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Abstract: Myelin basic protein (MBP) is the second most abundant protein in the central nervous
system and is responsible for structural maintenance of the myelin sheath covering axons. Previously,
we showed that MBP has a more proactive role in the oligodendrocyte homeostasis, interacting
with membrane-associated proteins, including integral membrane protein 2B (ITM2B or Bri2) that
is associated with familial dementias. Here, we report that the molecular dynamics of the in silico-
generated MBP-Bri2 complex revealed that MBP covers a significant portion of the Bri2 ectodomain,
assumingly trapping the furin cleavage site, while the surface of the BRICHOS domain, which
is responsible for the multimerization and activation of the Bri2 high-molecular-weight oligomer
chaperone function, remains unmasked. These observations were supported by the co-expression of
MBP with Bri2, its mature form, and disease-associated mutants, which showed that in mammalian
cells, MBP indeed modulates the post-translational processing of Bri2 by restriction of the furin-
catalyzed release of its C-terminal peptide. Moreover, we showed that the co-expression of MBP
and Bri2 also leads to an altered cellular localization of Bri2, restricting its membrane trafficking
independently of the MBP-mediated suppression of the Bri2 C-terminal peptide release. Further
investigations should elucidate if these observations have physiological meaning in terms of Bri2 as a
MBP chaperone activated by the MBP-dependent postponement of Bri2 membrane trafficking.

Keywords: myelin basic protein (MBP); integral membrane protein 2B (ITM2B/Bri2); artificial
intelligence; protein folding; intermolecular interaction; protein processing regulation

1. Introduction

The release of amyloidogenic β-amyloid (Aβ) as a result of the β-amyloid precursor
protein (APP) proteolytic processing causes Alzheimer’s Disease (AD) [1], which belongs to
the group of human amyloid diseases [2]. According to the amyloid cascade hypothesis, the
pathological changes in AD arise from the excessive accumulation of Aβ [3,4]. Onset AD is
enhanced by mutations thereby increasing Aβ production, especially aggregation-prone
Aβ42 [4]. For early- and late-onset sporadic AD cases, Aβ was shown as a major risk
factor [5].
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At the molecular level, cells have their own mechanisms for maintaining protein
homeostasis and controlling of incorrectly folded polypeptides where molecular chaperones
play a critical role in maintaining cellular protein homeostasis [6]. These cellular chaperones
include Integral Membrane Protein 2B (ITM2B or Bri2) [7]. Supposedly, Bri2 regulates APP
processing by masking α- and β-secretase cleavage sites of APP [8–10].

The Bri2 protein belongs to the family of integral type II transmembrane domain
proteins, and its full-length form consists of 266 aa [7]. The cleavage of the peptide bond
between arginine 243 and glutamine 244 residues by pro-protein convertases (PPCs) releases
the 23-amino-acid peptide (Bri23) from the C-terminus of Bri2 [11,12]. The extracellular
ectodomain of Bri2 also contains the BRICHOS domain, which was initially discovered by
sequence similarities with chondromodulin-I and prosurfactant protein C and proposed to
be an intramolecular chaperone in the protein folding [13]. The BRICHOS domain of Bri2 is
also cleaved by sheddase ADAM10 and released [14]. As for full-length Bri2, BRICHOS has
been shown to suppress Aβ42 toxicity by preventing elongation and secondary nucleation
in Aβ42 aggregation process [15–17]. The intravenous injection of recombinant BRICHOS
in Alzheimer’s Disease mouse models attenuated Aβ pathology in the brain and markedly
reduced Aβ plaque deposition and the activation of astrocytes and microglia [18]. It was
reported that Bri23 also inhibits Aβ42 deposition in vivo [19]. The remaining portion of Bri2,
membrane-associated N-terminal fragment (NTF), undergoes intramembrane proteolysis
mediated by protease SPPL2a or SPPL2b causing release of the intracellular domain (ICD)
into the cytosol and secretion of the remaining TM domain [14].

At the same time, Bri2 itself (particularly Bri23) appears to be a frequent target of
disease-associated mutations, including those causing familial British and Danish demen-
tias [20,21] as well as mutations causing familial Chinese and Korean dementias [22,23].
In some studies, Bri23 is called an aggregation-prone region [24] due to amyloidogenic
features of its mutated variants ABri and ADan.

Bri2 was recently found as an interactor of myelin basic protein (MBP) [25]. MBP was
identified in the early 1970s as the predominant protein of basic protein materials extracted
from the whole brain or spinal cord causing experimental allergic encephalomyelitis [26]. In
the 1980s, antibodies to MBP were shown to be a hallmark of multiple sclerosis (MS) [27–29].
Another insight into the key role of MBP in the formation and compactization of the myelin
sheath was a study of shiverer phenotype mice carrying a mutation in the gene encoding
MBP [30,31]. MBP is an important structural protein in the central nervous system, where it
maintains the dense multilayer assembly of the myelin sheath by adhesion of the opposing
cytoplasmic leaflets of the oligodendrocyte membrane [32,33]. Along with this, MBP is
an intrinsically disordered protein, which provides its multifunctionality [34]. MBP was
reported as a potent inhibitor of Aβ fibrillar assembly [35,36]. The N-terminal 64 amino
acids of MBP are responsible for this activity [37].

