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Abstract: Intrinsically disordered myelin basic protein (MBP) is one of the key autoantigens in
autoimmune neurodegeneration and multiple sclerosis particularly. MBP is highly positively charged
and lacks distinct structure in solution and therefore its intracellular partners are still mostly enigmatic.
Here we used combination of formaldehyde-induced cross-linking followed by immunoprecipitation
and liquid chromatography-tandem mass spectrometry (LC-MS/MS) to elucidate the interaction
network of MBP in mammalian cells and provide the list of potential MBP interacting proteins.
Our data suggest that the largest group of MBP-interacting proteins belongs to cellular proteins
involved in the protein translation machinery, as well as in the spatial and temporal regulation of
translation. MBP interacts with core ribosomal proteins, RNA helicase Ddx28 and RNA-binding
proteins STAU1, TDP-43, ADAR-1 and hnRNP A0, which are involved in various stages of RNA
biogenesis and processing, including specific maintaining MBP-coding mRNA. Among MBP partners
we identified CTNND1, which has previously been shown to be necessary for myelinating Schwann
cells for cell-cell interactions and the formation of a normal myelin sheath. MBP binds proteins
MAGEB2/D2 associated with neurotrophin receptor p75NTR, involved in pathways that promote
neuronal survival and neuronal death. Finally, we observed that MBP interacts with RNF40–a
component of heterotetrameric Rnf40/Rnf20 E3 ligase complex, recruited by Egr2, which is the
central transcriptional regulator of peripheral myelination. Concluding, our data suggest that MBP
may be more actively involved in myelination not only as a main building block but also as a
self-regulating element.

Keywords: myelin basic protein; MBP; interactome; formaldehyde cross-linking; MS-based
proteomic analysis

1. Introduction

Myelinization of the axons is critical for the rapid conduction of the nerve impulses.
Myelin is maintained as a tightly packed, lipid-rich multilayer membrane envelope to func-
tion as an electrical insulator. The importance of the myelin membrane is evident in terms
of demyelinating diseases such as multiple sclerosis, which lead to severe neurological
disability. Myelin is produced by specialized glial cells in both, central and peripheral
nervous systems (CNS and PNS, respectively). Genetic abnormalities in myelin genes or
an autoimmune destruction of myelin lead to severe neurological damage. Plenty of the le-
sions developed during dys- or demyelination processes can be associated with the partial
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violation of the tight interactions of myelin proteins with lipid bilayer. Myelin basic protein
(MBP) is one of the most abundant among myelin proteins. It presents in high amount in
CNS and PNS in oligodendrocytes and Schwann cells, respectively [1,2]. MBP is a periph-
eral membrane-associated semisubmersible protein with highly disordered structure in an
aqueous solution [3–5]. However, number of data indicate that the interaction of MBP with
ligands triggers the formation of secondary structures and some degree of MBP folding
into a more compacted scaffold [6]. Aggarwal et al. showed that MBP controls biogenesis
of myelin by weak forces emerging from MBP’s inherent phase separation ability [7]. The
interaction of MBP with the inner part of the membrane bilayer leads to charge neutraliza-
tion and triggers its self-association into larger polymers and a phase transition to a dense
protein network. The MBP interaction network has common features with the formation
of amyloid fibrils [7]. This process occurs through phenylalanine-mediated hydrophobic
and amyloid-like interactions, which provide the molecular basis for protein extrusion and
“fastening” of myelin membranes. Data from Aggarwal et al. reveal the physico-chemical
mechanism of how the cytosolic protein controls the morphology of complex membrane
architecture [7]. Their results provide an explanation for the key mechanism of myelin
membrane biogenesis with the possibility of using these data to suppress demyelinating
diseases of the central nervous system.

MBP has many isoforms resulting from both alternative splicing and miscellaneous
post-translational modifications [8]. It is present in the nervous system as isomers with
different charge, and it is evident that charge-mediated effects modulate its function and
interactions with ligands such as membrane surfaces [9–12]. Recently it was shown that
MBP may be hydrolyzed by proteasome without ubiquitination [13] through novel class of
Basic Elementary Autonomous Degrons (BEADs) interacting with PA28-capped protea-
somes [14]. MBP is one of the major myelin sheath autoantigens in multiple sclerosis (MS)
and animal models of autoimmune neurological disorders [15,16]. It is recognized [17] and
cleaved [18,19] by autoantibodies and is efficient substrate for the immunoproteasome [20].
Post-translational modifications of MBP may play an important role in the pathogenesis of
MS [21,22]. Removal of arginine occurs at several sites and has been increased in multiple
sclerosis [21], and the degree of removal (or citrullination) of MBP correlates with the
severity of multiple sclerosis [23]. In the study by Wang et al., recombinant murine analogs
of two isoforms of the classic 18.5 kDa MBP, natural C1 and C8 charge isoforms (rmC1 and
rmC2, respectively), were used as model proteins to elucidate the structure and function of
charge isomers [24]. A number of biochemical and biophysical methods have been used
to study the differences between the two isoforms in terms of structure and interaction
with ligands, including calmodulin (CaM), various detergents, nucleotide analogs and
lipids. In general, the results indicate that rmC8 in comparison with rmC1 is insufficient
both in its structure and especially in function. Although the binding properties of CaM
are very similar between the two forms, their interactions with membrane mimics were
different. In addition, using fluorescently labeled nucleotides, MBP was observed to bind
to ATP and GTP, but not AMP; and this binding of nucleoside triphosphates was inhibited
in the presence of CaM [24]. Recently it was shown that CaM may protect MBP from
ubiquitin-independent proteasomal hydrolysis [25], which contributes to the development
of autoimmune neurodegeneration [26].

