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Abstract. Myelin basic protein (MBP), the second most
abundant protein in central nervous system myelin, is re-
sponsible for adhesion of the cytosolic surfaces of mul-
tilayered compact myelin. A member of the ‘intrinsically
disordered’ or conformationally adaptable protein family,
it also appears to have several other functions. It can in-
teract with a number of polyanionic proteins including
actin, tubulin, Ca?*-calmodulin, and clathrin, and nega-
tively charged lipids, and acquires structure on binding
to them. It may act as a membrane actin-binding protein,

which might allow it to participate in transmission of ex-
tracellular signals to the cytoskeleton in oligodendrocytes
and tight junctions in myelin. Some size isoforms of MBP
are transported into the nucleus and thus they may also
bind polynucleotides. Extracellular signals received by
myelin or cultured oligodendrocytes cause changes in
phosphorylation of MBP, suggesting that MBP is also in-
volved in signaling. Further study of this very abundant
protein will reveal how it is utilized by the oligodendro-
cyte and myelin for different purposes.

Keywords. Intrinsically unstructured, cytoskeleton, calmodulin, lipid vesicle, deimination, phosphorylation, oligo-

dendrocyte, multiple sclerosis.

Introduction

The myelin sheath surrounding nerve axons has a unique
multilamellar structure. In compact internodal myelin, the
cytosolic surfaces of the plasma membrane adhere to each
other, forming the major dense line, and the extracellular
surfaces adhere to each other, forming the intraperiod line
(Fig. 1) [see refs. 1, 2 for reviews]. The integrity of this
compacted multilamellar structure determines the speed
of transmission of action potentials along the axon. Some
noncompacted regions containing cytosol are also present
in the myelin sheath, such as the inner loop surrounding the
axonal internodes, the outer loop, and the paranodal loops
of myelin, and in peripheral nervous system (PNS) my-
elin, the Schmidt-Lanterman incisures which run through
internodal myelin [1]. These regions of cytosol plus the
presence of various enzymes, and cytoskeletal and signal
transduction proteins in both compact myelin and non-

compacted regions may allow myelin to perform dynamic
functions and communicate with the axon [2, 4].

Myelin basic protein (MBP) is the second most abundant
protein, after the proteolipid protein (PLP), in central ner-
vous system (CNS) myelin: it comprises 30% of the total
protein and about 10% of the dry weight of myelin. It is
the only structural protein found so far to be essential for
formation of CNS myelin, and has been called the ‘execu-
tive molecule of myelin’ [5]. The shiverer mutant mouse,
a naturally occurring mutant in which a large portion of
the MBP gene is deleted, lacks most compact myelin in
the CNS [6]. The Long Evans shaker rat, with a mutation
in the MBP gene causing aberrant transcription, also lacks
compact CNS myelin [7]. Although MBP is also present in
PNS myelin, it is not required for its formation due to the
presence of other PNS myelin proteins such as PMP22, PO,
and P2 [8], which may compensate for the lack of MBP.
However, the shiverer PNS has morphological abnormali-
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Figure 1. (a) One oligodendrocyte myelinates many axons. Multi-
layered compact myelin (arrow) containing some areas of cytosol
(cy), with paranodal loops surrounding node (n) of Ranvier. Cy-
tosol is retained in the paranodal loops, in the inner loop (inner
mesaxon = im), and in the outer loop (ol). Reproduced from The
Journal of Cell Biology, 1961, vol. 10, pp 67-94 [3] by copyright
permission of The Rockefeller University Press. (b) Cross-section
of myelin surrounding axon, A. Cytosolic surfaces of the oligoden-
drocyte plasma membrane come together to form the major dense
line (md) seen by electron microscopy, and extracellular surfaces
come together to form the intraperiod line (ip). Most of the cytosol
and extracellular fluid are eliminated to form compact multilayered
myelin. Cytosol is shown in the inner loop and outer loop. Extracel-
lular fluid is present in the periaxonal space.

ties, such as a reduction in axon caliber and myelin sheath
thickness, aberrant Schwann cell-axon contacts, and a
twofold increase in the number of cytosol-containing
Schmidt-Lanterman incisures throughout compact PNS
myelin [9], indicating that MBP performs an important
function in the PNS also. In addition to its importance in
myelin formation, MBP is also of interest because immu-
nization with it induces experimental allergic encephalo-
myelitis in animals, and immune response to it occurs in
the demyelinating disease multiple sclerosis (MS).

