitochondrial fission is unknown, but its role in 
the process has been demonstrated [6]. Consequently, mitochondrial 
dynamics directly affect neuronal function, and mitochondrial 
dysfunction is a leading cause of various neurodegenerative diseases, 
such as amyotrophic lateral sclerosis (ALS) and Charcot-Marie-Tooth 
syndrome (CMT). 

Mutations in the GDAP1 gene, expressed in neurons and glia to 
produce the OMM protein GDAP1, cause various subtypes of CMT, 
especially CMT4A and CMT2 [7–10]. The disease phenotypes feature 
fragmented and elongated mitochondria, leading to impaired fission and 
fusion [11–13]. In addition to diminished fission activity, lack of GDAP1 
function leads to the accumulation of ROS, disturbance of Ca2+ buff
ering, and loss of lysosomal and cytoskeletal contacts [14–19]. Despite 
the GDAP1 effect on fission, its defined role, let alone the structural 
properties of the fission-fusion machinery, is unknown. GDAP1 is a 
member of the glutathione-S-transferase (GST) superfamily, but its 
possible enzymatic properties are unknown. Interestingly, gene homol
ogy within the GST family suggests that GDAP1 shares more similarities 
with prokaryotic than eukaryotic GSTs, which highlights its outlier role 
in the eukaryotic GST family and early divergence in evolution [20]. 
Previous structural studies [20–23] have focused on the two GST-like 
subdomains facing the cytosol, while only predictions exist for the 
structure of full-length GDAP1 on the OMM. 

According to current understanding, GDAP1 is considered a classical 
tail-anchoring membrane protein (TA) with a single transmembrane 
helix. After the GST-like core domain, GDAP1 has a 60-residue C-ter
minus interacting with the OMM, which has been divided into two do
mains based on physicochemical properties: the hydrophobic domain 
(HD) and the transmembrane domain (TMD). The detailed topology or 
atomistic structure of the GDAP1 transmembrane region, or the 
membrane-vicinal segments, is not known. While the importance of lipid 
membranes and membrane proteins is undisputed, biomembrane- 
mimicking models must often be used in biophysical studies; the 
composition and shape of both biological and biomimetic membrane 
systems can affect protein structure and dynamics [24,25]. 

We used synchrotron radiation circular dichroism spectroscopy 

(SRCD) to compare the secondary structures of GDAP1 membrane- 
proximal segments from both sides of the OMM in aqueous solution, 
membrane-like conditions, and lipid bilayer membranes. We then used 
oriented circular dichroism (OCD), where the peptide is embedded into 
macroscopically oriented bilayers, to determine the average orientation 
of the peptide in the membrane. The method is based on Moffit’s theory 
[26], explaining the three transition dipole moments of the amide bond 
along either the perpendicular or the parallel axis. The transition of the 
dipole moment, i.e., the axis with respect to the electromagnetic field 
vector, is monitored by inspecting the band shape at 208 nm [27], which 
allows to obtain information on peptide bond orientation with respect to 
the lipid bilayer plane. To complete the picture of full-length GDAP1 on 
the OMM, we additionally used small-angle X-ray scattering (SAXS) to 
study the conformation of full-length human GDAP1. 

2. Materials and methods 

2.1. Synthetic peptides 

The peptides for this study were purchased from Genscript Biotech 
(Rijswijk, Netherlands); quality control data are shown in Fig. S1. The 
sequences of the peptides were selected using the structure prediction 
server TMHMM-2.0 [28] and the GDAP1 AlphaFold2 model [29]. The 
outer mitochondrial outer membrane peptide (OMOM) represents the 
outer leaflet part, ranging from residues 297–316 [NNILI
SAVLPTAFRVAKKRA]. The inner mitochondrial outer membrane pep
tide (IMOM) represents the inner leaflet tail-anchoring end, ranging 
from residues 341–358 [RKRLGSMILAFRPRPNYF]. Peptide concentra
tion was adjusted to 1 mg/ml in deionized ultrapure water. The con
centration was estimated based on the manufacturer’s data and verified 
on the AU-CD beamline based on UV absorbance. 