Summarizing, elucidation of the mechanisms that guide myelin membrane biogenesis
may result not only in deeper understanding of the pathogenesis of the autoimmune
neurodegeneration, but also in the novel therapeutic approaches. Here using combina-
tion of formaldehyde-induced cross-linking followed by immunoprecipitation and liquid
chromatography-tandem mass spectrometry (LC-MS/MS) we showed that MBP interacts
with eight major proteomic groups related to: (i) protein synthesis machinery; (ii) mito-
chondrial proteins, (iii) mRNA splicing, transport and maintenance, (iv) reorganization
of the actin cytoskeleton at the plasma membrane and cell adhesion, (v) cytoskeleton and
intracellular traffic, (vi) ubiquitin-proteasome system, (vii) protein quality control, and
(viii) chromatin remodeling.
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2. Materials and Methods
2.1. Cells and Transfection

HEK 293T cells were obtained from the Russian Cell Culture Collection (RCCC,
Institute of Cytology of the Russian Academy of Sciences, St-Petersburg, Russia). HEK 293T
cells were maintained by passage in Dulbecco’s modified Eagle’s medium supplemented
with 100 µg/mL streptomycin, 100 units/mL penicillin, and 10% fetal bovine serum (FBS)
(pH 7.2–7.4) in a humidified atmosphere containing 5% CO2 at 37 ◦C. HEK293T cells
were transfected with the pBud4.1EF_MBPwt_flag_strep [14] using Lipofectamine LTX
Reagent with PLUS Reagent (Thermo Fisher Scientific, Waltham, MA, USA) according to the
manufacturer’s instructions. All the experiments were conducted at 48 h after transfection.

2.2. Formaldehyde Cross-Linking

The stock 4% formaldehyde solution was obtained by dissolving paraformaldehyde
in water for 2 h at ∼80 ◦C. The resulting solution was passed through the 0.22-micron
filter and stored in the dark at room temperature (RT) for maximum of 4 weeks. The
working formaldehyde solution was obtained by appropriate diluting the stock solution
in PBS. For cross-linking, transfected HEK 293 cells were detached with 0.25% trypsin-
EDTA solution, transferred into 15 mL reaction tube, collected in a by centrifugation and
washed 3 times with PBS. Finally, the pellet was resuspended in 1 mL of working solution
of formaldehyde. Cells were incubated for 7 min with gentle agitation at RT and then
collected by centrifugation at 1800× g for 3 min (RT) which gave in total 10 min exposure
to formaldehyde. The supernatant was discarded, and cells were resuspended in 0.5 mL
ice-cold solution of 1.25 M glycine in PBS to quench the cross-linking reaction. Cell pellet
was washed again with glycine in PBS and lysed in 1 mL TNE buffer (50 mM Tris HCl,
pH 8.0, 150 mM sodium chloride, 1% NP40, 1 mM EDTA) supplemented with protease
inhibitors (Merk, Burlington, MA, USA) and 1 mM PMSF for 30 min on ice. After 30 min,
cell lysates were sonicated with an ultrasonic homogenizer, treated with 2.5 units of DNAse
I (Thermo Fisher Scientific, Waltham, MA, USA) and sonicated again. To remove insoluble
debris, lysates were centrifuged for 20 min at 10,000× g and 4 ◦C, and the supernatants
were passed through the 0.22-micron syringe filters. The cleared lysates were immediately
used for the immunoprecipitation. 1% of the cleared lysates was kept as input controls.

2.3. Immunoprecipitation

The cleared lysates were incubated with 20 µL of anti-FLAG M2 Affinity Gel (Sigma-
Aldrich, St. Louis MO, USA) or Pierce Protein A/G Agarose (Thermo Fisher Scientific,
Waltham, MA, USA) slurry at 4 ◦C for overnight. Following incubation, agarose beads with
immunocomplexes were washed with TNE buffer five times, and immunocomplexes were
eluted from agarose beads with sample buffer (65.8 mM Tris HCl, pH 6.8, 10% glycerol, 1%
SDS, 0.01% bromophenol blue) at 65 ◦C for 5 min. The supernatants were treated with 5 µL
of 2-mercaptoethanol at 65 ◦C for 5 min. Supernatants containing immunocomplexes were
resolved by sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) and
obtained gels were stained using Coomassie blue.