Previously, using the yeast two-hybrid (Y2H) system, we observed interaction between
MBP and Bri23 [25]. The existence of the MBP-Bri23 complex was confirmed in a reciprocal
Y2H assay, and putative complexes of MBP with the β-hairpin structure of Bri23 were mod-
eled using a combination of an AI-based AlfaFold2 protein structure modeling service [38]
and a High Ambiguity Driven protein–protein DOCKing (HADDOCK) [25]. Because MBP
was also found among proteins pulled down with Bri2 from the cerebral cortex [39], we hy-
pothesized that the interaction between MBP and Bri2 was supposed to be physiologically
relevant. Here, to clarify the details of the intermolecular interaction between MBP and Bri2,
we focused on the following questions: Which form of Bri2 does MBP interact with and
how does this interaction affect the intracellular behavior of the Bri2 molecule? Our study
contained both in silico modeling of the MBP-Bri2 interaction and experimental elucidation
how MBP and Bri2 co-expression affects processing and intracellular localization of Bri2,
mBri2 (Bri2 without Bri23 C-terminal peptide), and disease-associated Bri2 variants in HEK
293 cells. Our experimental data indicate that MBP attenuates furin-mediated Bri2 cleavage
and delays its membrane trafficking, while computational studies provide a structural
explanation and support for the observed phenomena.
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2. Results and Discussion
2.1. Molecular Modeling of Individual Proteins Using AlphaFold2

Models of individual proteins were obtained using an AI-based AlfaFold2 colab
service [38]. Five variants of spatial structures of MBP isoform 5 (171 amino acid residues)
were generated (Figure 1). MBP is a classical representative of intrinsic disordered proteins
(IDPs); therefore, as anticipated, AlphaFold2 predicted five variants of the folding of
unstructured regions connecting three short alpha helices, modeled with high confidence.
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Figure 1. Five AlphaFold2-built 3D models of MBP colored according to their confidence
level. pLDDT > 90 (red), pLDDT > 80 (orange), pLDDT > 70 (yellow), pLDDT > 60 (green),
pLDDT > 50 (azur), pLDDT > 40 (blue), and pLDDT > 30 (dark blue). Models are numbered (1–5)
from maximum to minimum confidence level. Three α-helices and N- and C-termini are indicated.

As mentioned above, Bri2 consists of three domains. Newly synthesized immature
Bri2 consists of an N-terminal unstructured intracellular domain (Bri2 ICD, residues 1–54),
a transmembrane region (TM, residues 55–75), which is part of a longer alpha helix, and a
C-terminal extracellular ectodomain (residues 76–266). In turn, the Bri2 ectodomain consists
of the BRICHOS domain [13,24] and the C-terminal Bri23 peptide, which is cleaved off by
furin in the trans-Golgi cisternae of the cell during the transport of Bri2 to the cytoplasmic
membrane. As a result, mature Bri2 (mBri2, residues 1–243) is embedded into the plasma
membrane without peptide Bri23 [14,19]. During the maturation of disease-associated
derivatives of Bri2 (British and Danish), the amyloidogenic peptides ABri and ADan are
released instead of Bri23. Figure 2 illustrates the structural roles of the C-terminal peptides
(Bri23, Abri, and Adan) in the folding of the corresponding ectodomains.

In all variants, similar three-domain structures are observed with unstructured ICD,
long α-helices, and well-structured ectodomains predicted with high confidence (Figure 2).
In wild-type Bri2, the British and Danish variant furin cleavage sites are located on a
solvent-exposed loop, which separates the BRICHOS domain from the C-terminal β-
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hairpin. In immature protein, this β-hairpin plays an important role in the formation
of the closed structure of the ectodomain, in which the flattened arrangement of the central
β-sheet of the BRICHOS domain [24] is covered with a small β-sheet. In addition to the
Bri23 β-hairpin, this small β-sheet involves the complementary β-strand, formed from an
unstructured region connecting two α-helices localized on both sides of the central β-sheet
of the BRICHOS domain (Figure 2), whereas in the mBri23 structure, we can observe the
classical solvent-exposed BRICHOS domain.
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Figure 2. AlphaFold2-built structures of Bri2, mBri2, disease-associated British and Danish Bri2 vari-
ants, and corresponding amyloidogenic peptides. The best models are colored according to their con-
fidence levels: pLDDT > 90 (red), pLDDT > 80 (orange), pLDDT > 70 (yellow), pLDDT > 60 (green),
pLDDT > 50 (azur), pLDDT > 40 (blue), and pLDDT > 30 (dark blue). The Arg 244 residues at position
P1 in furin cleavage site are shown in spheres, and the Bri23 β-hairpin or its mutated variants are
shown in black. N and C indicate the corresponding termini of proteins. The BRICHOS domain and
the N-terminal fragment (NTF), which includes the ICD and TM of Bri2, are shown on the right as an
overlay of the above structures.

Disease-associated mutations in the C-terminal region of Bri2 did not affect the folding
of the respective ectodomains. Extended C-termini were simply exposed to a solvent
and did not participate in intramolecular interactions with other regions of the proteins.
Modeling of the secreted C-terminal peptides (ABri and ADan) cleaved from these mutants
showed that in the British variant, the mutation in Bri23 leads to the conversion of the
β-hairpin into a 3-stranded β-sheet, whereas in the Danish variant, a short α-helix is simply
added to the β-hairpin. However, in the latter case, the low reliability of the modeling
indicates the possibility of an alternative folding of the peptide.