2.2. Liposome preparation 

1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and 1,2- 
dimyristoyl-sn-glycero-3-phospho-(1′-rac-glycerol) (DMPG) were pur
chased from Avanti Polar Lipids (Birmingham, AL, USA). Lipid stocks 
were prepared by dissolving dry lipid powder into methanol (DMPC) or 
an 80:20 chloroform-methanol mixture (DMPG). The concentration of 
each lipid stock was 10 mg/ml. Once completely dissolved, the lipids 
were mixed in 1:1, 2:1, 3:1 and 9:1 DMPC/DMPG molar ratios. The 
solvent was removed by evaporation in the fume hood under a gentle 
stream of nitrogen gas. Small unilamellar vesicles (SUVs) were prepared 
by dissolving the dried lipid pellet into pure water at a final concen
tration of 15 mM. For freeze-thaw cycles, the lipid suspension was 
warmed in a +37 ◦C water bath, followed by snap freezing with liquid 
N2, for a total of seven times. The resulting multilamellar vesicles were 
then disrupted using sonication (Branson Model 450), 1 s on 2 s off, for 1 
min at RT, followed by vigorous mixing until the vessel was completely 
clear. The resulting SUVs were stored at RT and used immediately for 
the experiment. 

Bicelles were prepared by the addition of ultrapure water to the dried 
lipid pellets, followed by gentle agitation for 2 h at RT. The suspension 
was then treated with seven cycles of +37 ◦C (water bath) and -20 ◦C 
(slow freezing). Bicelle formation was induced by adding dodecyl 
phosphocholine (DPC) to a q-ratio of 2.85 [30]. The bicelles were stored 
at RT and used immediately for the experiment. 

2.3. Lipid film preparation for oriented samples 

Sample preparation for the OCD experiment consisted of creating 
oriented lipid bilayers embedding the peptide molecules. The outline of 
the method used with peptides has been described previously [27,31]. 
For all lipid-peptide films, we used 10 μg of peptide and 200 μg of lipid in 
ultrapure water. The composition of the films is given in Table 1. The 
sample was distributed evenly onto a quartz plate (Suprasil, Hellma 
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Analytics, Müllheim, Germany) and dehydrated at RT under a heating 
lamp (Fig. 1B). The dehydrated films were assembled into a saturation 
chamber, containing a plate holder and a vessel with a solution of 
saturated K2SO4 (Fig. 1B). The relative humidity was monitored inside 
the chamber, which was between 85 and 89% at +38 ◦C. The chamber 
was sealed, and the films were incubated for a minimum of 16 h, 

completing the sample preparation procedure (Fig. 1A). This method of 
sample preparation has been shown to routinely produce macroscopi
cally oriented lipid membranes for both OCD and neutron scattering 
experiments [32–38]; a clear sign of successful sample orientation is a 
different band shape between isotropic and oriented spectra. The stud
ied peptides represent the segments vicinal to the TMD (Fig. 1C). 

2.4. Oriented and isotropic synchrotron radiation circular dichroism 
spectroscopy 

Synchrotron radiation OCD and conventional SRCD spectra were 
collected on the AU-CD beamline at the ASTRID2 synchrotron (ISA, 
Aarhus, Denmark). Solution CD samples were prepared in ultrapure 
water, containing 0.2 mg/ml of peptide in 100:1, 50:1 and 10:1 molar 
lipid-to-peptide ratio (L/P). The SRCD samples were equilibrated to 
room temperature and loaded into 0.2-mm closed circular quartz cu
vettes (Suprasil, Hellma Analytics). SRCD spectra were recorded from 
170 nm to 280 nm at +30 ◦C. Three scans per measurement were 
repeated and averaged. The complete set of CD and OCD samples is 
presented in Table 1. 

The lipid-peptide films on the quartz plates were further assembled 
into a rotation sample holder. Saturated K2SO4 was used to maintain the 
humidity during the measurement. OCD scans were done at 90◦ in
tervals of rotation about the beam axis to complete a 360◦ rotation. 
Spectra were recorded from each position once and averaged. The 
spectra were processed using synchrotron beamline software and 
CDToolX [39]. 

Table 1 
List of OCD lipid-peptide films and CD samples.  