2.4. Mass Spectrometry Analysis

The strips from the bands stained by Coomassie blue were excised and subjected to a
trypsin in-gel digestion procedure. In-gel digestion of protein with trypsin was performed
as described previously [27]. After overnight tryptic digestion, the resulting peptides
were extracted from the gel blocks. Samples were loaded to in house-made trap column
(20 × 0.1 mm), packed with Inertsil ODS3 3 µm sorbent (GL Sciences, Tokyo, Japan), in the
loading mobile phase (2% acetonitrile (ACN), 98% H2O, 0.1% TFA) at flow rate 10 µL/min
and separated in a in house-made [28] fused-silica column (300 × 0.1 mm) packed with
Reprosil PUR C18AQ 1.9 (Dr. Maisch, Ammerbuch, Germany) at RT into an emitter
made using P2000 Laser Puller (Sutter Instrument, Novato, CA, USA). Reverse-phase
chromatography was performed using an Ultimate 3000 Nano LC System (Thermo Fisher
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Scientific, Waltham, MA, USA), which was connected to the Orbitrap Q Exactive Plus mass
spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) via a nanoelectrospray source
(Thermo Fisher Scientific, Waltham, MA, USA). As mobile phase A, water containing 0.1%
(v/v) formamide was used and, as mobile phase B, acetonitrile containing 0.1% formamide
(v/v), 20% water (v/v) was used. Peptides were eluted from the trap column with a linear
gradient: 3–6% of B for 3 min; 6–25% of B for 30 min, 25–40% of B for 25 min, 40–60% of B
for 4 min, 60% of B for 3 min, 60–99% of B for 0.1 min, 99% B during 10 min, 99–2%B for
0.1 min at 500 nL/min flow rate. After each gradient run, the column was preequilibrated
with the buffer A for 10 min. MS data was collected in DDA mode. MS1 parameters were
the following: resolution—70 K, scan range—350–1500, max injection time—30 s, AGC
target—3 × 106. Ions were isolated with 1.4 m/z window, preferred peptide match and
isotope exclusion. Dynamic exclusion was set to 30 s. MS2 fragmentation was performed
in HCD mode at 17.5 K resolution with normalized collision energy (NCE) of 29%, max
injection time of 50 s, AGC target—2 × 105, loop count—10. Other settings were the
following: charge exclusion—unassigned, 1, >7. The mass spectrometry proteomics data
have been deposited to the ProteomeXchange Consortium via the PRIDE [29,30] partner
repository with the dataset identifier PXD028685 and 10.6019/PXD028685.

2.5. Data Analysis

Raw LC-MS/MS data from the Orbitrap Q Exactive Plus mass spectrometer were
converted to mgf peak lists with MSConvert software (ProteoWizard Software Founda-
tion). The following parameters were used for this procedure, “–mgf –filter peakPicking
true [1,2]”. For an exhaustive protein identification, obtained peak lists were processed by
MASCOT (version 2.5.1, Matrix Science Ltd., London, UK) and X! Tandem (ALANINE,
1 February 2017, The Global Proteome Machine Organization) against the UniProt Knowl-
edgebase, taxon human, (http://www.uniprot.org, accessed on 12 May 2021) with the
concatenated reverse decoy dataset. The precursor and fragment mass tolerance were
set at 20 ppm and 50 ppm, respectively. The database search parameters were settled
as follows: tryptic digestion with one possible missed cleavage, static modification for
carbamidomethyl (C), and dynamic/flexible modifications for oxidation (M). Selected
parameters for X! Tandem allowed to rapidly detect protein N-terminal acetylation, peptide
N-terminal glutamine ammonia loss or peptide N-terminal glutamic acid water loss. The
resulting files were subjected to Scaffold 4 (version 4.2.1, Proteome Software Inc, Portland,
OR, USA) for validation and further analysis.

3. Results and Discussion

To elucidate potential binding partners of MBP, we performed formaldehyde crosslink-
ing, immunoprecipitation and mass spectrometry analysis of cell lysates of HEK293T cells
overexpressing Flag-tagged human MBP (Figure 1). There are several reasons why we used
HEK293T cells overexpressing Flag-tagged MBP: (i) There are only a few immortalized cell
lines mimicking oligodendrocytes. Despite expression of surface markers similar to those
of oligodendrocytes, they still do not fully represent native cells. (ii) Usage of primary
oligodendroglial cultures is not obvious due to the heterogenicity and troubles with either
transfection or transduction procedures. Finally, amount of endogenous MBP in native
oligodendrocytes is dramatically high therefore it may effectively compete with recom-
binant tagged MBP, displacing it from protein complexes. (iii) Commercially available
antibodies partially cross-react with eukaryotic proteome thus generating false-positive re-
sults. Additionally, usage of such low-affinity antibodies requires mild washing conditions
in contrast to highly specific and affine anti-FLAG antibodies.

http://www.uniprot.org
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Figure 1. Experiment pipeline. HEK293T cells overexpressing Flag-tagged human MBP were detached, washed, and
exposed to formaldehyde. The formaldehyde treated cells were washed and lysed in the mild conditions on ice. Protein
complexes containing MBP were immunoprecipitated from the lysates using anti-Flag-agarose. The immunoprecipitated
material was resolved by gradient SDS-PAGE. The cross-linked immunoprecipitated complexes were detected by Coomassie
Blue staining. The 1 mm wide strips from the middle of each lane were cut and subjected to the in-gel-trypsinolysis
procedure and mass spectrometry-based proteomics analysis. A total of three experiments were carried out with triplicate
repeats in each.