2.2. Simulation of the Intermolecular Interactions during Co-Folding of Two Proteins Using
AlphaFold-Multimer

The ITM2 proteins are characterized by extracellular localization of the C-terminal
domain. In this case, integration into the membrane, combined with protein biosynthesis
on ribosomes assembled into polysomes on the cisterns of the endoplasmic reticulum (ER),



Int. J. Mol. Sci. 2024, 25, 2608 5 of 20

does not occur. The protein is synthesized and folded in the cytoplasm, where it exists in
a complex with other proteins that perform chaperone and transport functions [40]. At
the same time, misfolded and mislocalized proteins are directed for ubiquitination and
degradation via the proteasomal machinery [41]. Further integration of ITM2s into the ER
membrane also occurs with the participation of a special protein apparatus [40]. And only
then, in the Golgi apparatus of the cell, does Bri2 maturation begin, the first stage of which
is the cleavage of the Bri23 peptide.

The biosynthesis of MBP in the cell is characterized as a localized translation that oc-
curs in the cytoplasm [42]. Previously, using TurboID proximity labeling, we demonstrated
the colocalization of MBP with components of ER membrane-targeting SRP machinery
including calmodulin, which functions as a chaperon for the ER secretory pathway [43].
A number of components of the proteasomal protein degradation system have also been
identified among the cellular partners of MBP [44]. The similar protein environments of
MBP and Bri2 during their biosynthesis allowed us to assume the possibility of colocal-
ization of the newly synthesized polypeptides in the cell. We thus aimed to model the
process of the co-folding of MBP and Bri2 using the AlphaFold-Multimer 2.3.2, which
is an extension of AlphaFold2 that has been specifically built to predict protein–protein
complexes [45]. The simulation was carried out using full-length MBP and three variants
of Bri2: Bri1-51 (representing Bri2 ICD), Bri1-80 (representing Bri2 NTF), and full-length
immature Bri2. Five protein–protein complexes, provided by AlphaFold-Multimer in each
case, were analyzed using PDBePisa (Table 1), and the best complexes were visualized by
PyMol (Figure 3).

Table 1. Characteristics of intermolecular interfaces in the five MBP-Bri2 complexes modeled with
AlphaFold-Multimer using full-length Bri2 or its N-terminal fragments ICD and NTF.

MBP-Bri2 ICD Complexes
1 2 3 4 5

Interface area *, Å2 552 342.7 484.3 - -

∆G **, kcal/mol −11.0 0.7 1.1 - -

∆G, p-value 0.235 0.798 0.867 - -

Hydrogen bonds 0 4 4 - -

Salt Bridges 0 0 5 - -

MBP-Bri2 NTF Complexes
1 2 3 4 5

Interface area *, Å2 456.8 906.7 531.3 528.7 62.1

∆G **, kcal/mol −10.8 −15.0 −7.2 −10.4 −1.8

∆G, p-value 0.299 0.481 0.503 0.394 0.289

Hydrogen bonds 0 3 4 0 0

Salt Bridges 0 7 1 0 0

MBP-Bri2 Complexes
1 2 3 4 5

Interface area * Å2 820.9 979.6 1718.9 576.3 327.9

∆G **, kcal/mol −10.2 −15.0 −22.5 −8.8 −4.0

∆G, p-value 0.372 0.263 0.129 0.288 0.293

Hydrogen bonds 7 2 14 0 0

Salt Bridges 0 3 0 0 0
* Calculated as difference in total accessible surface areas of isolated and interfacing structures divided by two.
** The solvation free energy gain upon formation of the interface calculated as difference in total solvation energies
of isolated and interfacing structures. It does not include the effect of satisfied hydrogen bonds and salt bridges
across the interface.
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MBP-Bri2 complex 2 (B). MBP-Bri2 complex 3 (C). Numbering is given according to Table 1.
Two projections (rotated 180 degrees) are shown for each complex. All complexes are prepared
in the form of surface cartoon pictograms, where the Bri2 part is colored pink, while Bri23 C-terminal
peptide is in magenta, and the MBP part is brown.

The best structural and energetic parameters were obtained for the MBP complex with
full-size Bri2 (model 3 in Table 1); next was the MBP complex with Bri2 NTF (model 2 in
Table 1), and with a minimal margin, there was another model MBP-Bri2 (mode 2 in Table 1).
An analysis of the MBP-Bri2 NTF complex model showed that the main contribution to
the formation of the intermolecular interface was provided by the interaction of the alpha–
helical regions of both proteins, and no signs of increased structuring and compaction of
MBP, expected for the IDPs in the protein–protein complex, were observed (Figure 3).

In the case of the MBP-Bri2 complexes, Bri2 did not undergo significant changes
as compared to the structure obtained for the individual protein using AlphaFold2. At
the same time, an intermolecular interaction with the well-structured Bri2 ectodomain
during co-folding was associated with an increasing disorder in the MBP structure, which
manifested in a decrease in the number α-helices and less compaction of the entire molecule
(Figure 3). An analysis of intermolecular polar contacts formed in the optimal MBP-Bri2
complexes (Table 2) shows that the residues of the Bri2 ectodomain mainly participate in
the interactions. Taken together, the results of the three co-folding experiments indicate
that MBP preferentially interacts with the Bri2 ectodomain, which was selected for further
protein–protein docking experiments.

Table 2. Polar interactions in the intermolecular interfaces of the MBP-Bri2 complexes modeled with
AlphaFold-Multimer.