OCD 

Film 1 (F1) 1:1 SUV DMPC/DMPG L/P 200:10 (w/w) 
Film 2 (F2) 2:1 SUV DMPC/DMPG L/P 200:10 (w/w) 
Film 3 (F3) 3:1 SUV DMPC/DMPG L/P 200:10 (w/w) 
Film 4 (F4) 1:1 bicelle DMPC/DMPG L/P 200:10 (w/w) 
Film 5 (F5) 3:1 bicelle DMPC/DMPG L/P 200:10 (w/w) 
Film 6 (F6) 9:1 bicelle DMPC/DMPG L/P 200:10 (w/w)  

SRCD 
SUVs 1:1 DMPC/DMPG L/P 100:1 (mol/mol) 

2:1 DMPC/DMPG L/P 100:1 (mol/mol) 
3:1 DMPC/DMPG L/P 100:1 (mol/mol) 
3:1 DMPC/DMPG L/P 50:1 (mol/mol) 
3:1 DMPC/DMPG L/P 10:1 (mol/mol)  

CD (home source) 
Detergents & other 5 mM DDM 

5 mM DPC 
water  

Fig. 1. The experimental design of OCD. A. The liposomes are prepared in various composition ratios and the peptide are mixed in water. The mixture is dehydrated 
and then saturated with K2SO4 and incubated for>16 h before the measurement. B. The film should be homogenous and evenly distributed, and the saturation 
process must be done in a moderately isolated system with stable temperature and humidity. C. The regions of interest in GDAP1; the used peptides are highlighted. 
The figure was partially made using Biorender. 
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The samples containing detergent micelles contained 5 mM of n- 
dodecyl-β-D-maltopyranoside (DDM) or 5 mM DPC. The detergent CD 
spectra were collected using a Chirascan CD spectropolarimeter 
(Applied Photophysics, Surrey, UK), using a closed 1 mm quartz cuvette 
(Hellma Analytics). The data were collected between 185 and 280 nm. 

2.5. Full-length GDAP1 purification and small-angle X-ray scattering 

Full-length GDAP1 was cloned into the pFastBac-Dual HT vector. An 
N-terminal His6-tag and a Tobacco Etch virus protease (TEV) digestion 
site were inserted ahead of GDAP1. 

The construct was transformed into the E. coli DH10Bac strain for 
bacmid generation. Bacmids were purified, and 2 μg of bacmid DNA 
were used to transfect Sf21 cells for baculovirus generation using 
FuGENE® transfection reagent (Promega). The protein was expressed in 
Lonza Insect-EXPRESS™ medium for 72–96 h, 100 rpm, +27 ◦C. The 
cells were washed in phosphate-buffered saline (8 mM Na2HPO4, 2 mM 
KH2PO4, 137 mM NaCl, 2.7 mM KCl (pH 7.4) (PBS)) and snap frozen 
with liquid N2. 

The frozen cells were re-suspended into 40 mM HEPES pH 6.88, 400 
mM NaCl, 10% glycerol, 25 mM imidazole, 1 x EDTA-free protease in
hibitor (Sigma). Lysis was done using a glass douncer on ice with 50–70 
revolutions. DNA was disrupted by incubating the lysate on ice with 0.2 
mg/ml DNase I (Applichem) and 0.2 M CaCl2 in lysis buffer. The su
pernatant was clarified by ultracentrifugation at +4 ◦C, 1 h, 234,788 g, 
and the supernatant was discarded. The membrane fraction pellet was 
resuspended into 1% (w/v) DDM (~195 mM) or DPC (~284 mM) in lysis 
buffer. The membrane fraction was solubilized at +4 ◦C, 2 h with 
continuous rotation. The membrane lysate was clarified by ultracentri
fugation at +4 ◦C, 1 h, 234,788 g. The solubilized membrane fraction 
was passed through HisPur® (Thermo Fisher) affinity resin by gravity 
flow. The resin was washed with 50 mM imidazole, and elution was 
done with 300 mM imidazole pH 6.88 in lysis buffer. The fractions were 
collected and the presence of full-length GDAP1 verified with SDS-PAGE 
and MALDI-TOF/MS (Bruker UltrafleXtreme). The samples were dia
lyzed using a 14 MWCO dialysis membrane in 25 mM HEPES pH 6.88 
(RT), 300 mM NaCl, 10% (w/v) glycerol and 2 mM DPC. TEV protease 
was added with a 1:5 molar ratio to cleave fusion tags. Reverse IMAC 
was used to separate the cleaved protein by gravity flow. 

