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We recently showed that myelin basic protein (MBP) is hydrolyzed by 26S proteasome without ubiquitination. The previously
suggested concept of charge-mediated interaction between MBP and the proteasome led us to attempt to compensate or mimic its
positive charge to inhibit proteasomal degradation.Wedemonstrated that negatively charged actin and calmodulin (CaM), aswell as
basic histone H1.3, inhibit MBP hydrolysis by competing with the proteasome andMBP, respectively, for binding their counterpart.
Interestingly, glatiramer acetate (GA), which is used to treat multiple sclerosis (MS) and is structurally similar to MBP, inhibits
intracellular and in vitro proteasome-mediated MBP degradation. Therefore, the data reported in this study may be important for
myelin biogenesis in both the normal state and pathophysiological conditions.

1. Introduction

Myelin basic protein (MBP) is one of the major autoantigens
in the pathogenesis of multiple sclerosis (MS) [1] and experi-
mental autoimmune encephalomyelitis [2]—animalmodel of
MS. MBP and its peptides have been extensively studied as
important components of the autoimmune pathology of the
central nervous system (CNS). A number of MBP peptides
were found to be strongly associated with MHC class II
[3, 4] in MS patients. Although MS is thought to be mainly
a CD4+ T cell-mediated disease, myelin-specific cytotoxic
lymphocytes, which recognize MHC I-restricted MBP pep-
tides, can lyse human oligodendrocytes in cell culture [5] and
cause severe EAE in mice [6]. The fragments of intracellular
proteins that are presented on the MHC class I molecules are

generated mainly by the multicatalytic proteinase complex—
a 26S proteasome [7]. The majority of cellular proteins are
degraded by the 26S proteasome in a ubiquitin-dependent
manner [8]. The polyubiquitin chains interact with the 19S
regulatory particle, which catalyzes the deubiquitination
and denaturation of the substrate and its translocation into
the 20S catalytic chamber [9, 10]. Interestingly, recent data
indicate that proteasome substrates may be polymonoubiq-
uitinated [11] or even modified by single ubiquitin moieties
[12]. Moreover, the number of proteins, such as ornithine
decarboxylase [13] and p21 [14], can be degraded by the
26S proteasomewithout ubiquitination in anATP-dependent
manner [15]. Uncapped 20S proteasome particles are also
active in the degradation of either completely or regionally
disordered nonubiquitinated proteins, such as 𝛼-synuclein
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[16] and p53 [17]. Recently we have shown that the 26S
proteasome can hydrolyze MBP at physiologically relevant
concentrations without ubiquitination in vitro and in mature
oligodendrocytes [18].Therefore, proteasome-mediatedMBP
degradation, which generates myelin antigenic peptides [19,
20], is of a critical importance for the pathogenesis of CNS-
related autoimmune diseases.

MBP is known to be highly flexible and intrinsically
disordered [21], suggesting that electrostatics forces may
primarily determine its interactions with other proteins.
We have previously found that the ubiquitin-independent
proteolysis of MBP seems to be charge-mediated, as 26S
proteasome less efficiently degrades deiminatedMBP bearing
a decreased positive charge [18]. Therefore, the intracellular
counterparts of MBP may restrict its accessibility to the 26S
proteasome. Alternatively, proteins that mimic MBP may
compete with proteasome for MBP binding. Intracellular
MBP may bind Ca2+-activated calmodulin (CaM), actin,
tubulin, and proteins containing SH3 domains. MBP is
believed to be associated with the cytoskeleton and interacts
with actin in oligodendrocytes in vivo [22].The ability ofMBP
to polymerize actin depends on the net positive charge of the
MBPmolecule [23]. Full-lengthMBP is known to bind CaM,
a highly acidic calcium sensor, under near-physiological
conditions [24]. MBP is a major calcium-dependent CaM-
binding protein in human brain white matter MBP, and CaM
is colocalized in cultured myelin [25]. An 18.5-kDa MBP has
been shown to bind to several SH3 domains, including that
of Fyn, a member of the Src family of tyrosine kinases that
is involved in a number of signaling pathways during CNS
development [26]. The surface charge density of the Fyn-
SH3 domain is negative, and the rate of its binding to MBP
depends on the MBP net positive charge [27]. In the present
study, we investigated whether the interaction of MBP or
26S proteasome with a number of charged proteins could
interfere with ubiquitin-independent MBP degradation.