MBP is characterized by multiple low-affinity semi-specific interactions and therefore
combination of fixation of MBP-containing complexes by cross-linking and subsequent
highly sensitive LC-MS/MS seems to be the most beneficial methodology. Despite the
broad usage of formaldehyde as a crosslinking agent, studying of each particular protein
requires optimization of experimental protocol due to the different protein environment,
for example in case of cytosolic and membrane proteins [31]. In order to find the optimal
conditions of the complex formation and low false-positive rate upon the use of formalde-
hyde as cross-linking reagent, we varied 2 out of 3 major parameters playing key role
in formaldehyde cross-linking: the incubation time and the formaldehyde concentration.
We excluded the temperature dependency from the analysis since the minimal effect of
room temperature on the crosslinking efficiency was previously shown [32], and the use of
other temperature ranges would introduce additional variability due to the difficulty of
accurately following the crosslinking protocol. We analyzed the cross-linking efficiency in
the range of formaldehyde concentrations from 0.4 to 1% and incubation time from 2 to
10 min and found that the optimal combination of parameters was 0.6% formaldehyde and
10 min of incubation time (data not shown). Upon these parameters, the size of the pool of
formed complexes was in the range approximately from 50 to beyond 116 kDa (Figure 2A).
It should be noted that under our conditions, the different incubation time in the range of
4–10 min did not result in significant changes in cross-linking. Thus, we chose the interval
of 10 min, since it allowed us to minimize timing errors.

A total of three separate cross-linking-IP experiments were carried out with triplicate
repeats in each to identify a pull of potential MBP interactors. As a negative control
for the IP we used the same lysates and IP procedures, except protein A/G agarose
beads (Thermo Fisher Scientific, Waltham, MA, USA) in the control IPs instead of anti-
Flag agarose used in the MBP IPs. Final protocol used in the present study reads as
follows. HEK293T cells overexpressing Flag-tagged human MBP were exposed to 0.6%
formaldehyde for 10 min at room temperature (approximate 23 ◦C). The formaldehyde-
treated cells were washed and lysed in the mild conditions on ice. To remove the lipids
and DNA from obtained complexes the lysates were subjected to ultrasound and DNAse
treatment. Protein complexes containing MBP were immunoprecipitated from the lysates
and the immunoprecipitated complexes was resolved by gradient SDS-PAGE. The protein
bands were stained by Coomassie Blue. The gel strips were exized and subjected to mass
spectrometry-based proteomics analysis. Cross-linked complexes in a gradient gel gave an
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about even coloration in the 50-beyond 116 kDa range with several predominant bands
(Figure 2A). Therefore, for MS analysis we excised a strip 1 mm wide from the middle
of each lane starting from about 30 kDa and up to the top end of the separating gel. The
strips were cut in 1 × 1 mm pieces and subjected to the in-gel-trypsinolysis procedure and
subsequent MS analysis. Bioinformatic analysis of the obtained proteomic data is presented
in Supplementary Table S1. Venn diagram in Figure 2B represents the distribution of the
detected proteins between different experiments. The proteins, which were observed in
at least two from three MBP IP experiments, and which were either not detected in three
control experiments or whose Peptide-Spectrum Matches in MBP experiments were 3.5 or
more times over those in control experiments, were considered as possible components of
MBP-interacting network.
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Figure 2. MBP immunoprecipitation and LS-MS/MS data. (A) Crosslinked MBP immunocomplexes resolved in gradient
TGX Stain-Free Precast Gel (left) and immunostained with anti-Flag Ab (right). Analyzed zone is marked. (B) Venn diagram
representing proteins identified in three experiments (with triplicate repeats in each) of immunoprecipitation against Flag-
tagged human MBP. (C) Venn diagram representing unique and reproducible proteins identified in immunoprecipitation
against Flag-tagged human MBP compared to negative control.

The detected MBP interactome included 67 different proteins that were identified by
Mascot and/or X! Tandem with false discovery rate (FDR) for peptide-spectrum matches
less than 0.01 determined by searching a reverse database (Figure 2C).