Samples were concentrated and injected into Superdex 200 10/300 
column (S200) (Cytiva) using 25 mM HEPES pH 6.88 (RT), 300 mM 
NaCl and 2 mM DPC as mobile phase (SEC buffer). SEC-SAXS data were 
collected on the SWING beamline (SOLEIL, Paris) [40], using a 0.5 ml/ 
min flow rate. The data acquisition from the SEC peaks was done with a 
rate of 3 s/frame. The SAXS data were reduced using Foxtrot-3.5.10 and 
ATSAS [41]. Data from two separated peaks were integrated. 

2.6. Structure prediction and modelling 

3D structures of the IMOM and OMOM peptides were predicted using 
the PEP-FOLD server [42]. The top-ranked model of each was then 
modelled onto a DMPC bilayer with PPM [43], using the default pa
rameters of the server. The AlphaFold2 model of human GDAP1 was 
modelled into the OMM using CHARMM-GUI [44]. The composition of 
the membrane is available on the CHARMM-GUI website (https://ch 
armm-gui.org/?doc=archive&lib=biomembrane). The disordered N 
terminus (23 residues) was removed from the model to align the 
transmembrane (TM) helix properly with the membrane plane. 

Electron density maps for GDAP1 were computed using the full- 
length GDAP1 scattering profiles with DENSS, using its membrane 
mode to account for the uneven, low electron density inside the micelle. 
This allows for a negative contrast, important for proper modelling of a 
membrane protein. The parameters of the algorithm, map averaging and 
sharpening can be found in the original publication [45]. Ab initio 
models with bead-based and chain-like algorithms were additionally 
built based on the SAXS data using programs of the ATSAS package [41]. 

3. Results and discussion 

Having determined the crystal structure of the GST-like core domain 
of GDAP1 earlier [20,22,23], to shed light on the missing parts of the 
full-length GDAP1 structure, we carried out SRCD experiments on two 
membrane-proximal peptides, located immediately before and after the 
GDAP1 TMD. Experiments were carried out both in an isotropic setting 
in solution and using oriented rehydrated membranes in OCD, to follow 
peptide folding under different membrane-mimicking conditions and to 
observe peptide orientation with respect to the membrane surface. 

Since the conceptualization of OCD [38], advancements in sample 
preparation and measurement protocols have been made to mitigate 
artefacts, such as linear dichroism. The experimental setting of a 
peptide-lipid environment in OCD, originally described by Chen and 
colleagues [46], has been adopted for ⍺-helical membrane-interacting 
peptides successfully in a number of studies [32,47–50]. We used 
these established experimental OCD settings to study the GDAP1 pep
tides, and spectral differences between isotropic and oriented samples 
indicated successful membrane orientation (see below). 

3.1. CD spectroscopy of isotropic samples in solution 

Both the IMOM and OMOM peptides were soluble in water. Folding 
of both peptides was observed when DMPG/DMPC SUVs were mixed 
with the peptides (Fig. 2). In these samples, we saw a high positive peak 
at 195 nm and a minimum at 208 nm, followed by another minimum at 
222 nm. Hence, the SRCD spectra show that both peptides gain α-helical 
structure, when mixed with liposomes, but the spectral shapes were 
different. To investigate the required lipid-to-peptide (L/P) ratio for the 
peptide to fold, a stepwise increase of lipid was done, from 10:1 to 50:1 
and 100:1 L/P ratio (Fig. 2B, D). The lowest ratio does not contain 
enough lipids per peptide molecule to induce folding. With a five-fold 
increase to 50:1, a positive 195 nm peak appears. The IMOM negative 
peaks clearly distinguish at 208 nm and 222 nm, but in OMOM, they are 
less well defined. When the ratio increases to 100:1 L/P, both IMOM and 
OMOM have strong α-helical spectra with well-defined peaks; however, 
their shapes are different, indicating non-identical structures for the two 
peptides when membrane-bound. The difference in the ratio of DMPG/ 
DMPC, i.e. the surface charge of the membrane, had no effect on the 
shape of the spectra, when membranes with 25% or 50% negatively 
charged DMPG were compared (Fig. 2A, C). 