2. Materials and Methods

2.1. Proteins. MBP was prepared from bovine brains accord-
ing to [28]. The obtained protein was purified by reverse
phase HPLC on a C

4
10/250 column (Macherey-Nagel).

Actin from porcine muscle, lysozyme from chicken egg,
calmodulin from bovine brain, and BSA were obtained from
Sigma. Recombinant histone H1.3 was obtained from E. coli,
and recombinant human ubiquitin and recombinant human
K48-tetraubiquitin were obtained from Boston Biochem. GA
(Copaxone) is a commercially available drug from Teva; for
the experiments, it was desalted into 20mM Tris-HCl pH 7.5
using a HiTrap Desalt column (GEHealthcare Life Sciences).

2.2. Cultured Cells and Transfection Procedures. HEK293 cells
were grown at 37∘C and 5% CO

2
in DMEM supplemented

with 10% fetal calf serum and antibiotics (penicillin-
streptomycin). The cells were transfected with the
pBudCE4.1/EF-FLAG plasmid carrying human MBP or
the human histone H1.3 sequence. The cDNA transfections
were accomplished using Lipofectamine LTX with Plus

reagent (Life Technologies). All of the procedures were
performed according to the manufacturer’s instructions.

2.3. Cycloheximide Chase Experiments. To study the protea-
somal degradation of MBP and histone H1 in HEK293 cells,
cycloheximide (100 𝜇g/mL) was added to transfected cells for
the indicated times, and the cells were lysed using RIPAbuffer
(150mM NaCl, 0.5% sodium deoxycholate, 50mM Tris-HCl
pH 8, 0.1% SDS, 1% NP-40, and protease inhibitors mixture).
Protein lysates prepared from an equal number of cells
were resolved via SDS-PAGE and blotted onto nitrocellulose
membranes. MBP and histone H1 were visualized using an
anti-FLAG antibody (A8592, Sigma-Aldrich). 𝛽-Actin was
used as a loading control and detected using a specific
antibody (sc-81178, Santa Cruz Biotechnology).

2.4. Purification of the Proteasome from Mouse Liver. Briefly,
a BALB/c brain was homogenized using a Dounce homoge-
nizer into three parts w/w lysis buffer containing 30mMTris-
HCl (pH 7.5), 2mM ATP, 1mM EDTA, 5mM MgCl

2
, 1 mM

DTT, 10% glycerol, 150mM NaCl, and a protease inhibitor
cocktail. The prepared brain homogenate was subjected to
three repeated freeze-thaw cycles, and further cell debris was
removed via two consecutive centrifugations at 4∘C (1,500 g
for 20min and 13,000 g for 30min). Ammonium sulfate was
added to the supernatant to 40% saturation, and the mixture
was agitated for 40min at 4∘C. The precipitate was collected
by centrifugation (13,000 g 10min at 4∘C), dissolved in buffer
containing 20mM Tris (pH 7.5), 10% glycerol, 150mM NaCl,
1mM ATP, 1mM DTT, 1mM EDTA, and 5mM MgCl

2
,

and loaded on a Superose 6 column (GE Healthcare Life
Sciences). The fractions (1mL each) were collected, and the
proteasome activity was quantified using Suc-LLVY-MCA as
a substrate. To distinguish between the activity related to the
20S proteasome and that related to the 26S proteasome, the
assay was performed with or without 0.02% SDS. The buffer
used to measure the activity of the proteasomes contained
20mM Tris (pH 7.5), 1mM ATP, 1mM DTT, and 5mM
MgCl

2
. The fractions containing the 26S proteasome were

subjected to ion-exchange chromatography on a MonoQ
column using a NaCl gradient (275–1000mM in 20 column
volumes) in buffer containing 20mM Tris (pH 7.5), 10%
glycerol, 0.1mM ATP, 1mM DTT, and 0.1mM EDTA. The
fractions containing the 26S proteasome were dialyzed into
storage buffer (25mM Tris-HCl [pH 7.5], 1mM DTT, 1mM
ATP, 5mM MgCl

2
, and 10% glycerol). The concentration

of proteasome was determined with a Bradford assay. For
a long-term storage, up to 40% glycerol was added to the
proteasome, and the purified proteasomewas stored at −20∘C
for two months.