The analysis of identified proteins using String database showed that MBP interacts
with eight major proteomic groups presented in Table 1 and Figure 3. The largest group of
identified proteins belongs to cellular proteins involved in the protein translation machinery,
as well as in the spatial and temporal regulation of translation (Table 1 and Figure 3, red
code). As early as 1982, the hypothesis of spatiotemporal regulation of its expression was
proposed for the MBP [33]. Subsequently, it was shown that MBP mRNA is transported
along microtubules as part of large ribonucleoprotein complexes (granules) to the distal
parts of oligodendrocyte processes [34,35]. The local translation of the MBP is initiated
by corresponding signaling pathways, triggered by the interaction of the axon with the
oligodendrocyte, providing myelination at the contact site [36,37]. The synthesis of MBP is
a complex process, which involves not only basic translation proteins, but also proteins
that ensure the formation of granules around mRNA, translation regulation, and motor
functions [37].
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Table 1. List of potential MBP interacting proteins. PSMs—Peptide-Spectrum Matches.

Protein Name Gene Name PSMs for MBP
Experiment

PSMs for Control
Experiment

Protein synthesis

40S ribosomal protein S16 RPS16 0 1 2 0 0 0

40S ribosomal protein S19 RPS19 0 1 1 0 0 0

40S ribosomal protein S20 RPS20 0 2 4 0 0 0

40S ribosomal protein S23 RPS23 3 0 4 0 0 0

60S ribosomal protein L11 RPL11 0 1 3 0 0 0

60S ribosomal protein L12 RPL12 0 1 1 0 0 0

60S ribosomal protein L18a RPL18A 0 3 8 0 0 0

Protein LTV1 homolog LTV1 0 2 1 0 0 0

Ribosomal protein L7, isoform CRA_a RPL7 0 1 4 0 0 0

40S ribosomal protein S24 RPS24 0 2 3 0 0 1

40S ribosomal protein S11 RPS11 0 1 8 0 0 2

60S ribosomal protein L26 RPL26 0 3 6 0 0 2

40S ribosomal protein S3a RPS3A 3 2 12 0 0 4

60S ribosomal protein L24 RPL24 0 2 2 0 0 1

60S ribosomal protein L14 RPL14 0 2 5 0 0 2

Mitochondria

28S ribosomal protein S31, mitochondrial MRPS31 0 2 2 0 0 0

Aconitate hydratase, mitochondrial ACO2 1 0 2 0 0 0

cDNA FLJ46863 fis, clone UTERU3011558 NOA1 1 0 2 0 0 0

FAST kinase domain-containing protein 5, mitochondrial FASTKD5 0 2 1 0 0 0

Isoform 2 of Caseinolytic peptidase B protein homolog CLPB 0 2 8 0 0 0

Prohibitin (Fragment) PHB1 2 2 3 0 0 0

Prohibitin-2 PHB2 5 2 6 0 0 0

Single-stranded DNA-binding protein, mitochondrial (Fragment) SSBP1 1 0 2 0 0 0

Solute carrier family 25, member 13 (Citrin) variant (Fragment) SLC25A13 0 1 3 0 0 0

Probable ATP-dependent RNA helicase DDX28 DDX28 0 2 6 0 0 1

Enoyl-CoA hydratase HADHA 3 1 7 0 0 2

Probable leucine–tRNA ligase, mitochondrial LARS2 0 2 3 0 0 1

AIR carboxylase (Fragment) PAICS 2 0 6 0 0 2

Serine hydroxymethyltransferase SHMT2 5 3 17 0 0 7

Serine/threonine-protein phosphatase PGAM5, mitochondrial PGAM5 1 0 6 0 0 2

mRNA splicing, transport and maintenance

cDNA FLJ77421, highly similar to Homo sapiens autoantigen p542 mRNA RALY 2 1 0 0 0 0

Isoform 2 of General transcription factor 3C polypeptide 5 GTF3C5 0 2 1 0 0 0

Serine/arginine repetitive matrix 1 isoform 2 (Fragment) SRRM1 0 4 1 0 0 0

Heterogeneous nuclear ribonucleoprotein A0 HNRNPA0 2 2 1 0 0 1

Signal recognition particle subunit SRP72 SRP72 1 0 4 0 0 1
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Table 1. Cont.

Protein Name Gene Name PSMs for MBP
Experiment

PSMs for Control
Experiment

cDNA FLJ75871, highly similar to Homo sapiens staufen, RNA binding
protein (STAU), transcript variant T3, mRNA STAU1 0 5 8 0 0 3

RNA-specific adenosine deaminase ADAR 3 3 1 0 2 0

TAR DNA-binding protein 43 TARDBP 4 1 2 0 0 2

Reorganization of the cytoskeleton and intercellular adhesion

Annexin A1 ANXA1 4 3 2 0 0 0

Catenin delta-1 CTNND1 0 1 5 0 0 0

Copine III, isoform CRA_a CPNE3 0 2 2 0 0 0

Filamin B, beta (Actin binding protein 278), isoform CRA_a FLNB 2 1 4 0 0 0

Moesin MSN 2 0 8 0 1 1

cDNA FLJ56823, highly similar to Protein-glutamine
gamma-glutamyltransferase E TGM3 1 1 2 0 1 0