3.2. Oriented CD spectroscopy of rehydrated samples 

OCD was measured from oriented, rehydrated lipid-peptide multi
layer films to determine the average orientation of the helical peptide 
structure in the lipid bilayer. The films were prepared according to 
Table 1 and Fig. 1. The films were prepared in the same batch as the 
background film without the peptide to combat sources of heterogene
ity, such as unevenly distributed samples, relative humidity, and tem
perature. The mixture spreading into the film was consistent throughout 
the experiment. To monitor possible light scattering and linear dichro
ism effects, OCD spectra were collected from 160 nm to 280 nm at 
different angles about the beam axis. The absorbance curves from each 
angle showed reproducibility, and there was slight variation between 
each scan in all films (Fig. S2, S3), which is normal in OCD experiments. 
No interference from the film or signs of oversaturation were observed. 

3.2.1. The IMOM peptide in an oriented environment 
A qualitative comparison of the IMOM OCD spectra shows that the 

peptide lies on the plane of the membrane, when 50% of the headgroups 
have negative charge. The conformation then tilts slightly, when the 
negative charge on the membrane is decreased. Compared to the solu
tion CD spectrum, which shows that the peptide is helical in a lipidic 
environment embedded in aqueous solvent, the positions of the CD 
peaks do not move (Fig. 3). This indicates similar levels of folding in 
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isotropic and oriented samples. 
An important aspect of OCD is that analysis generally focuses on the 

spectral shape, rather than the exact amplitudes. Aggregation of the 
peptide-lipid complexes, causing light scattering, or uneven distribution 
of sample can alter the peak heights. Furthermore, the bound peptide 
concentration in the lipid membrane can affect its observed conforma
tional state [37,51]. The sample distribution was good, based on the 
absorbance spectra measured for each scan (Fig. S2). Especially for 
⍺-helical peptides, one wants to follow if the peak positions move, and if 
the ratio between the 208-nm and the 222-nm peak changes, which 
gives indications of helix orientation. The IMOM OCD spectra showed 

that the 208-nm CD peak was well defined, being strongest at the 
DMPC/DMPG ratio of 1:1. Its ratio to the 222-nm peak then decreased 
upon loss of negative membrane charge, indicating tilting of the helix 
(Fig. 3A). Films made of bicelles gave similar results as regular lipid 
bilayers, indicating that bicelle samples could be similarly oriented for 
OCD experiments as regular bilayers (Fig. 4A). However, this system is 
not as well characterized as oriented lipid bilayers, and other methods 
must be employed to confirm the nature of these possibly oriented 
bicelle samples. 

In summary, in both isotropic SRCD and OCD, the IMOM peptide has 
the spectral shape of a characteristic α-helix. The significant negative 

Fig. 2. Isotropic SRCD measurements. Spectra for IMOM (A-B) and OMOM (C, D). The peptides folded in DMPC/DMPG-based SUVs. A and C show a comparison of 
different DMPC/DMPG ratios at a 100:1 L/P ratio; the DMPC/DMPG ratio did not have an effect. B and D compare different L/P ratios at a DMPC/DMPG ratio of 1:1. 
Both peptides required more than a 10:1 L/P ratio to fold. 

Fig. 3. Comparison of OCD and isotropic SRCD. A. OCD spectra recorded for IMOM compared with the 1:1 DMPC/DMPG isotropic SRCD spectrum (orange). B. For 
OMOM, the OCD traces are shown as blue and cyan and isotropic SRCD in magenta. The three vertical lines highlight the 195-, 208- and 222-nm peaks. The OCD 
spectra are on the scale of the left y axis, and the solution SRCD spectra are shown on the right y axis. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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208-nm CD peak with respect to the 195-nm and 222-nm peaks in the 
OCD experiment suggests that most of the peptide bonds lie parallel to 
the electric field, or perpendicular to the direction of propagation of 
light [27]. The shape of the spectra, therefore, suggests that the IMOM 
peptide is lying flat on the lipid surface, and that it can be induced to tilt 
slightly by changing the lipid composition. Decreasing the negative 
charge of the membrane surface appears to induce tilting of the peptide, 
which appears parallel to the membrane surface in 1:1 DMPC/DMPG. 