2.5. Native PAGE. Proteasome samples (200 ng) were loaded
on a 4% gel (acrylamide: N,N-methylenebisacrylamide
37.5 : 1, 180mM Tris-borate buffer [pH 8.3], 5mM MgCl

2
,

1 mM DTT, and 1mM ATP). Electrophoresis was conducted
for 1.5 h at 4∘C and 180V. The gels were soaked in buffer
containing 20mM Tris-HCl (pH 7.5), 5mM MgCl

2
, 1 mM
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DTT, and 1mMATP supplemented with 100mM Suc-LLVY-
MCA for 10min at 37∘C and visualized on a Versa Doc
Imaging system (Bio-Rad) using the trans-UV excitation and
the 530BP emission filter.

2.6. Proteasome Ultracentrifugation. The 20S and 26S pro-
teasomes from BALB/c mouse brains were separated by
ultracentrifugation. The tissue was homogenized (Dounce
homogenizer, Thomas Scientific) in 3V buffer containing
20mM Tris-HCl (pH 7.5), 10% glycerol, 150mM NaCl, 1mM
EDTA, 5mM MgCl

2
, 1 mM DTT, and protease inhibitor

cocktail (Roche), and the homogenates were centrifuged
(16,000 g, 4∘C 30min) to remove cell debris. To study MBP
binding to the proteasome, the homogenates were incubated
with purified bovine MBP in the presence of 1 𝜇M PS-
341 for 30min at 4∘C. Further homogenates were separated
by ultracentrifugation in 10% to 55% glycerol gradient in
buffer containing 20mM Tris-HCl (pH 7.5), 5mM MgCl

2
,

1 mM DTT, and 1mM ATP at 125,000 g for 18 h at 4∘C. The
proteasome activity in the resulting fractions was measured
using Suc-LLVY-MCA as a substrate in the presence and
absence of 1 𝜇M PS-341 and 0.02% SDS.

2.7. Association of MBP with 26S. Bovine MBP (1 𝜇g) and
PS-341-pretreated 26S (3 𝜇g) were incubated for 1 h in 100𝜇L
of buffer containing 20mM Tris-HCl (pH 7.5), 20% glyc-
erol, 1mM DTT, 1mM ATP, 200𝜇g/mL BSA, 0.1% NP-
40, and 100mM NaCl at 4∘C. MBP-26S complexes were
precipitated with the addition of rat monoclonal anti-MBP
(ab7349, Abcam) or mouse polyclonal anti-hRpn10 antibod-
ies (H00005710-B01P, Abnova), followed by incubation with
the protein G-sepharose. The resulting immunoprecipitates
were subjected to Western blotting analysis and further
stained for MBP (ab77895, Abcam) and hRpn2 (ab21638,
Abcam).

2.8. In Vitro Protein Degradation by Proteasome. The pro-
teasome samples were mixed with bovine MBP and one of
tested proteins (actin, CaM, histone H1.3, GA, lysozyme,
BSA, GST, Ub, and K48-Ub

4
) in buffer containing 20mM

Tris-HCl (pH 7.5), 5mM MgCl
2
, 1 mM DTT, and 1mM ATP

and incubated for 2 h at 37∘C. The MBP concentration in
the reaction mixture was 90 ng/𝜇L, the proteasome concen-
tration was 50 ng/𝜇L (proteasome to substrate 1 : 250), and
the concentrations of tested proteins were 60, 180, 360, and
600 ng/𝜇L.