MBP (pI ~ 10) is bound to the cytosolic surface of the
oligodendrocyte (OL) membrane, primarily through
electrostatic interactions with negatively charged lipids
[reviewed in ref. 10]. It is present throughout compact
internodal myelin and is acknowledged to be involved
in adhesion of the cytosolic surfaces of the multilayered
myelin sheath, where it has been localized by immuno-
electron microscopy and X-ray diffraction [2, 6, 11].
However, it may have other functions as well. Roles in
signaling [5, 12, 13], in the nucleus [14], in interactions
with the cytoskeleton [15—18], and a regulatory function
on the expression of other myelin proteins [7, 19] have
been suggested.

Multifunctionality is being found for an increasing num-
ber of proteins [20, 21]. Hill et al. [22] [see Harauz et al.
[23] for a recent review] have shown that MBP is a mem-
ber of the family of intrinsically unstructured proteins
[25, 26]. It has similarities to microtubule-associated pro-
teins (MAP) such as tau and MAP2, to a-synuclein [27],
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and to proteins with disordered basic effector domains
such as MARKS (myristoylated alanine-rich C kinase
substrate) [28]. Their high net charge and low hydropho-
bicity maximize intramolecular electrostatic repulsion
leading to an extended structure. Such proteins have suf-
ficient flexibility to bind to charged surfaces and ligands
and to acquire whatever local conformation is necessary
to optimize binding to several different targets. They are
often multifunctional regulatory proteins associated with
signal transduction, adhesion, cell cycle regulation, gene
expression, alternative splicing of pre-mRNAs, or chap-
erone action [20, 21, 27, 29, 30]. They are found primar-
ily in eukaryotes, where there is an increased need for
multifunctional proteins and complex protein-protein
interactions, with only a small proportion in prokaryotes
[31]. A greater increase in unfoldedness occurs with evo-
lution in nonhousekeeping proteins such as MBP than in
more ubiquitous housekeeping proteins, and disordered
regions evolve at a faster rate than ordered regions [29,
32]. By increasing the native disorder of a protein, higher
organisms may be able to accommodate a variety of new
interactions, which may in turn aid in evolving novel
functions. Disordered proteins with high surface charge
which are involved in multiple interactions may integrate
hubs of various biological activities [33, 34]. Thus, their
deletion is more likely to lead to serious dysfunction or
lethality [33].

A myelin sheath containing MBP is present in all verte-
brates except the evolutionarily oldest, (hagfish and lam-
preys, members of Agnatha cyclostomata). The sequence
of MBP is highly conserved from mammals (ten species
sequenced) to chicken to clawed frog [23]. MBP is also
present in fish, but shark MBP has only 44% homology
with mammalian MBP [35, 36]. No homologues have
been found in fruit fly, nematode, and Ascidian (Ciona
intestinalis) genomes [37]. Since the latter is an inver-
tebrate chordate derived from the common ancestor of
extant vertebrates, this suggests that MBP evolved rela-
tively late, along with myelin.

Size isoforms of MBP

The MBP found in myelin (classic MBP) is a product of
a larger gene complex called Golli (Genes of OLigoden-
drocyte Lineage), which has 11 exons in mice and 10 in
humans, including the 7 exons giving rise to classic MBP
[38]. Various Golli proteins are produced in developing
myelin and also immune and hemopoietic cells [38, 39].
They may be involved in signaling by regulation of intra-
cellular Ca?* levels [40]. Golli proteins contain only frag-
ments of classic MBP. This review will focus on classic
MBP which has been reported to occur only in myelin.
Several size isoforms of classic MBP are formed by dif-
ferential splicing of a single mRNA transcript. These are
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[Exon I
0 ASQERPSQRS EKYLATASTMD HARHGFLPRH RDTGILDSIG RFFSGDRGAF

] [Exon II ] [Exon III
51 KRGSGKVPWL KQSRSPLPSH ARSRPGLCHM YKDSHTRTTH YGSLFPQKSQH

] [Exon IV ]1[Exon V ] [Exon VI
101 GRTQDENPVV HFFEKNIVTPR TPPPSQGKGR GLSLSRFSWG AEGQKPGFGY

] [Exon VII 1
151 GGRASDYKSA HKGFKGAYDA QGTLSKIFKL GGRDSRSGSP MARR

Figure 2. (a, b) Organization of the murine MBP gene (a) and the
human MBP gene (b), showing the alternate splice variants of clas-
sic MBP. Adapted from Micron, v. 35, G. Harauz et al. [23]: My-
elin basic protein — diverse conformational states of an intrinsically
unstructured protein and its roles in myelin assembly and multiple
sclerosis, pp. 503-542, Copyright (2004) with permission from
Elsevier. (¢) Sequence of murine 21.5-kDa MBP [24], showing re-
gions encoded by different exons.