3.2.2. The OMOM peptide in an oriented environment 
The magnitude of the CD signal from the films with OMOM was 

much higher than with the IMOM peptide, averaging ~20 mdeg and 
exceeding 50 mdeg (Fig. 3B), which could indicate differences in sample 
coverage or peptide aggregation state on the membranes. The OCD 
curve overall shape largely lacks the negative minimum at 208 nm, 
which is an indication of a tilted or even transmembrane conformation 
[27,52]. The isotropic SRCD spectra for OMOM have a weaker 208-nm 
band compared to IMOM, which indicates specific differences between 
the two peptides; the 208-nm band for OMOM is more like a shoulder to 
start with, before orienting the bilayers. In comparison to the isotropic 
spectra with SUVs or bicelles, the 208-nm band is nearly missing in OCD, 
while the 195-nm band moves towards a higher wavelength in some 
samples, to 198–204 nm (Fig. 4B). This is a normal phenomenon for 
OCD of a tilted peptide [27,52]; as the 222-nm peak does not move, the 
peptide does not transition towards β-stranded structure. There were no 
peak shifts when the peptides bound to SUVs were compared to the 
bicelle conditions. 

The results do not support the hypothesis that the OMOM peptide is 
parallel to the membrane surface, as predicted by the AlphaFold2 model 
inserted into the OMM membrane composition (Fig. 1C, S4). The overall 
shape of the spectra and weakness of the 208 nm peak suggest that some 
fraction of the peptides are buried in the lipid membrane, possibly in a 
highly tilted conformation. The samples may contain a mixture of ori
entations, and the results reflect an average of these. As opposed to 
IMOM, membrane surface charge does not affect the apparent orienta
tion of OMOM. It should be noted that the OMOM peptide carries a Pro 
residue in the middle region, and PEP-FOLD predicts either a kinked 
helix or two short helices with an angle between them. This could enable 
tilting of the peptide in a similar way as earlier observed for a 
membrane-binding peptide from the myelin protein P0 cytoplasmic 
domain [52], which showed a similar OCD spectrum. 

3.3. Small-angle X-ray scattering of full-length GDAP1 

The results from the SRCD and OCD experiments showed that the 
GDAP1 segments close to the TM helix bind to lipids. We then investi
gated whether full-length recombinant GDAP1 could be isolated from 
membranes and purified. To select the detergent, CD spectra of IMOM 

and OMOM were measured to compare their folding in water, DDM and 
DPC. The CD spectra showed that both peptides lack secondary structure 
features in water. When DDM was used, the spectra did not show a clear 
difference compared to the spectra measured in water. A dramatic dif
ference was seen when DPC micelles were added; folding of both pep
tides into ⍺-helical structures was observed, similarly to the experiments 
with liposomes above (Fig. 5A). The effect of DPC is logical due to the 
similarity of its headgroup to DMPC (Fig. 5B). The importance of the 
lipid headgroup is highlighted by the fact that the peptides did not fold 
in DDM but became helical in DPC. DPC was therefore deemed suitable 
to stabilize full-length GDAP1 in vitro and used for the purification 
(Fig. 5C). 

SEC-SAXS data were collected from the purified full-length GDAP1 
samples in DPC buffer. The SEC-SAXS retention profile shows two 
distinct peaks, based on further analyses likely corresponding to GDAP1 
with and without a detergent micelle (Fig. 6, S5, S6, S7). The SAXS data 
are summarized in Table 2. 

A comparison of the SAXS profiles shows that the first eluting peak 
contains a protein and a micelle together (Fig. 6A-C). However, the peak 
eluting later does not seem to contain a micelle, suggesting that full- 
length GDAP1 can remain soluble also in the absence of detergent in 
micellar form. This was earlier seen for the closest homologue of GDAP1, 
GDAP1L1 [22], which also has the HD and TMD domains. Moreover, the 
Rg and estimated MW of the peaks suggest that the scattering arises from 
monomeric GDAP1. The Rg and Dmax of the GDAP1 AlphaFold2 model 
are 31.1 and 93 Å, respectively; the values are close to those for the 
second eluted peak, further indicating the presence of a monomer. Ab 
initio bead-based and chain-like modelling of the structure results in an 
elongated envelope that fits the GST-like domain, with an additional 
density corresponding to the size and location of the HD and TMD 
(Fig. 6D-E). It should be noted that the negative electron density inside a 
detergent micelle is not correctly taken into account by conventional ab 
initio modelling using DAMMIN and GASBOR. Hence, the 3D electron 
density map from the solution scattering profile was calculated using the 
membrane protein mode in DENSS (Fig. S5, S6); in addition, multi-phase 
modelling in MONSA was carried out (Fig. 6F-G). The volume corre
sponds to a monomer, which may indicate that either the full-length 
GDAP1 does not form dimers, as shown for constructs lacking the C 
terminus [20,22,23], or the concentration in the experiment was so low 
that monomers were predominant. The monomer-dimer equilibrium of 
GDAP1 in vitro is dependent on the protein concentration [20]. There is 
no evidence for the presence of a detergent micelle in the particle eluting 
in the second peak, as indicated by the distance distribution profile, 
suggesting that full-length GDAP1 is to some extent soluble without a 
bound detergent micelle. Detergent monomers may be bound to the 
hydrophobic surfaces in the experiment, but not to the extent that would 
cause characteristic features in the SAXS profile. 