2.9. Chymotrypsin-Like Proteasome Activity Assay. 26S pro-
teasome (0.1 𝜇g/𝜇L) was mixed with Suc-LLVY-MCA sub-
strate (25𝜇M) in buffer containing 20mMTris-HCl (pH 7.5),
5mMMgCl

2
, 1 mMDTT, and 1mMATP with or without the

tested protein (1𝜇g/𝜇L). The rate of hydrolysis was measured
on a Varioskan Flash plate fluorimeter (Thermo Scientific) at
an excitation of 360 nM and emission of 460 nM.

2.10. Surface Plasmon Resonance. The SPR measurements
were performed on a Biacore T200 apparatus. The ligands
were immobilized on CM4 chips (∼1,500 RU) using an

amino-coupling kit according to the manufacturer’s instruc-
tions. All of the analyte binding measurements were per-
formed with HBS-EP+ as the continuous running buffer
at 25∘C. Actin, GA, and histone H1.3 were injected at a
concentration of 5.0𝜇M and a flow rate of 25𝜇L/min for
200 s. The binding sensorgrams were analyzed using the
BIAevaluation Software.

3. Results

To test for a possible direct interaction of MBP with
26S proteasome, we incubated PS-341-treated 26S protea-
some with MBP and further immunoprecipitated proteins
using either anti-MBP or anti-hRpn10 antibodies. In both
cases, the eluates contained MBP and 26S proteasome,
whereas no cross-reactivity of anti-hRpn10 and anti-MBP
antibodies with MBP and the proteasome, respectively, was
observed, suggesting that the proteasome binds MBP in vitro
(Figure 1(a)). The 26S proteasome consists of two subparti-
cles, namely, a hollow barrel-shaped 20S particle that contains
multiple proteolytic sites and a regulatory 19S subunit that is
required to recognize the polyubiquitination signal [9]. The
fractionation of proteasomes mixed with MBP by glycerol
gradient centrifugation demonstrated thatMBPwas coeluted
with 26S but not with 20S proteasomes (Figure 1(b)). This
finding agrees with our previous observations suggesting
that MBP-proteasome interaction is charge-mediated, as the
acidic isoelectric point of the majority of 19S regulator
subunits is below 6 (pI values of 19S subunits of eukaryotic
proteasome are listed in [29]).

To obtain further details on the mechanism of protea-
somal MBP degradation, we further made an attempt to
intercept MBP before it could reach the proteasome or,
alternatively, mimic MBP to compete with it for proteasome
binding. To this end, we selected a number of proteins
(Table 1) that could potentially interfere with the hydrolysis
of MBP by proteasome: (i) actin [30] and CaM [31], which
are known to bind MBP in vitro and in vivo; (ii) the anti-MS
drug glatiramer acetate (GA), which is structurally similar to
MBP [32]; (iii) positively charged and intrinsically disordered
histone H1.3 [33]; (iv) mono- and tetra-ubiquitin (Ub, Ub

4
),

which can bind the ubiquitin receptors of the 19S regulator
[34, 35]; (v) the slightly acidic globular proteins GST and
BSA and basic lysozyme with compact globular structure
which were used as controls. The hydrolysis of MBP was
monitored in a ubiquitin-free in vitro system containing
purified 26S proteasome, ATP, test proteins, and none of
the components of the ubiquitination system. The rate of
MBP hydrolysis was analyzed by SDS-PAGE (Figure 2(a)).
Neither Ub

4
nor mono-Ub, which, respectively, binds to the

ubiquitin interaction motifs of Rpn10 [34] and N-terminal
segment of Rpn13 [35], significantly changes the rate of MBP
hydrolysis by the proteasome. This result suggests that the
Ub-binding domains are not involved in MBP recognition
by the 19S regulator. GST, BSA, and lysozyme did not
change the rate of MBP hydrolysis, while actin, histone
H1.3, CaM, and GA obviously inhibited MBP degradation
(Figures 2(a) and 2(b)). We further tested the ability of actin,
GA, andhistoneH1.3 to bind toMBPand the 26S proteasome.
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Figure 1: (a) Western blotting analysis of the immunoprecipitation of the 26S proteasome complex with bovine MBP using monoclonal
anti-MBP or anti-hRpn10 antibodies. (b) PS-341-treated 20S and 26S proteasomes from BALB/c brain homogenate were preincubated with
MBP, separated by ultracentrifugation, and analyzed for bound MBP by Western blotting, as indicated. The presence or absence of the 19S
regulatory particle verified by Western blotting for 𝛽5 proteasome subunit, native PAGE, and LLVY-AMC activity profiles in the presence or
absence of SDS and PS-341.