MBP Bri2

N AA Atom Distance Å AA Atom Contact
Type *

2 Ser116 N 3.32 Gly90 O HB

2 Ser116 O 3.08 Gly90 N HB

2 Arg98 NE 3.27 Glu235 OE1 SB

2 Arg98 NH1 2.53 Glu235 OE1 SB

2 Arg98 NH2 3.28 Glu235 OE2 SB

3 Arg108 NH2 3.15 Asn101 OD1 HB

3 Leu110 N 3.81 Asp96 OD1 HB

3 Leu110 N 3.62 Asp96 OD2 HB

3 Ser111 N 3.43 Asp96 OD1 HB

3 Ser113 N 3.45 Pro194 O HB

3 Ser113 OG 2.26 Ser196 OG HB
3 Ser113 OG 3.27 Ser196 O HB

3 Gly118 N 3.77 Tyr88 O HB

3 Phe90 O 3.46 Lys230 NZ HB

3 Ser111 O 3.43 Ser196 N HB

3 Ser111 O 3.46 Tyr197 N HB

3 Leu112 O 3.84 Ile94 N HB

3 Ser113 OG 2.96 Ser196 N HB

3 Glu120 OE2 3.68 Tyr88 OH HB
* According to PDBePISA: SB is for salt bridge; HB is for hydrogen bond.
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2.3. Protein–Protein Docking and MD Simulation of the MBP-Bri2∆64 Complexes

HADDOCK 2.4 [46] was used for further modeling of putative MBP-Bri2 complexes.
Because the AlphaFold-Multimer-based experiments indicated that the Bri2 ectodomain is
the most probable target for MBP binding, docking and subsequent MD experiments were
performed using the Bri2 structure with deleted ICD and half of the TM domain (Bri2∆64).

Three runs of docking were conducted with different Ambiguous Interaction Restraints
(AIRs) specified on the surface of the Bri2 ectodomain. All five variants of the MBP and Bri2
structures proposed by AlphaFold2 were used in docking in pairs. Thus, at the final stage
of each docking run, we obtained 150 structures (30 structures for each pair of structural
models). Lists of the MBP-Bri2∆64 complexes obtained in the three docking experiments
with characteristics of their intermolecular interfaces are provided in the Supplementary
Materials. Table S1 corresponds to the experiment in which the residues of the entire
solvent-accessible surface of the Bri2 ectodomain were chosen as AIR (No AIR). Table S2
corresponds to the experiment in which solvent-accessible residues of the C-terminal β-
hairpin were chosen as AIR (Bri23-AIR). Table S3 corresponds to the experiment in which
all superficial acidic residues of the Bri2 ectodomain were chosen as AIR (acidic AIR). The
latter option was due to the presence of extended positively charged clusters on the MBP
surface [47].

The analysis of the intermolecular interfaces of the obtained complexes showed that
the majority of energy-efficient structures were obtained by the docking experiment with
MBP models #3 and #5 (Figure 1) and acidic AIR (for example, complexes 5–6 from Table 3).
Though the structure with the largest buried surface area was obtained by the docking
experiment with Bri23-AIR and the MBP model 1 (complexes 1–25 from Table 3), the
experiment without specifying AIR was the least effective. The characteristics of the
two best MBP-Bri2∆64 complexes (1–25 and 5–6), which were selected according to the
structural and energy characteristics of the intermolecular interfaces provided by the
Haddock-based analysis, are summarized in Table 3.

Table 3. Haddock-based analysis of intermolecular interfaces of the two best MBP-Bri∆64 complexes.

Intermolecular Energy, kcal/mol Buried
Surface, ÅModel Total Vdw 1 Elec 1 dH 2 Edesol 3

1–25 −414.6 −97.8 −316.8 −344.4 −37.3 4042.2

5–6 −473.6 −86.8 −386.8 −352.5 −24.2 3802.7
1 Van der Waals (Vdw) and electrostatic (Elec) energy for the intermolecular interaction calculated with HAD-
DOCK. 2 Binding energy (Etotal complex − Sum[Etotal components]) 3 Empirical desolvation energy [48].

The structural stabilities of the two selected complexes (1–25 and 5–6) obtained in
the docking experiments were confirmed by a 100 ns MD simulation. Several standard
indicators were calculated to verify the qualities of the MD experiments and affinities of
the modeled complexes (Figure 4). According to the backbone root mean square deviation
(RMSD), the system was stabilized around 20 ns of the simulation in both cases. The
radius of gyration (Rg) values dropped from 2.6 to 2.8 nm to the level of its stabilization
around 2.3 nm, which indicates significant compaction of the complexes. The residual
root mean square fluctuation (RMSF) levels allow differentiating stable and flexible areas
of the interacting proteins, which were further analyzed using a visual inspection of the
structures of the complexes before and after MD (Figure 5).

Figure 5 shows significant structural changes in the transition region between the TM
and the ectodomain of Bri2, namely changes in the angle between the domains and partial
unwinding of the TM α-helix. The structural stabilities of the ectodomain and the α-helical
regions of MBP were preserved. The significant compaction of the complexes appeared to
be the most interesting result of the MD studies (Figures 4 and 5). A comparative analysis of
the intermolecular interfaces provided in Table 4 confirmed that this compaction is indeed
associated with the bringing together of previously distant parts of interacting molecules
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with a corresponding significant increase in the buried surface areas and the number of
intermolecular contacts.

Table 4. Characteristics of intermolecular interfaces in the two selected MBP-Bri2∆64 complexes
before and after MD evaluation (according to PDBePISA).