21.5,20.2, 18.5, 17.24, 17.22, and 14 kDa in the mouse
and 21.5,20.2, 18.5, and 17.2 kDa in humans (Fig. 2) [23,
24, 41, 42]. The major MBP isoform in the adult human
and bovine CNS is 18.5 kDa whereas that in adult mice
and rats is 14 kDa. All isoforms contain protein domains
encoded by exons I, III, IV, and VII, while only the 21.5-,
20.5-, and 17.22-kDa forms contain the domain encoded
by exon II. The 21.5-, 20.2-, 18.5-, 17.24-, and 17.2-kDa
forms also contain exon VI, whereas the 17.22- and 14-
kDa forms do not. The greatest similarity between fish
and rodent MBP is in exons I, III, and part of IV, which
may be a functional core of MBP [2, 43]. Fish express
two isoforms of MBP, one lacking exon II and the other
lacking both exon II and exon Vb [35, 44].

Expression of these isoforms is developmentally regu-
lated and they have different locations in cells and my-
elin, suggesting that they may have different functions.
The isoforms containing the exon II-encoded domain
are expressed at high levels early in myelination and in
immature OLs in culture [42, 45, 46], while the forms
lacking this domain are the primary forms expressed later
in myelination, in mature OLs, and in adult myelin. Al-
though the 18.5-kDa form is the primary form in adult
human myelin, exon II-containing forms are expressed
during fetal development and during remyelination [41].
In the aged rat, where many paranodal loops were re-
tracted, MBP expression was decreased relative to that of
other myelin proteins examined and the exon II-contain-
ing 21.5-kDa form was almost completely absent [47].
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Interestingly, these different isoforms localize to differ-
ent regions of the cell when expressed individually in
transfected cells. Both in shiverer mouse OLs lacking
endogenous MBP [48] or in HeLa cells [49], the exon
[I-containing forms were found distributed in the cyto-
sol and in the nucleus but not at the plasma membrane,
while the exon II-negative forms were confined to the
plasma membrane. The exon II-containing forms were
transported into the nucleus by active transport [45, 50].
However, in wild-type mouse OLs containing endoge-
nous MBP, a transfected tagged exon II-negative 14-kDa
form was found in the cytosol and nucleus in addition
to being bound to the plasma membrane, leading to the
suggestion that the presence of exon II-containing forms
might help transport exon II-negative forms into the
nucleus [19].

The domain encoded by exon II has a somewhat higher
percentage of basic residues than other domains, and the
exon Il-positive 21.5-kDa isoform interacts with nega-
tively charged lipid vesicles as efficiently as the exon
[I-negative 18.5-kDa form [51]. Indeed, all isoforms are
found in compact myelin. However, the exon II-negative
forms are excluded more from the radial component (a
tight junctional specialization within internodal myelin)
whereas exon II-positive forms are found equally in com-
pact myelin and in the radial component [52]. Possible
causes of localization of the exon II-positive isoforms in
the nucleus of OLs may be the presence of an unrecog-
nized nuclear targeting sequence in the protein [50] or
in the mRNA. The mRNAs for exon II-negative forms
of MBP are transported far into OL processes, whereas
the mRNAs for exon II-positive forms have been detected
only in the cell body [46].

Transfection of either the exon Il-negative 14-kDa iso-
form or the exon II-positive 17.24-kDa isoform into the
shiverer mouse restored myelin to a similar extent [53],
indicating that the domain encoded by exon II is neither
essential nor deleterious for myelination. However, in both
cases myelin formation was less than that in the shiverer/
wild-type heterozygote with similar MBP mRNA expres-
sion as the transfected mice, indicating that the other iso-
forms contribute in unique or synergistic ways to myelin
formation. Shiverer OL precursor cells were not induced
to differentiate in culture by growth factors, in contrast to
those from normal mice [54]. Although they did respond
to dibutyryl-cAMP, they produced abnormally high lev-
els of myelin-associated glycoprotein (MAG). This sug-
gests that MBP may be involved in regulation of the OL
differentiation pathway.