Profilin-1 PFN1 2 1 1 0 0 1

Talin-1 TLN1 3 4 16 0 1 5

Testicular secretory protein Li 7 DPYSL3 0 2 5 0 1 1

Cytoskeleton and intracellular traffic

Cytoskeleton-associated protein 5 CKAP5 1 0 8 0 0 1

Cytoplasmic dynein 1 heavy chain 1 DYNC1H1 3 0 1 0 0 1

Tubulin beta chain TUBB2B 0 2 5 0 0 2

Ubiquitin-proteasome system related

cDNA, FLJ93871, highly similar to Homo sapiens melanoma antigen,
family B, 2 (MAGEB2), mRNA MAGEB2 0 1 3 0 0 0

E3 ubiquitin protein ligase RNF40 0 2 1 0 0 0

Small ubiquitin-related modifier SUMO2 0 2 2 0 0 0

Ubiquitin carboxyl-terminal hydrolase USP10 0 2 1 0 0 0

Melanoma antigen family D, 2, isoform CRA_a MAGED2 0 2 11 0 0 1

Ubiquitin carboxyl-terminal hydrolase USP5 1 1 5 0 0 1

Quality control proteins

Heat shock 70 kDa protein 4 HSPA4 2 0 1 0 0 0

Nucleophosmin (Fragment) NPM1 11 3 6 0 0 3

Chromatin mainteinance and remodeling

Nucleosome assembly protein 1-like 4, isoform CRA_b NAP1L4 1 0 3 0 0 0

Histone H1.10 H1-10 2 1 0 0 0 0

Importin-7 IPO7 0 2 7 0 0 1

Unassigned to the specific group proteins

Asparagine synthetase [glutamine-hydrolyzing] ASNS 0 3 5 0 0 1

Protein disulfide-isomerase A3 (Fragment) PDIA3 4 0 1 0 0 1

Sodium/potassium-transporting ATPase subunit alpha (Fragment) ATP1A1 0 1 3 0 0 1

BAF53A protein BAF53A 2 0 1 0 0 0

Peroxisome proliferator activated receptor interacting complex protein PRIC295 1 0 9 0 0 1
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As part of MBP interacting network, we identified core proteins of the ribosome, which
belong to 40S subunit–RPS3a, RPS11, RPS16, RPS19, RPS20, RPS23, RPS24 and which are
parts of the 60S subunit–RPL7, RPL11, RPL12, RPL14, RPL18a, RPL24, RPL26. MBP was
shown to bind protein LTV1 homolog (LTV1), which is responsible for the biogenesis of
the small subunit of the ribosome and for its export from the nucleus [40].

Interestingly, the S31 protein from the 28S subunit of the mitochondrial ribosome
(MRPS31) was also detected in MBP precipitates (Table 1 and Figure 3, green code). Also,
among proteins associated with the mitochondrial ribosome, possible DEAD-box RNA
helicase Ddx28 was identified, which helicase activity is necessary for the assembly of
the large subunit of the mitochondrial ribosome [41–43]. Current data suggest that the



Biomolecules 2021, 11, 1628 10 of 17

spatiotemporal expression of MBP is a complex process, and various ATP-dependent RNA
helicases are indispensable factors in its regulation. In 2013, Zhan et al. demonstrated the
interaction of DEAD-box RNA helicase Ddx54, which is Ddx28 homolog, with MBP mRNA,
and the expression of 21 kDa MBP isoform was dependent on the Ddx54 presence in the
cells [44]. Hoch-Kraft et al. showed the presence of Ddx5 in MBP mRNA-associated mRNP
complexes in oligodendroglial cells. Ddx5 was shown to mediate alternative splicing and
post-transcriptional repression of MBP synthesis in pre-myelinating oligodendrocytes [45].
Among sother MBP interactors, associated with mitochondria, Prohibitin 1 (PHB1) and
Prohibitin 2 (PHB2) were also found in the MBP cross-linked protein complexes. Pro-
hibitins form circular structures, alternating with each other in the inner mitochondrial
membrane [46]. However, it has recently been shown that Prohibitin 2 is localized at the
junction of axon and Schwann cell and required for the myelination process [47]. PHB1
appeared to be not critical for the myelination, but its absence caused severe demyelinating
peripheral neuropathy [48].