Complex 1–25 (Figure 5A,B) 5–6 (Figure 5C,D)

Characteristics/Structures HADDOCK MD HADDOCK MD

interface area, Å2 1921.3 2587.0 1823 3056

∆G, kcal/mol −18.9 −15.9 −12.0 −10.2

∆G, p-value 0.263 0.504 0.635 0.585

Hydrogen bonds 15 27 14 44

Salt Bridges 3 10 8 29
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Figure 5. Molecular dynamics simulation of MBP-Bri2∆64 complexes results in significant increases
in the intermolecular interactions and compacting of the complexes. Two HADDOCK-generated
MBP-Bri2 complexes with the best intermolecular interface characteristics: 1–25 (A,B) and 5–6 (C,D)
before (A,C) and after (B,D) 100 ns MD simulations. For both experiments, only part of Bri2 molecule
(without ITC and with partial TM domain) was used. Before and after MD complexes are shown
in two projections (rotated 90 degrees) in the form of surface cartoon pictograms. The Bri2 part is
colored pink; the Bri23 peptide is shown in magenta; and the MBP part is colored brown. N- and
C-termini of proteins as well as α-helices of MBP are annotated.

As a result, the MBP polypeptide chain covers a significant portion of the Bri2
ectodomain. Thus, there is a high probability that MBP masks the region of the Bri2
surface where the furin cleavage site is located.

Figure 6 shows the details of the MBP-Bri2 interactions in the MBP-Bri2 complex
(1–25) discussed above. One can see that the N-terminal part of MBP masks the P1 amino
acid residue of the furin cleavage site in a hydrophobic cavity stabilized by the cation–π
interaction of Bri2 Arg244 with MBP Tyr16, while the ADAM10 and SPPL2a/b cleavage
sites remain available for proteolysis.

The data obtained in silico encouraged us to study the effect of MBP on processing
and cellular localization of full-length Bri2, mBri2, and its disease-associated variants.
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2.4. MBP Modulates Post-Translational Bri2 Processing and Affects Its Intracellular Localization
by Restriction of Furin-Catalyzed Release of Its C-Terminal Peptide

To analyze the interaction of Bri2 and MBP in mammalian cells, we generated a
series of DNA constructs to express full-length human Bri2 (Bri2), Bri2 with deletion of
the Bri23 peptide (mBri2), and Bri2 variants carrying either a mutation at the stop codon
(British [20], Bri2 Bri) or 10-nucleotide duplication of the one codon before the normal stop
codon (Danish [21], Bri2 Dan). Two additional expression constructs were prepared for
the protein C-terminally flanked with an HA epitope: one for Bri2 and another for Bri2
with alanine substitutions (K243A and R244A) in the furin cleavage site (Bri2-HA and Bri2
KRmut, respectively). Further details for the constructs used in the study are provided in
Supplementary Figure S1. All Bri2 variants contained the N-terminal Strep-Tag.

In order to probe the interplay between Bri2 and MBP, we used the HEK 293T cell line.
Usage of non-myelin-forming cells is an evident limitation of our study, which may result
in the loss of oligodendrocyte-specific pathways and interactors. Nonetheless, here we
would like to note three major points for the utilization of HEK 293T. Firstly, Bri2 mRNA
was found highly expressed in the brain, placenta, pancreas, and kidney [20]; thus, it may
be suggested that basic the mechanism and regulation of its processing are shared between
HEK 293T cells and oligodendrocytes. Secondly, Schwann cells and oligodendrocytes
already are overexpressing MBP. Therefore, the only way to show the effect of MBP on
Bri2 processing is to suppress MBP expression by siRNA, knockout of MBP gene, or
epigenetic regulation. Systemic cell stress caused by MBP downregulation in these cells
will unpredictably affect experimental outcomes. Thirdly, according to a study by Barbarese
and Pfeiffer [49], oligodendrocytes can accumulate MBP at the rate of 0.2 fmol per day per
oligodendrocyte and reach a dynamic equilibrium of 1 fmol of MBP per cell. Together with
the data reporting that the volume of mature oligodendrocytes is approximately 1.7 pL [50]
and assuming that MBP is uniformly distributed in the cell, the concentration of MBP inside
an oligodendrocyte is 0.6 mM. If we consider that only 10% of this total MBP is “free” and
that the remainder is membrane-associated [49], this concentration is abundantly more or at
a minimum equal to the transient transfection of HEK 293T cells by the MBP-coding vector.

At first, the HEK 293T cells were co-transfected with either Bri2 or mBri2 constructs
together with plasmids coding for FLAG-tagged MBP or dihydrofolate reductase (DHFR)
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as a control. An immunoprecipitation analysis (Figure 7A) demonstrated that MBP indeed
interacts with both unprocessed Bri2 and mBri2.
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of wild-type Bri2 and its British form (Bri2 Bri) (Figure 7D). Moreover, co-expression of 
wild-type Bri2 with MBP significantly increased the npBri2/mBri2 ratio compared with 
the control transfection (Figure 7E). Monitoring of the protein expression using an HA 
epitope (Bri2-HA quantification MBP/DHFR) showed a similar increase in the npBri2 level 
during co-expression with MBP (Figure 7F). Mutation of the furin cleavage site in Bri2 
KRmut resulted in a dramatic increase in unprocessed Bri2 regardless of the co-expressed 