According to the SPR measurements, MBP interacted with
negatively charged actin but not with GA and histone H1.3
(Figure 2(c), left panel). In contrast, the 26S proteasome
bound GA and histone H1.3, but not actin (Figure 2(c), right
panel). Therefore, proteins with detected inhibitory activity
were evidently divided into two subgroups, particularly those
that bindMBP and those that bind the 26S proteasome. Inter-
estingly, among proteasome binders, GA itself was resistant to
proteasomal hydrolysis, whereas histone H1.3 was degraded
by 26S proteasome to some extent (Figure 2(d), left panel).
According to the precise densitometry analysis, the observed
migration of the GA molecular weight distribution to the
less heavy masses is explained by the dynamic processes
of aggregation/disaggregation rather than by 26S-mediated
hydrolysis (Figure 2(d), right panel).

The extent of MBP hydrolysis in the presence of actin,
CaM, histone H1.3, and GA (Figures 2(a) and 2(b)), as
estimated by densitometry analysis, was plotted as a func-
tion of the concentration of inhibitory proteins (Figure 3).
Furthermore, the experimentally observed extent of MBP

Table 1: Panel of tested proteins.

Protein MW 1pI
MBP from bovine brain 18.3 11.3
Actin from porcine muscle 41.8 5.2
Ubiquitin human (Ub) 8.6 7.4
BSA 66.4 5.6
Glatiramer acetate (GA) ∼7 (5–9) ∼10.3
Histone H1.3 human 22.2 11.0
Ub4 34.4 6.6
GST human 48.8 ∼6.5
Apo-calmodulin human (CaM) 16.7 4.1
1Isoelectric points of proteins listed in the Table 1 were calculated using
ExPASy Compute pI/Mw tool http://web.expasy.org/compute pi/.

hydrolysis in the presence of different concentrations of
actin and CaM was compared with the theoretical amount
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Figure 2: (a and b) Degradation of bovineMBP by 26S proteasome in the presence of tested proteins (1–10𝜇g) as indicated.The bottom curve
on panel (a) represents the densitometry analysis of the remaining MBP (dashed area on top). (c) Sensorgrams from SPR measurements for
the interaction between GA, histone H1.3, CaM, and immobilized MBP (left panel); 26S proteasome and immobilized actin, GA, and histone
H1.3 (right panel). (d) Degradation of BSA, lysozyme, histone H1, GA, and MBP by 26S proteasome in presence of ATP as monitored by
PAGE. The percentage of protein remaining was calculated as the ratio of protein at the indicated time-points relative to the initial protein.
The insertion shows the overlaid densitometry profiles of GA samples incubated with the 26S proteasome.



6 BioMed Research International

100

80

60

40

20

0
0 10 20 30 40

(%
)

Actin concentration (𝜇M)

Actin

Experimentally observed proteasomal MBP hydrolysis
Predicted amount of free MBP

KD exp. obs. = 65nM

(a)

100

80

60

40

20

0
0 10 20 30 40

CaM

CaM concentration (𝜇M)

(%
)

Experimentally observed proteasomal MBP hydrolysis
Predicted amount of free MBP

KD exp. obs. = 200nM

(b)

100

80

60

40

20

0
0 10 20 30 40

Histone H1.3

(%
)

Experimentally observed proteasomal MBP hydrolysis
Predicted amount of free 26S proteasome

Histone H1.3 concentration (𝜇M)

KD est. = 1𝜇M

(c)

100

80

60

40

20

0

GA

GA concentration (𝜇M)

(%
)

Experimentally observed proteasomal MBP hydrolysis
Predicted amount of free 26S proteasome

0 30 60 90 120

KD est. = 10𝜇M

(d)