Post-translational modifications of MBP

18.5-kDa MBP also occurs as a series of charge isomers,
termed C1, C2, C3, C4, C5, C6, and C8 due to a va-
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riety of post-translational modifications, which reduce
their net positive charge, including deamidation, Ser/Thr
phosphorylation [55, 56], and deimination of arginine
(Arg) to citrulline (Cit), [57] also termed citrullination.
Spiny dogfish MBP is also modified by phosphorylation
and deamidation [58]. The N-terminal Ala is modified
by acylation with chains of two to ten carbons in length,
with four to six carbon chains being the dominant spe-
cies [59]. Argl07 (human sequence) occurs as the meth-
ylated form, either mono-methyl Arg or symmetric di-
methyl Arg [60-62]. Human MBP binds azido-GTP at
GIn3 [63] and is ADP-ribosylated at Arg9 and Arg54
[64]. This high degree of modification [see ref. 23 for a
summary] is consistent with its lack of structure, since
regions of intrinsic disorder are usually preferred as sites
of post-translational modification and protease digestion
[65, 66].

Of the charge isomers of MBP, C1 is the least modified,
most highly positively charged form. C2 is deamidated,
while C3—C6 may be modified by combinations of phos-
phorylation, deamidation, and deimination [55, 56, 67].
C8 differs from C1 by deimination of 6-11 Arg to Cit
[57, 67], decreasing its net positive charge from +19
at pH 7.4 by one for every deiminated Arg, and altering
its hydrogen-bonding properties [68]. All charge isomers
were ADP ribosylated at Arg9 and Arg54 except C8 [64].
These post-translational modifications occur both physi-
ologically and pathologically. The phosphate groups of
MBP turn over rapidly, and the highest turnover was in
the most mature myelin fractions [69], suggesting phos-
phorylation of MBP plays a dynamic role in myelin struc-
ture and function [70]. Phosphorylation of MBP in the
myelin sheath is altered in response to the nerve action
potential [71-73] and in OLs in culture in response to
extracellular ligands or to depolarization [74-77]. All
size isoforms are phosphorylated with a similar turnover
rate [69]. Possibly some post-translational modifications
of the exon II-positive forms cause their targeting to the
nucleus, although phorbol ester, which activates protein
kinase C, inhibited nuclear targeting of MBP, suggesting
that phosphorylation of MBP may inhibit nuclear target-
ing [50]. Effects of MBP phosphorylation on its functions
will be addressed below.

MBBP can be phosphorylated in vitro by protein kinase C,
protein kinase A, glycogen synthase kinase (GSK), calm-
odulin-dependent kinase, and mitogen-activated protein
kinase (MAPK), enzymes all present in myelin [4, 78—
82]. The in vitro sites of phosphorylation differ in some
cases from those found to be phosphorylated in myelin
MBP in vivo [56, 67], but one of the in vivo sites, Thr97
(bovine sequence), is phosphorylated by MAPK and GSK
in vitro [78, 79]. However, the sites of phosphorylation of
MBP in OLs, as opposed to mature myelin, are not known
and may include some of the in vitro phosphorylation
sites. MBP from MS brain was less phosphorylated and
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less deamidated than normal MBP but contained more
methylated Arg [67]. A peptidylarginine deiminase has
been isolated from mammalian brain [83] and shown to
deiminate purified MBP [84]. The amount of deiminated
MBBP, C8, in myelin is highest in children and decreases
during development, suggesting that it may play a role in
myelin formation rather than myelin function. However,
C8 occurs in greater amounts in MS patients [57, 67, 85]
and has been suggested to be involved in the pathogenesis
of MS [86]. Furthermore, a greater number of Arg may
be deiminated in MBP in MS patients than in normal in-
dividuals [67, 56]. In a patient with a rare case of acute
MS known as Marburg’s syndrome [87], 18 of the 19 ar-
ginines were deiminated [88].