Fig. 4. Normalized OCD spectra from bicelle films at different DMPC/DMPG ratios. A. IMOM. B. OMOM. The molar lipid-to-protein ratio was 100:1.  
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3.4. Implications for full-length GDAP1 

Membrane interactions are important for protein function and 
localization. Typically, the residues interacting with lipid membranes 
fold into ⍺-helices. The helix confirmation may vary based on the amino 
acid sequence and lipid composition. OCD is a technique that extends 
the conformational information obtained from CD spectroscopy to 
address the average orientation of the polypeptide in the membrane 
structure. 

The crystal structure of the human GDAP1 cytosolic GST-like do
mains, ranging to residue 302, contains a unique dimer interface 
[20,22,23]. GDAP1 has two domains following residue 302, the HD and 
TMD [8,9]. OMM proteins, many being fission factors, have a TA 
membrane-binding domain [53]. The TA translates the protein from the 
endoplasmic reticulum (ER) into mitochondria and docks it into the 
outer membrane [54]. Immunohistochemical tracking has demonstrated 
that HD and TMD domains are sufficient for mitochondrial localization 
and fission activity of GDAP1 [55]. The critical differences between 
CMT-linked missense point mutations in the HD and TMD [56–58] 
suggest that the residues before residue 320 have more to do with the 
fission function, and the remaining C-terminal tail is for targeting 
GDAP1 to the OMM. 

The experimental scheme in this study presents a model of the 
GDAP1 TA segment, and our SAXS data provide the first experimental 
models for full-length human GDAP1. The peptide OMOM represents the 
HD domain, and IMOM represents the TMD tail in the intermembrane 
space. There was no prior evidence of either being inserted into the 

membrane as a transmembrane helix. SRCD spectra of both peptides 
showed helical conformation when bound to lipid bilayers, and OCD 
data displayed different conformations. The IMOM peptide was more 
parallel to the membrane surface, while OMOM was more tilted into the 
membrane. Modelling of the AlphaFold2 structure of GDAP1 onto the 
OMM (Fig. S4) supports these findings, showing that both peptides must 
be interacting with the membrane surface. A distinguishing factor is that 
the outer leaflet helix is likely more flexible with many conformations, 
including being partially buried. In contrast, the inner leaflet helix acts 
as a fixed anchor following the transmembrane helix. Whether the 
conformation of the transmembrane helix is affected by the lipid 
composition, is currently not known. 

The OMOM peptide is a site for CMT disease mutations; known 
mutations include R310Q and R310W, which we characterized before 
[20], as well as N297T and P306L [59,60]. Arg310 is predicted by 
AlphaFold2 to interact with the GST-like core domain, pointing away 
from the membrane [20]. Therefore, the OMOM segment or the HD is 
likely a structure that links the membrane surface to the folded core 
domain on the cytosolic side, and mutations interfering with this linkage 
may cause disease. Co-sedimentation experiments suggest that the helix 
contributes to membrane binding (unpublished data). The IMOM pep
tide, i.e. the GDAP1 C-terminal tail in the mitochondrial intermembrane 
space, is a target for at least two known CMT mutations: L344R and 
S346N [61,62]. Leu344 is likely embedded in the membrane, and mu
tation to Arg would interfere with this scenario, possibly affecting 
GDAP1 targeting. Predicted models for the two peptides are shown in 
Fig. 7, further supporting their different folding properties and 