Figure 3: Plots represent the percentage ofMBPhydrolysis (opened circles) by 26S proteasome in the presence of the indicated concentrations
of actin (a), CaM (b), histone H1.3 (c), and GA (d). The theoretical percentage of uncomplexed MBP (filled circles on panels (a) and (b))
was calculated using previously reported 𝐾
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(exp.obs.) values for the MBP-actin and MBP-CaM interactions, respectively. The theoretical

percentage of histone H1.3- or GA-bound 26S proteasome (filled circles on panels (c) and (d)) was calculated using an asymptotic
approximation of the percentage of MBP hydrolysis, assuming that the bound proteasome cannot degrade MBP (theoretical 𝐾

𝐷
est.).

of uncomplexed MBP calculated using previously reported
dissociation constants (𝐾

𝐷
) for the MBP-actin (Figure 3(a))

and MBP-CaM (Figure 3(b)) interactions. The reversed task
was accomplished using experimental curves that represent
the inhibition of proteasome-mediated MBP proteolysis by

GA and histone H1.3. Using the asymptotic approximation
of the percentage of MBP hydrolysis, we estimated the
theoretical 𝐾

𝐷
of 26S-histone H1.3 (Figure 3(c)) and 26S-

GA (Figure 3(d)) interaction by assuming that bound 26S
proteasome cannot degrade MBP.
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Figure 4: (a) HEK293 cells were transfected with cDNA coding for human MBP with C-terminal FLAG epitope (hMBP-FLAG). After 4
h, the cells were incubated for an additional 20 h with or without GA, as indicated. The cells were then subjected to a cycloheximide chase
followed by Western blotting. (b) The HEK293 cells were transfected with cDNAs coding for rhMBP-FLAG along with cDNA coding for the
human histone H1.3-FLAG, as indicated. After 24 h, the cells were subjected to a cycloheximide chase followed by western blotting analysis.
The percentage of protein remaining was calculated as the ratio of protein at the indicated time-points relative to the initial protein. The data
are represented as the mean ± SEM from three separate experiments. ∗∗ denotes 𝑃 < 0.01.

We monitored degradation of MBP in HEK293 cells
to determine if the discovered inhibitory effects may be
observed in vivo. To this end, we transiently transfected
HEK293 cells with cDNA coding for human MBP (hMBP)
and either cotransfected cDNA coding for human histone
H1.3 or added GA into the culture medium. The cells were
treated with cycloheximide (CHX), harvested at the indi-
cated time-points, and further subjected to western blotting
analysis. Both GA (Figure 4(a)) and histone H1.3 (Fig-
ure 4(b)) decreased the intracellular proteasome-mediated

MBP hydrolysis. Similar to the in vitro assays, transiently
transfected histone H1.3 was partially degraded by the pro-
teasome in HEK293 cells.

4. Discussion

Here, we showed that CaM and actin protect MBP from
proteasomal hydrolysis. Previous findings indicate that the
dissociation constant (𝐾

𝐷
) of MBP-CaM interaction is

approximately 200 nM [36] for recombinant murine MBP
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or 148 nM for MBP from porcine brain [25], as determined
by SPR. The interaction of MBP with actin is characterized
by a 𝐾

𝐷
of 66.6 nM for G-actin or 65.3 nM for F-actin

[30]. Importantly, the rate of in vitro MBP hydrolysis in the
presence of actin agrees with the predictions of concentration
of “free” MBP based on previously reported dissociation
constants (Figure 3(a)). We failed to correlate the amount
of unbound MBP with the rate of CaM-mediated inhibition
of proteasomal MBP degradation. We further reasoned that
this observation is due to different mechanisms of MBP
binding. MBP-actin interaction is believed to be charge-
mediated, as the ability of MBP to polymerize actin depends
on the net positive charge of the MBP molecule—the rate
and extent of actin polymerization induced by 18.5 kDa
MBP charge isomers correlate with the charge reduction
caused by posttranslational modifications [23]. The MBP
in MBP-actin assemblies is structurally heterogeneous but
gains ordered secondary structure elements (both 𝛼-helices
and 𝛽-sheets), particularly in the terminal fragments and in
a central immunodominant epitope [37]. In summary, the
interaction of MBP with actin involves the majority of the
protein sequences, which effectively masks MBP from the
proteasome. Unlike MBP-actin complexes, the interaction
of MBP with CaM is less related to its charge: the binding
properties of the twoMBP charge isoforms—C1 and C8—are
very similar [36]. More importantly, MBP contains a distinct
CaM-binding segment, which is located near the C-terminus
and corresponds to residues 138–156 of human 18.5 kDaMBP.
MBP
138–156 interacts mainly with the C-terminal lobe of