Polyanionic ligand binding of MBP

Other polycationic proteins can interact with a number of
polyanionic ligands, proteins and surfaces in functional
ways [89]. Some proteins, such as MARCKS, gravin, K-
Ras4B, and Src have an unstructured basic cluster which
binds polyanionic ligands [90, 91], but other acidic do-
mains, in contrast to MBP, whose basic and acidic resi-
dues are distributed throughout its sequence. Since it
has more basic than acidic residues, it has a net positive
charge. MBP has long been known to bind to negatively
charged lipid surfaces. It can bind to two lipid surfaces at
once, possibly by dimerizing, and cause the adhesion and
aggregation of lipid vesicles [92-98] and multibilayer
formation [99-103]. Its net positive charge distributed
throughout the sequence may be better suited for bind-
ing two lipid surfaces together than would be a cluster
of basic residues in one domain of the protein. MBP can
also cause hemifusion of the contacting monolayers of
apposed vesicles [104]. When added to lipid vesicles con-
taining a mixture of a negatively charged and a neutral
lipid, it binds the negatively charged lipid preferentially
[105, 106]. Indeed, it binds to negatively charged lipids
so tightly that it must be extracted with acid in order to
delipidate it [107] and it can be isolated in a lipid-bound
form by extraction with 3-[(3-cholamidopropyl)dimethy]
ammonio]-1-propanesulfonate (CHAPS) [100, 108].

In addition to negatively charged lipids, MBP interacts
with polyanions such as actin filaments [15, 17, 18, 109—
112] and microtubules in vitro [113, 114] and binds to
other proteins such as Ca?'-calmodulin (CaM) [15, 16,
115-118], tropomyosin [119], and clathrin [120]. The
fact that size isoforms of MBP containing the segment
encoded by exon II have been found to also localize in the
nucleus, suggests that they may bind to polynucleotides
[45]. Such a variety of interactions may play a physiologi-
cal role, especially for a protein as abundant in OLs and
myelin as MBP.
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Conformational adaptability of MBP and effect of
post-translational modifications

All size isoforms and charge isomers of MBP have been
predicted to be intrinsically unstructured [22, 23, 121]
and circular dichroism (CD) spectroscopy has shown that
MBP has little or no ordered structure in solution [re-
viewed inrefs. 10, 23, 94]. However, it has been predicted
to have a f3 sheet structure [122] and certain regions have
been predicted to form amphipathic « helices [122—-125].
Such structural elements may be important for recogni-
tion and stabilization of their structure by various ligands
[27]. Phosphorylation increases the 3 sheet structure of
MBP in solution, but deamidation had little effect on the
secondary structure [126, 127]. C8 in solution is more
susceptible to digestion by cathepsin D than is C1, sug-
gesting that its conformation is even more disordered
than that of C1 [128, 129].

Using the natural mixture of charge isomers, MBP was
shown using CD spectroscopy to acquire a~helical and
sheet secondary structure on interacting with sodium do-
decylsulfate (SDS) micelles [130] and lipids [108, 131].
The recognition of lipid-bound MBP by anti-MBP anti-
bodies varied with lipid composition, also suggesting an
altered conformation [132]. Electron microscopy studies
of MBP bound to a lipid surface allowed construction of a
three-dimensional (3D) model for MBP based on a single
particle reconstruction; the structure had similarities but
was not identical to the predicted 3 sheet structure referred
to above [133, 134]. More recent studies using cysteine
(Cys) substitution for Cys-specific spin labeling (Fig. 3)
and electron paramagnetic resonance (EPR) spectro-
scopy have shown that the region 83—92 of recombinant
murine 18.5-kDa C1 (rmC1) (corresponding to residues
8695 of human MBP), formed an amphipathic o helix
on binding to lipid vesicles (Fig. 4b) [135]. The helix was
embedded into the lipid bilayer and tilted at an angle of 9°
with respect to the membrane surface. Since other tilted
amphipathic peptides have fusogenic properties [136],
this may explain why MBP is able to cause hemifusion
of lipid bilayers [104]. MBP contains two sets of Phe-
Phe pairs at positions 42-43 and 86—87 (murine 18.5-kDa
sequence numbering, Fig. 3) and both regions, including
Phe87Cys, were embedded in the bilayer (Fig. 4). Substi-

rmCl: 1 ASQKRPSQRSKYLATABMMGFLPRHRDTGILDSIGI{FESG’DRGJ\P
rmC8: 1 ASQEKRPSQRSKYLATASTMD HGET.PRH?DTGIIDSIGRFFSG‘DRGRP

rmC1: 51 KRGSGKDSHTRTTHYGSLPQKSQHGRTQDENEVVEFEKNIVIPRTPPESQ
rmC8: 51 KRGSGKDSHTRTTHYGSLPQKSQHGRTQDENPVVHEFKNIVTPRTPPESQ

rmCl:101 GKGRGLSLSRFSWGAEGQKPGFGYGGRASDYKSAHKGFKGAYDAQGTLSK
rmC8:101 GKGRGLSLSRFSWG&EGQ?PGFGYGG?)\SD!‘KSM!KGH&GJ\YDRQGTLSK

rmCl:151 IFKLGGRDSRSGSPMARR
rmC8:151 Im-GG?DSRSGSPMhR?