In the pool of MBP partners we identified several proteins involved in RNA processing
and maintenance (Table 1 and Figure 3, dark grey code). In particular, the TAR DNA-binding
protein 43 (TARDBP) was detected in MBP precipitates. TARDBP is an RNA-binding protein
that is involved in various stages of RNA biogenesis and processing [49,50]. It preferentially
binds long clusters of UG-rich sequences in vivo [51]. Aggregation of TARDBP in amy-
otrophic lateral sclerosis (ALS) could lead to the loss of MBP with compensatory response
of oligodendrocytes, which indirectly might serve as an additional evidence for the in-
volvement of TARDBP in the transport of MBP granules [52,53]. The TARDBP was shown
to have a functional role in axon–glial interactions in the PNS, and loss of its function
in Schwann cells led to impaired conduction velocity and motor behavior [54]. In the
MBP bound complex we also identified the RNA-editing enzyme ADAR1 (RNA-specific
adenosine deaminase [55]). ADAR1 is important for the normal development of Schwann
cells [56]. Cytoplasmic transport of MBP mRNA is mainly dependent on RNA-binding
proteins called heterogeneous nuclear ribonucleoproteins (hnRNP). In complex with MBP
we have identified hnRNP A0, which belongs to the family of hnRNP A/B, recognizing
AU-rich elements (ARE) of mRNA. Another member of this family, hnRNP A2 recognizes
the A2RE element at the 3′-end of MBP mRNA [57]. The increase of hnRNP A2 protein level
in the cytoplasm of oligodendrocytes correlated with the timeline of MBP gene expression
induction and rapid MBP accumulation [58]. In addition, the presence of heterogeneous
nuclear ribonucleoproteins hnRNP K, E1, F, and CBF-A in the complex with MBP mRNA
was previously shown [59,60].

One more representative group of cellular proteins involved in regulation of MBP
synthesis contains proteins participating in the processes of the reorganization of the actin
cytoskeleton and intercellular adhesion, including those at the site of contact between
the oligodendrocyte and axon (Table 1 and Figure 3, light brown code). Intercellular
interaction proteins trigger intracellular signaling pathways that provide derepression of
MBP synthesis at the site of contact. In the MBP-interacting protein network, we identified
the protein catenin delta 1 (CTNND1), which is necessary for myelinating Schwann cells,
cell-cell interactions and the formation of the normal myelin sheath [61]. CTNND1 is
involved in the regulation of cadherin-mediated adhesion and dynamic regulation of the
actin cytoskeleton by modulating the activity of Rho GTPase [62–64]. The mechanism
of MBP translation derepression at the local contact site of axon and oligodendrocyte
is mediated by integrin-dependent activation of Src-family kinase Fyn. Previously Fyn
was found in immunocomplexes with MBP in oligodendrocytes [65]. CNS myelination
of fyn−/− null mutant mice was severely disrupted, yet myelin content in null mutants
lacking the Fyn-related kinases Src, Yes, or Lyn was unaffected, and the myelin deficit
was a result of inhibition of Fyn tyrosine kinase activity [66,67]. Fyn kinase also mediates
the promyelinating influence of BDNF. In this process, the phosphorylation of Fyn is
provided by oligodendroglial TrkB receptors, activated by BDNF [68]. Fyn expression was
upregulated upon induced differentiation of the CG4 oligodendrocyte cell line, consistent
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with the observation that Fyn was enriched in the compact myelin and gradually declined
with age [69]. The hnRNP A2 was identified as one of Fyn substrates in oligodendrocytes.
Its activation in oligodendrocytes is controlled by a signaling cascade at the point of contact
between the axon and the glial cell [70] providing the link between Fyn and activation of
MBP synthesis.

The cytoskeleton adaptor protein Talin 1 (TLN1), which we identified in complex with
MBP, plays a central role in the functioning of integrins. It is required for the formation
of a mechanical bond between integrins and the actin cytoskeleton, and is a necessary
regulator of integrin activation and the subsequent signaling cascade [71–75]. Among
proteins that bind the membrane and actin cytoskeleton, we identified Filamin B, which
is potentially involved in the traffic of MBP mRNA-containing granules [76,77]. Another
protein observed in the pool of MBP interacting proteins is Moesin (MSN). Moesin and its
analogs ezrin and radixin belong to a family of closely related ERM proteins and bind actin
filaments and the plasma membrane. They form membrane-cytoskeletal bonds and serve
as a linkers between the plasma membrane and actin cytoskeleton [78]. These proteins
play a key role in the adhesion, migration and organization of the cell surface structures.
Expression of ezrin, moezin paralog, is specific for Schwann cells where it is involved in
maintaining of the integrity of the myelin sheath [79,80]. In the pool of MBP interacting
proteins, Annexin A1 (ANXA1) and Copine III (CPNE3) proteins were also found, probably
because they bind to phospholipids like MBP. Annexin A1 (lipocortin 1) is a calcium and
phospholipid-binding protein with anti-inflammatory properties [81], which also regulates
the cytoskeleton via actin and profilin [82]. Notably, Profilin-1 (PFN1) was also found in
the MBP-interacting network. With respect to neurodegenerative diseases, ANXA1 has
been shown to accumulate in plaques associated with multiple sclerosis [83]. Additionally,
ANXA1 mitigates the course of the experimental autoimmune encephalomyelitis [84].
The content of ANXA1 in cerebral vascular endothelial cells decreases when the cells are
exposed to the serum of patients with active multiple sclerosis [85]. In a complex with
MBP we identified representatives of another group of cytoskeleton and intracellular traffic
proteins (Table 1 and Figure 3, deep brown code), namely Cytoskeleton-associated protein
5, Cytoplasmic dynein 1 heavy chain 1 and Tubulin beta chain. Previously, it was shown
that MBP co-precipitates with microtubules from the human brain [86] and interacts with
β-tubulin [65].