Fig. 5. Detergent selection for full-length GDAP1 purification. A. Isotropic CD measurements for the IMOM and OMOM peptides in water and detergent micelles. B. 
Molecular structures of DMPC, DMPG, and DPC. Note the similarity between the headgroups of DMPC and DPC. C. Full-length GDAP1 purification after SEC. Left: 
Fractions collected from the main eluting peak in SEC. The bands appearing between the 10 and 25 kDa markers were identified using MALDI-TOF-MS as GDAP1 
fragments. Right: concentrated sample pooled from the main peak and further used for SEC-SAXS. 
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membrane interactions. 
Based on current experimental data and computational predictions, 

the topology of the GDAP1 membrane interaction is a single trans
membrane helix, with two flanking peripheral helices in both the OMM 
inner and outer leaflets. It should be noted that the system investigated 
here consisted of liposomes and peptides, both simplified mimics of the 
interaction between GDAP1 and the OMM. The complete composition of 
the mitochondrial outer membrane is much more complex [63], and 
high-resolution structural studies on full-length GDAP1 in a 

physiological membrane lipid composition remain to be performed. 
While the OCD method is limited to the global resolution of helical 
peptide orientation bound to a lipid membrane, solid-state NMR can 
yield high-resolution details of such peptides [64–68] and would pro
vide additional details on the membrane-associating segments of 
GDAP1. 

Fig. 6. SAXS analysis of full-length human GDAP1. A. Scattering curves for the two SEC-SAXS peaks for full-length GDAP1 in DPC. The SAXS data are coloured 
purple (first peak) and blue (second peak). B. Dimensionless Kratky plots for the samples indicate similar levels of flexibility. C. Distance distribution indicates that 
the first peak has a particle with shoulders characteristic of a detergent micelle, while the second peak corresponds to a folded protein without bound micelle. D. 
DAMMIN model (magenta) for the monomeric full-length human GDAP1 superimposed with the AlphaFold2 model (cartoon) indicates presence of the GST-like 
domain to the right and the C-terminal region including the TMD to the left. E. Chain-like GASBOR model for the monomer. F. MONSA models for GDAP1 with 
a DPC micelle. 4 models are superposed, resulting from separate runs with different contrast values for the micelle. The protein phase is shown as grey beads and the 
micelle phase is in orange. G. Superposition of one MONSA model with a model of GDAP1 (cartoon) bound to a DPC micelle (red). The models shown in this figure 
are all from the first SEC peak, containing GDAP1 bound to a detergent micelle. Fits of the various models to the experimental data are shown in Fig. S7. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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4. Conclusions 

Our results describe the OMM binding contributions of the flanking 
helices adjacent to the GDAP1 transmembrane helix. The IMOM and 
OMOM helices are not transmembrane but aligned along the membrane 
surface or tilted and partially embedded. The C-terminal tail in the 
intermembrane space is, thus, not disordered but tightly coiled into the 

inner leaflet, locking the protein into the OMM. The residues adjacent to 
the outer leaflet may have less affinity towards the membrane, allowing 
more flexibility. These membrane-proximal helices of GDAP1 contribute 
to OMM binding and, thus, likely have a role in the localization, 
conformation, and function of GDAP1. The results further shed light on 
the potential disease mechanisms in CMT, whereby the membrane in
teractions of the segments outside the GST-like domain may be 
impaired, leading to abnormal protein targeting and membrane protein 
complex assembly. 
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Table 2 
SEC-SAXS experiments on full-length GDAP1 in DPC-containing buffer. The 
CRYSOL fits correspond to the AlphaFold2 model.  

Peak 1st peak (containing 
micelle) 

2nd peak (detergent- 
free) 

Rg (Guinier) (Å) 42.06 ± 1.38 31.53 ± 0.54 
Rg (GNOM) (Å) 42.06 31.56 
Dmax (Å) 113.36 102.71 
Vp (Å3) 220,212 101,981 
Estimated MW Bayes/Vc 

(kDa) 
94.2/52.2 41.9/42.7 

χ2 (GASBOR – 0.95 
χ2 (DAMMIN) – 0.95 
χ2 (CRYSOL) 6.41 2.11  

Fig. 7. Peptide structure predictions. A. Helical wheel diagram of OMOM. B. Two predicted conformations of OMOM from PEPFOLD. The locations of CMT mutation 
sites (Asn297, Pro306, Arg310) are indicated in cyan. C. PPM docking of the two OMOM models onto a DMPC membrane. D. Helical wheel diagram of IMOM. E. 
Predicted conformation of IMOM. CMT mutation sites (Leu344, Ser346) are indicated in cyan. F. PPM docking of the IMOM model onto a DMPC membrane. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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