Figure 3. Sequence of 18.5-kDa rmC1 and rmC8 showing residues
which were changed to Cys for spin labeling in gray boxes. The
Phe-Phe pairs are shown in dashed boxes. The Arg/Lys changed
to Gln to mimic citrullination in rmC8 are indicated by arrows.
Adapted from Bates et al. [144].
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tution of Ala-Ala for Phe86—Phe87 caused this region to
be less embedded in the bilayer (Fig. 4a) as found for the
MARCKS basic peptide [137]. These two Phe-Phe pairs
and the region 83—89 are conserved in fish MBP.

This region of MBP is of interest because it is an im-
munodominant epitope for both B and T cells [138, 139].
The linear polypeptide D82-ENPVVHFFKNIVTPR-T98
(human numbering), containing this segment has been
used to induce immunologic tolerance in patients with
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Figure 4. (a) Depth measurement of spin labels into Cyt-LUVs via
power saturation EPR spectroscopy [144]. Depths of penetration of
spin labels at indicated sites in rmC1 and rmC8 into the lipid bilayer
of'the Cyt-LUVs. The gray shading indicates values below the lipid
phosphates (in the bilayer), whereas the cross-hatching specifies
the region farther than 5 A into the aqueous phase where the dis-
tance cannot be determined accurately. The horizontal line at —5 A
indicates the location of the nitrogen atom of the lipid headgroup
spin label. (b) The region from Val83 to Thr92 was subsequently
studied by Cys substitution of each residue, and site-directed spin
labeling (SDSL)/EPR of each protein species in turn [135]. The
periodicity of the penetration depth was fit to a sine function. The
resulting fit revealed a periodicity of 3.6 residues, and amplitude of
10 A, indicative of an amphipathic o helix. Moreover, the helix was
tilted by 9° with respect to the plane of the bilayer. Adapted from
Micron, v. 35, G. Harauz et al. [23]: Myelin basic protein — diverse
conformational states of an intrinsically unstructured protein and
its roles in myelin assembly and multiple sclerosis, pp. 503-542,
Copyright (2004) with permission from Elsevier.
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secondary progressive MS [140]. Molecular dynamics
simulations showed this segment had a propensity to
form an o helix in aqueous solution but this structure
was transient in the absence of stabilizing factors [125,
135]. MBP acquired stable o-helical structure, including
the region V83-T92, in 30% TFE, conditions believed
to have similar structural effects on proteins as a mem-
brane environment [135, 141]. Structure determination
by solution nuclear magnetic resonance (NMR) of an 18-
meric peptide containing this segment, Q78-T95 (murine
numbering), confirmed it to be a-helical in 30% TFE-d,
and dodecylphosphocholine micelles [142]. Accessibility
of different residues to the micelle interior and aqueous
phase was similar to results from EPR spectroscopy of
spin-labeled rmC1 using lipid bilayers. The structure of
several antigenic epitopes from MBP in aqueous solution,
and when bound to class II major histocompatibility com-
plex (MHC) proteins, has been reviewed recently [143].
Conversion of six Arg/Lys (R25,R33,K119,R127,R157,
R168) to GIn in rmC1, to mimic citrullination, yielding
recombinant murine C8 (rmC8), resulted in dissociation
of the C-terminal half of the intact spin-labeled protein
from the lipid bilayer, whereas the N-terminal half re-
mained bound and embedded in the bilayer (Fig. 4a)
[144]. Four of the six Arg to Gln conversions are in the
C-terminal half. The region V83-T92 in rmC8 formed
a more highly surface exposed and shorter amphipathic
helix consisting of H§5-T92 than in rmC1 (Fig. 5) [145].
This was despite the fact that none of the Arg to Gln con-
versions are near this segment. These results suggested
that C8 might be more accessible to enzymes and ligands
when bound to membranes or myelin than C1. Indeed,
cathepsin D digested lipid-bound rmCS8 three times faster
than rmC1; cleavage at both F42-F43 and F86-F87 oc-
curred more readily in rmC8 than rmCl.