Figure 7. MBP interacts with Bri2 and modulates its intracellular processing. (A) Immunoprecip-
itation (IP) analysis demonstrating the Bri2-MBP interaction. The IP eluates were separated by
SDS-PAGE, transferred to the nitrocellulose membrane, and immunoblotted with indicated antibod-
ies. The plasmids used in transfection are shown on the top. The antibodies used in Western blotting
are shown on the right. (B) Schematic representation of Bri2 variants used in the co-expression
experiments. (C) Immunoblot of whole-cell lysates (WCLs) of HEK293T cells overexpressing Bri2
variants with MBP (left) or DHFR (right). (D) Quantification of the ratio of non-processed Bri2
(npBri2) in MBP and DHFR co-expressing cells related to WB panel C(i). (E) Quantification of the
ratio of npBri2 and its processed form mBri2 related to WB panel (C(i)). (F) Comparison of the protein
level of HA-tagged Bri2 and Bri2 KRmut in MBP co-expressing cells and DHFR co-expressing cells
related to WB panel (C(ii)). (G) Comparison of the NTF release in MBP co-expressing cells and DHFR
co-expressing cells related to WB panel (C(iii)). In (E–G), light blue and grey bars indicate MBP and
DHFR co-expression, respectively. Average values with standard deviations are shown. Statistically
significant difference is marked by asterisk.

Next, all generated Bri2 variants (Figure 7B) were used for a similar co-transfection
experiment followed by immunoblot analysis of the whole-cell lysates (Figure 7C). Western
blot analysis revealed that protein bands corresponding to two forms of Bri2: full-length
non-processed Bri2 (npBri2) and mBri2 were clearly observed only in the case of transfection
with wild-type Bri2 (Figure 7C(i)). The ratio of npBri2 in MBP-co-expressing cells to npBri2
in DHFR-co-expressing cells (npBri2 ratio MBP/DHFR) increased in cases of wild-type
Bri2 and its British form (Bri2 Bri) (Figure 7D). Moreover, co-expression of wild-type
Bri2 with MBP significantly increased the npBri2/mBri2 ratio compared with the control
transfection (Figure 7E). Monitoring of the protein expression using an HA epitope (Bri2-
HA quantification MBP/DHFR) showed a similar increase in the npBri2 level during co-
expression with MBP (Figure 7F). Mutation of the furin cleavage site in Bri2 KRmut resulted
in a dramatic increase in unprocessed Bri2 regardless of the co-expressed protein (Figure 7F).
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Quantification of the NTF release in various co-transfections (Figure 7G) suggests that
co-expression of the Bri2 variants with MBP or DHFR has no significant effect on the
NTF cleavage, whereas any mutations suppress this process regardless of the type of
co-expressed protein.

To summarize, our data indicate that MBP indeed suppresses furin-mediated process-
ing but does not affect the NTF release catalyzed by ADAM10 and SPPL2a/b.

Next, we analyzed the effect of MBP on the subcellular localization of Bri2. To exclude
the possibility that the MBP-mediated suppression of the Bri2 cleavage by furin affects the
distribution of Bri2, we used the Bri2 KRmut variant resistant to furin hydrolysis.

HEK 293T cells were transfected with plasmids coding for Bri2 KRmut and red fluo-
rescent plasma membrane tracker together with plasmids expressing either MBP or DHFR.
Twenty-four hours after transfection, the cells were seeded on laminin-treated glass slides,
and on the next day, the cells were washed and fixed in formaldehyde. Further, cells were
stained with anti-Strep primary antibodies followed by the staining with respective fluores-
cent dye-labeled secondary antibodies, whereas nuclei were contrasted with DAPI. The
images were captured using a confocal laser scanning microscope focused on the broadest
cell section exposing the nucleus and membrane (Figure 8).
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Figure 8. Immunofluorescence staining of overexpressed Bri2 KRmut in the presence of MBP or
DHFR in HEK 293T cells. Mouse anti-Strep antibodies (BioRad, Hercules, CA, USA) and DyLight649-
labeled secondary goat anti-mouse IgG antibodies (Rockland Immunochemicals, Limerick, PA, USA)
were used to stain Bri2 proteins. The expressed proteins are annotated on the left.

Our data reveal that in the presence of DHFR (control), the Bri2 KRmut protein was
readily colocalized with the plasma membrane (Figure 8, lower row). In contrast, we
showed that the MBP-Bri2 co-expression altered the Bri2 KRmut localization, significantly
sequestering its membrane staining (Figure 8, upper row). Thus, MBP restricts Bri2 mem-
brane trafficking independently of the suppression of the furin-catalyzed C-terminal Bri23
peptide release.
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3. Materials and Methods
3.1. Plasmids Coding for Bri2 Variants and MBP

Nucleotide sequences coding for full-length Bri2 and mBri2 were amplified using
cDNA isolated from HEK293T cells, then cloned to pcDNA3-N-Strep plasmid at HindIII
and EcoRI sites. Bri2 variants were generated by site-directed PCR mutagenesis using
pcDNA3N-Strep-Bri2 plasmid as a template with two multidirectional 5′-overlapping
primers carrying nucleotide substitutions: British variant (5′-caagaaaaacattattgaggaaaattaag
aattctgcagatatccatcacactggc-3′ and 5′-ctcaataatgtttttcttgactgttctagaacaaattaaagtttccacggcaaat
ttg-3′) and Danish variant (5′–gttcttgaacagtcaagaaaaacattattgagaattctgcagatatccatcacactggc-
3′ and 5′–gactgttcaagaacaaattaaaacaaattaaagtttccacggcaaatttg-3′) and Bri2 variant with C-
terminal HA tag (5′–gatgttccagattacgcttaagaattctgcagatatccatcacactggcg-3′ and 5′–gtaatctgg
aacatcgtatgggtaagaacaaattaaagtttccacgg-3′).