CaM, and a conformational change accompanies binding
[31]. Thus, the limited surface of protein-protein contact may
reduce the ability of CaM to protect MBP from proteasomal
hydrolysis.

Relevant data regarding the intracellular proteasome
concentration in mammalian cells are lacking; however, the
concentration of 26S proteasome in the cytoplasm of yeast
is estimated to be 140–200 nM [38]. This concentration is
similar to that observed in our in vitro assays. CaM is
known to interact with a number of target proteins, including
myosin light chain kinase, calcineurin, neuronal nitric oxide
synthase, and phosphodiesterase. The maximum free Ca2+-
CaM concentration in HEK 293 cells is only 50–60 nM
at resting conditions, while the total available calmodulin
concentration (apo-CaMandCa2+-CaM) is 6–10 𝜇M[39, 40].
In turn, the total concentration of actin in nonmuscular
cells is typically 2-3mg/mL (46–70𝜇M) [41]. Approximately
60% of cellular actin is polymerized, and the rest of the
protein is mostly bound to profilin and thymosin-𝛽4; the
concentration of free monomeric actin is estimated to be
2 𝜇M [42]. Because MBP may bind actin filaments, the
intracellular concentration of actin accessible for interaction
with MBP may be estimated to be 20–40𝜇M. Proteasomal
MBP degradation was significantly inhibited at actin and
CaM concentrations of 10–20 𝜇M.Thus, we suggest that CaM
is unlikely to protect MBP from the 26S proteasome in vivo,
whereas actin is a potential “nanny protein” [43] for MBP.

Proteins and polypeptides that mimic MBP were shown
to inhibit proteasomal MBP degradation by competing with

it for 26S proteasome binding. Both histone H1.3 and the
MS therapeutic agent GA, which mimics MBP in both
charge and structure, could inhibit the 26S-mediated MBP
proteolysis in vitro and ex vivo. The deconvolution of the 𝐾

𝐷

of histone H1.3- and GA-26S proteasome interaction based
on the inhibition curves results in values of 1 and 10 𝜇M,
respectively (Figures 3(c) and 3(d)). Histone H1.3 protects
MBP from proteasomal hydrolysis in a “suicidal” manner,
whereas GA seems to be resistant to proteasome-mediated
hydrolysis. According to the mechanism of action proposed
for GA in MS, this agent acts mainly on the periphery and
not in the CNS. Thus, the direct competition of GA with
MBP for 26S proteasome binding inside oligodendrocytes
seems to be questionable. We further suggest that GA may
affect intracellular MBP processing in antigen-presenting
cells outside the CNS, especially in the context of the recently
reported proteasome-dependent presentation of MHC II-
restricted antigens [44].

5. Concluding Remarks

In this study, we showed two possibilities to protect MBP
from proteasome-mediated hydrolysis in order to compen-
sate lack of control via ubiquitination system. First, 26S
proteasome failed to recognize MBP when it is associated
with naturally occurring MBP-binding proteins, including
but probably not restricted to actin and CaM. Importantly,
this interaction, which is characterized by large surface
contact and accompanied by neutralization, is evidently
more effective than “key-lock” binding. These results sug-
gest that a number of negatively charged proteins that
are known to be engaged in protein-protein interactions
with MBP may potentially serve as “nanny proteins” that
partially defendMBP from intracellular degradation. Second,
polypeptides that mimic MBP restrict its access to the 26S
proteasome. Further studies should identify possible phys-
iologically relevant basic and intrinsically disordered “gate-
keepers” that can protect MBP from proteasome-mediated
degradation.
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