The segment consisting of residues 91-107 (murine se-
quence) contains TPRTPPP (residues 92-98) and may
form a poly-proline helix. PRTP has been suggested to
be a PXXP SH3-target consensus sequence [5] and both
Thr are MAPK phosphorylation sites in vitro [78, 82].
Interestingly, this region is not conserved in fish MBP
[44] suggesting that it might be involved in a more re-
cently evolved function of MBP. Spin-labeled residue 99,
just past this region, in membrane-bound rmC1 and rmC8
was exposed to the aqueous phase [144] suggesting that
the Pro-rich region C-terminal to the amphipathic helix of
both isomers should be accessible to enzymes and other
proteins including those with SH3 domains.

The conformation of MBP when bound to CaM has also
been investigated. 18.5-kDa MBP binds to CaM in a spe-
cific, Ca?>"-dependent manner, in a 1:1 stoichiometry,
with sub-micromolar affinities. MBP had a significantly
different interaction when deiminated, possibly with two
binding sites, which was supported by further studies
using N- and C-terminal deletion mutants of MBP [16,

Myelin basic protein

Shorter o-helical
Relatively more exposed

Entirely helical
Relatively buried

F86-F87 less accessible F86-F87 largely accessible

Figure 5. The region V83-T92 was found to form a more surface
exposed and shorter helix in the deiminated form of MBP, rmC8,
than in rmC1 [145]. The yellow rectangle represents this helical
region embedded in the membrane bilayer with the N-terminal end
to the left. The Phe86—Phe87 (indicated by the green band) are at
or just below the level of the polar head groups in rmCl1, but are
somewhat above them in rmC8. The helix is tilted in rmC1 with
the C-terminal end significantly more deeply embedded in the bi-
layer than for rmC8. The greater exposure caused membrane-bound
rmC8 to be digested faster at Phe86—Phe87 by cathepsin D than
rmC1. This could result in greater release of this immunodominant
epitope. These results show that reduction in the net positive charge
of MBP, which occurs more in MS patients, results in not only de-
creased adhesion of bilayers, which may destabilize myelin, but
also could lead to release of antigenic peptides to initiate or sustain
an immune response. The N terminus is at the left, C terminus at the
right in both cases. Adapted from Musse et al. [145].

118]. The CaM-binding tunnel has negatively charged
extremities [146] and two Met-rich hydrophobic pockets
[147]. The symmetry of this binding site often permits
a reverse binding mode for a peptide, with roughly the
same energy as the normal orientation. The latter is de-
fined as having the C-terminal end buried in the tunnel.
Regions of MBP with hydrophobic residues in the center
and basic residues at one or both ends and thought to be
capable of forming o helices on interaction with CaM
are located at the C terminus (S149-R160) (murine se-
quence), in the central portion of the protein, P§2—-R94,
(the region studied by spin labeling above), and close to
the N terminus, R41-R52. These domains were modeled
as « helices of 12—14 residues in length, and docking
simulations were performed to investigate their interac-
tions with the CaM peptide-binding tunnel [117]. Almost
equally favourable CaM-binding modes were found for
each of them, indicating that there are several plausible
CaM-binding sites in MBP. These predictions were sup-
ported by EPR results for all three segments. These results
indicated that all three domains of rmC1 inserted into the
CaM-binding tunnel in the normal direction. However, in
rmCS8, the segment S149-R160 (with R157Q) inserted in
the reverse direction. The results also indicated that the
segment P83—R92 inserted as an o helix rather than the
extended structure formed in the crystal structure of the
complex of the peptide with the class II MHC protein.
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Interactions of MBP with lipids and effect of post-
translational modifications

MBP probably causes adhesion of the cytosolic surfaces
of myelin by binding to negatively charged lipids [6, 10,
11]. The only other membrane protein present in suffi-
cient quantity to bind a significant amount of MBP is the
transmembrane PLP. PLP is also positively charged at the
cytosolic surface [148] and can be cross-linked to MBP
in myelin [149]. Subsequent studies showed that it binds
only to the least positively charged isomer of MBP, C8
[58]. Multilayer formation or aggregation of lipid vesicles
containing negatively charged lipids by MBP is a useful
model system to study factors which might affect its abil-
ity to cause adhesion of the cytosolic surfaces of myelin.
This approach has been used to study the effect of post-
translational charge modifications to the 18.5-kDa form
on its ability to cause adhesion of apposed lipid surfaces
[58, 95, 150]. At MBP/lipid ratios lower than those found
in compact myelin, where there is an excess of lipid nega-
tive charge not neutralized by the MBP positive charge,
there was a progressive decrease in the ability of charge
isomers to adhere lipid bilayers with a decrease in the
positive charge of MBP [58, 102, 150]. Phosphorylation
of both C1 and C2 with rabbit muscle kinase decreased
their ability to aggregate lipid vesicles [95] and also de-
creased their permeabilizing effect on vesicles, indicat-
ing decreased hydrophobic interactions with the bilayer
[151]. Differential association of the charge isomers,
which depended on protein concentration, with planar
membranes has also been observed [152].