Bri2 KRmut with K243A and R244A substitutions in the furin cleavage site was gener-
ated similarly by site-directed PCR mutagenesis using pcDNA3-N-Strep-Bri2-HA plasmid
as a template with two multidirectional 5′-overlapping primers (5′–caggctgccgaagccagcaattg
tttcgcaattcg-3′ and 5′–ttcggcagcctgaatacctttaatagtttctctgcgttgcag-3′).

Preparation of pcDNA3 plasmids coding for MBP or DHFR N-terminal flanked with
FLAG epitope were described in [51].

3.2. Transient Transfection of Mammalian Cells

HEK 293T cells were obtained from the Russian Cell Culture Collection (RCCC, In-
stitute of cytology of the Russian Academy of Sciences). HEK 293T cells were maintained
by passage in Dulbecco’s modified Eagle’s medium supplemented with 100 µg/mL strep-
tomycin, 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
pcDNA3 plasmids coding for N-terminal Strep-Tag Bri2 variants (Bri2, mBri2, Bri2 Bri, and
Bri2 Dan) and N-terminal Strep plus C-terminal HA-tagged Bri2 variants (Bri2-HA and
Bri2 KRmut) together with pcDNA3 plasmids coding for either MBP or DHFR N-terminal
flanked with FLAG epitope [51] using Lipofectamine LTX Reagent with PLUS Reagent
(Thermo Fisher Scientific, Waltham, MA, USA) following the manufacturer’s instructions.
All the experiments were conducted at 48 h after transfection.

3.3. Antibodies

Monoclonal ANTI-FLAG M2-Peroxidase (HRP) antibody produced in mouse (Merck,
Rahway, NJ, USA), monoclonal ANTI-FLAG M2 antibody produced in mouse (Merck),
mouse anti Strep-Tag Classic antibody, clone Strep-Tag II purified (BioRad), mouse anti
Strep-Tag Classic antibody, clone Strep-Tag II HRP conjugated (BioRad), and goat poly-
clonal anti-mouse IgG (H&L) Antibody DyLight 649 Conjugated Pre-Adsorbed (Rockland
Immunochemicals) were used.

3.4. Immunoprecipitation and Immunoblotting

Forty-eight hours after transfection, cells were washed with ice-cold PBS and lysed
in 1xTNE buffer (50 mm Tris–HCl (pH 7.4), 100 mm NaCl, and 1 mM EDTA) containing
1% octyl beta-D-glucopyranoside, 1mM phenylmethane sulfonyl fluoride, and Protease
Inhibitor Cocktail (Merck) for 30 min on ice. Collected lysates were sonicated, and debris
was removed by centrifugation at 10,000 g for 20 min. The cleared lysates were incubated
with 20 µL of ANTI-FLAG M2 Affinity Gel (Merck) slurry at 4 ◦C for overnight. After
incubation, agarose beads with immunocomplexes were washed with TNE buffer five
times, and immunocomplexes were eluted from agarose beads with sample buffer (SB,
65.8 mM Tris·HCl, pH 6.8, 10% glycerol, 1% SDS, and 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 along with corresponding whole-cell lysate
samples prepared from cleared lysates and SB were resolved by SDS-PAGE, transferred to
the nitrocellulose membrane, and immunoblotted with appropriate antibodies.
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3.5. Immunofluorescence, Image Acquisition, and Analysis in Cell Culture

HEK293T cells were transfected with plasmids coding for Bri2 KRmut and membrane
tracker fused with red fluorescent protein (pFusionRed-f-mem, Evrogen, Moscow, Rus-
sia) together with plasmids coding for MBP or DHFR. Next day, cells were seeded on
laminin-coated coverslips and fixed on the next day (48 h in total) with the 4% solution of
formaldehyde in PBS for 20 min. The reaction was stopped by treatment 3 × 5 min with
1 M Gly in PBS, pH 8.5. Cells were permeabilized and blocked with 0.1% saponin and 5%
normal goat serum in PBS for 1 h at room temperature (RT). Cells were incubated with
primary anti-Strep antibodies (1:200) in PBS with 0.1% saponin and 1% BSA overnight
at 4 ◦C. Slides were washed in PBS 3 × 5 min at room temperature then incubated with
secondary goat anti-mouse IgG (H&L) DyLight 649 Conjugated Antibody (1:1000) for 2 h
at RT. Nuclei were counterstained with 2.5 µM 4′,6-diamidino-2-phenylindole, and the cov-
erslips were mounted on glass slides using ProLong Glass Antifade Mountant (Invitrogen,
P36980). Images were captured on an FV10i FluoView microscope (Olympus, Tokyo, Japan)
using a 60× objective (with a zoom of 4.5, 270×magnification in total) with aperture size
of 1 enabling high-quality imaging.

3.6. AlphaFold2 and AlphaFold-Multimer Based Modeling

Spatial structures of MBP isoform 5 (UniProt ID P02686-5) and human Bri2 (UniProt ID
Q9Y287), as well as their respective mutated variants, were prepared using AlphaFold2 co-
lab service (https://colab.research.google.com/github/deepmind/alphafold/blob/main/
notebooks/AlphaFold.ipynb, accessed on 1 July 2023) [38]. All 5 models obtained for each
protein were used in the protein–protein docking experiments.

To simulate the formation of a complex during co-expression of two proteins, we used
AlphaFold-Multimer 2.3.2 (https://github.com/google-deepmind/alphafold/releases/
tag/v2.3.2, accessed on 1 August 2023) [45]. AlphaFold-Multimer version 2.3.2 generates
several structures per model by default. The simulation was carried out in three variants
using a full-size MBP-5 and three variants of Bri2: Bri1-51 representing a N-terminal
intracellular domain of Bri2 (ICD), Bri1-80 representing intracellular and transmembrane
domains (NTF), and full-sized Bri2. In each case, all 5 models were used for analysis.