In the complex with MBP, two proteins of the family of melanoma associated genes B2
and D2, MAGEB2 and MAGED2 were identified (Table 1 and Figure 3, violet/light brown
code). This family includes several dozen genes that share a common MAGE homology
domain (MHD). MAGED1 has been shown to be associated with p75 neurotrophin receptor
(p75NTR), functioning as an adaptor that mediates multiple signaling pathways [87]. The
p75NTR is a positive regulator of myelination processes [88]. Recent biochemical and
biophysical studies have shown that proteins from the MAGE family are associated with
E3 RING ubiquitin ligases to form MAGE-RING ligases (MRLs) and act as regulators of
ubiquitination by modulating ligase activity, substrate specificity, and intracellular local-
ization [89]. In association with MBP we also identified the RNF40–the RNF20/40 E3
RING ubiquitin ligase subunit (Table 1 and Figure 3, violet code). The E3 ligase containing
RNF40 monoubiquinates histone H2B where it is recruited by the transcription factor Egr2,
which is the central transcriptional regulator of peripheral myelination [90]. Xie et al.
demonstrated that H2B monoubiquitination by RNF20/40 E3 RING ubiquitin ligase is
crucial for the induced pluripotent stem cells (iPSCs) formation in somatic cell reprogram-
ming. Deletion of Rnf40 affected cell lineage-specific gene silencing and pluripotency gene
activation [91]. In consistency with this, H2B ubiquitin ligase RNF40 is required for the
induction of differentiation markers and transcriptional reprogramming of human mes-
enchymal stem cells (hMSCs) [92]. Among other members of ubiquitin-proteasome system,
interacting with MBP, we identified ubiquitin carboxyl-terminal hydrolases 5 and 10 (USP5
and USP10), components of the SMC5-SMC6 complex, as well as Small Ubiquitin-like
Modifiers 2 and 3 (SUMO2/3).
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Previously it was shown that all main isoforms of MBP are localized in the nucleus,
and its transport to the nucleus is actively regulated [93]. Among the proteins found in
complex with MBP there are nuclear proteins responsible for chromatin remodeling and
maintenance of DNA structure (Table 1 and Figure 3, cyan code). Histone H1.X, found in
a complex with MBP, belongs to H1 histone type. Histone H1.X stabilizes higher order
chromatin folding through stabilization of chromatin compaction [94]. H1 linker histones
bind to the proteins of the NAP (Nucleosome assembly protein) family, which includes
the identified Nucleosome assembly protein 1-like 4 1 (NAP1L4) [95]. Importin-7 (IPO7),
which is possibly associated with the import of MBP into the nucleus, was also identified
in precipitated MBP complexes.

All MBP-associated protein groups are interconnected with each other through mem-
bers of protein quality control system, namely the nucleophosmin 1 (NPM1) and Heat shock
70 kDa protein 4 (HSPA4) (Table 1 and Figure 3, yellow code). HSPs are a key component of
the chaperone-assisted refolding, which provides protein quality control by specific recog-
nition of the misfolded proteins [96]. Optimal expression of myelin basic protein during
differentiation of the oligodendrocytes requires the constitutive heat shock protein-70 [97],
probably due to the intrinsically-disordered nature of the MBP. A multifunctional nucleolar
organizer-NPM1 is homopentamer with globular domains connected by long, intrinsically
disordered linkers [98]. NPM1 has the crucial functions in cell growth and homeostasis, in-
cluding regulation of ribosome biogenesis and stress response [99]. Such multiple activities
rely on its ability to interact with hundreds of proteins, including multivalent interactions
with proteins containing arginine-rich linear motifs (R-motifs), nucleic acids and ribosomal
RNA. NPM1 modulates multiple mechanisms of liquid-liquid phase separation (LLPS)
phenomena, which, as becoming well accepted, underlie a key role in nucleolar organiza-
tion [100]. LLPS occurs in the intracellular membraneless organelles, which represent a
protein/nuclear acid-rich phase coexisting with a protein-poor bulk phase. Intrinsically dis-
ordered proteins (such as MBP) are easily undergo LLPS [101]. Moreover, LLPS-mediated
nuclear quality control mechanism is perturbed during neurodegeneration [102].

4. Conclusions

Elucidation of the mechanisms that guide myelin membrane biogenesis may result not
only in deeper understanding of the pathogenesis of the autoimmune neurodegeneration,
but also in novel therapeutic approaches. Here using combination of formaldehyde-
induced cross-linking followed by immunoprecipitation and liquid chromatography-
tandem mass spectrometry (LC-MS/MS) we showed that MBP interacts not only with
structural membrane-associated and cytoskeletal proteins, but also with proteins related
to protein expression starting from transcription-translation machinery and continuing
with mitochondrial proteins, transport and protein folding systems. Concluding, our data
suggest that MBP may have not only structural but also regulatory role in myelinization
process, which is significantly more proactive that was believed previously.
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