PyMOL Molecular Graphics System (https://pymol.org, accessed on 1 September 2023)
was used for both visualization of the obtained structures of individual proteins and com-
plexes and for color-based assessment of the model qualities according to the AlphaFold-
predicted local distance difference test (pLDDT), which estimated per-residue confidence
on a scale from 0 to 100. Regions with pLDDT > 90 are expected to have very high con-
fidence; regions with pLDDT between 70 and 90 are expected to have good confidence;
regions with pLDDT between 50 and 70 are of low confidence, and pLDDT < 50 is a strong
predictor of IDPs suggesting that such region is unstructured in physiological conditions.

3.7. Molecular Docking

The 3D models of the complexes were obtained with HADDOCK 2.4, (https://www.
bonvinlab.org/software/haddock2.4/ accessed on 1 September 2023) [46,52] according to
the three-stage algorithm. At the first stage, rigid body docking was performed, during
which molecules were rotated and translated randomly to minimize intermolecular energy.
At the second stage, semi-flexible refinement (it1) stage, annealing of torsion angle space
was performed to refine the orientation of the whole molecules and their residues forming
intermolecular interfaces. At the third stage of explicit solvent refinement (water), the
structures were refined in explicit solvent layers. The 3D coordinates of the five MBP-5 and
Bri2 models generated by AlphaFold2 were used in pairs. In most calculations, AIRs with
40% solvent-accessible surface area were defined. To assess solvent accessibilities of the
surface residues, the program FreeSASA was used [53].

At the first stage of docking, 1000 structures of the complexes were calculated. At the
second stage, 200 structures with the lowest AIR violations were energy-minimized with
the side chains left flexible. At the third stage, the 30 best structures were minimized in the
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8 Å shell of explicit TIP3P water [54]. These best structures were grouped into clusters based
on the FCC-clustering algorithm [46]. The default scoring function (HADDOCK scores)
settings for protein–protein complexes were used: HADDOCK score (it0) = 0.01 Evdw +
1.0 Eelec + 1.0 Edesol + 0.01 Eair − 0.01 BSA, HADDOCK score (it1) = 1.0 Evdw + 1.0 Eelec
+ 1.0 Edesol + 0.1 Eair − 0.01 BSA, HADDOCK score (water) = 1.0 Evdw + 0.2 Eelec +
1.0 Edesol + 0.1 Eair, where Evd—van der Waals intermolecular energy, Eelec—electrostatic
intermolecular energy, Edesol—desolvation energy calculated using the empirical atomic
solvation parameters from [48], Eair—distance restraints (AIR) energy, and BSA—buried
surface area.

In addition to the HADDOCK score, ranking complexes according to the weighted
sum of several parameters, PyMOL, and PDBePisa (https://www.ebi.ac.uk/pdbe/pisa/
accessed on 1 September 2023) were used for analysis and visualization of the interactions.

3.8. Molecular Dynamics of Obtained Complexes

Molecular dynamics (MD) simulations were performed using the GROMACS 2020.3
software package [55] with the Amber ff99SB-ILDN force field [56]. Each complex was
placed in the center of a cubic simulation box, whose size was chosen to ensure that no less
than 1.5 nm distance was between the edge of the box and any protein atom. The box was
filled with an explicit solvent using the TIP3P water model [57]. The charge of the system
was neutralized by complementing the solvent with Na+ and Cl− ions.

The energy of the system was minimized using the steepest descent method for
50,000 steps until the force on any atom dropped below 1000 kJ/(M·nm−2). Then, the
temperature and pressure were equilibrated during 100 ps each using the modified Berend-
sen (V-rescale) [58] and Parrinello–Raman [59] algorithms, respectively. Productive MD
simulation was conducted during 100 ns in the same isothermal–isobaric ensemble. The
leap-frog algorithm with a time step of 2 fs was used for integration [60]. Hydrogen bonds
and long-range electrostatic interactions were maintained using the LINCS algorithm and
PME summation method, respectively.

The trajectories were prepared for analysis using the command “gmx trjconv” with the
flag “−pbc nojump”. The energy-minimized structures after the barostat step were assigned
as the reference structures of the complexes. Rg (radius of gyration), RMSF, and RMSD
were calculated using the commands “gmx gyrate”, “gmx rmsf ”, and “gmx rms”, respectively.

4. Conclusions

Here, we attempted to simulate the interaction of MBP with Bri2 using a combinatorial
computational approach including AlfaFold2- and AlphaFold-Multimer-based modeling
in combination with protein–protein docking by HADDOCK and a stability evaluation
of the modeled complexes by molecular dynamics. Our in silico experiments indicate a
high probability that the MBP molecule masks the furin cleavage site on the surface of
Bri2 and provides a structural explanation and support for our experimental findings of
MBP-dependent attenuation of furin-mediated Bri2 cleavage and its subsequent transport
to the membrane. On this basis, we further speculate that MBP does not interact with the
opposite surface of the Bri2 BRICHOS domain, which is responsible for the multimerization
and activation of the Bri2 high-molecular-weight oligomer chaperone function [17,61].
To Conclude, we suggest that Bri2 may function as a MBP chaperone activated by the
MBP-dependent postponement of Bri2 membrane trafficking, as shown in Figure 9.
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