However, at higher MBP/lipid ratios similar to those
found in compact myelin, all charge isomers except C8
aggregated large unilamellar vesicles (LUVs) containing
phosphatidylcholine (PC) and 10-20% of a single nega-
tively charged lipid such as phosphatidylserine (PS), to
a similar degree [150]. There was even less variation in
the ability of the charge isomers, including C8, to ag-
gregate LUVs with a lipid composition resembling that
of the cytosolic leaflet of myelin (Cyt-LUVs) than for
PC/PS LUVs. These results indicate that charge modifi-
cations of MBP would probably not affect adhesion of the
cytosolic surfaces of compact myelin, where the MBP to
lipid ratio is high. However, charge modifications might
affect adhesion in cytosol-containing regions of myelin
such as the paranodal loops, where MBP concentration
is low [11, 153].

Noncompacted regions of myelin contain K* channels
[154—-156] and may take up potassium released into the
extracellular fluid and periaxonal space after the axonal
action potential [157, 158]. At lower MBP to lipid ratios,
where there was an excess of negatively charged lipid,
physiological increases in K* (or Na*) concentration up to
about 100 mM greatly increased MBP-mediated aggrega-
tion of the LUVs by shielding the negative charge on the
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vesicle surface [98]. Salt increased the aggregation by all
charge isomers to the same degree for all [150]. Thus,
changes in K* concentration in the cytosolic regions of
myelin, resulting from the axonal action potential, might
be able to regulate MBP-mediated adhesion of the cy-
tosolic myelin surfaces of noncompacted regions of my-
elin such as the paranodal loops. K* concentrations could
thus regulate the volume of these cytosolic regions and
is a mechanism by which MBP could have a dynamic
function in myelin. An increase in the concentration of
the acidic lipid PS in myelin from MS patients has been
detected in normal-appearing white matter [159]. This
could also reduce the ability of MBP to mediate adhe-
sion of the cytosolic regions by increasing the net surface
charge of the cytosolic membrane surface.

Neuronal activity also results in release of glutamate and
ATP and causes shifts in extracellular pH [160, 161].
Myelin contains NMDA receptors and has been shown
to take up Ca*" [162]. Ca*" uptake by OLs myelinating
optic nerves also occurs following release of glutamate
during axonal conduction due to activation of ionotropic
glutamate receptors in OLs [161]. Release of ATP by ax-
onal electrical activity activates P2Y purinoreceptors in
OLs causing an increase in intracellular Ca?*. pH fluctua-
tions in the brain extracellular space are accompanied by
rapid intracellular pH fluctuations in cells. An Na*/H* ex-
changer, Na*/HCOj cotransporter and carbonic anhydrase
I are present in OLs and can respond to shifts in pH of
the extracellular space during neuronal activity [160]. pH
microdomains in OLs occur which differ in pH by over
0.1 pH units. Similar pH fluctuations may occur in the
cytosolic spaces of myelin. Changes in Ca** and/or proton
concentrations could regulate MBP-mediated adhesion in
these spaces by altering the surface charge of the lipid
bilayer and the ionization state of MBP.

Vesicles with the cytosolic lipid composition interacted
uniquely with MBP, resulting in greater aggregation,
greater sensitivity to K* concentration, and resistance to
dissociation of all charge isomers at high K* (400 mM)
concentrations than PC vesicles containing a single nega-
tively charged lipid [98]. The resistance to salt dissocia-
tion suggested that electrostatic interactions were not the
only force involved in binding of MBP to the Cyt-LUVs.
Hydrogen bonding of the protein to the lipid head groups
[103] and hydrophobic interactions due to penetration of
hydrophobic amino acid side chains into the bilayer, as
indicated by the EPR and NMR studies described above
[125, 142, 144], and suggested also by effects of MBP
on lipid acyl chain order [reviewed in ref. 10], could also
contribute to the binding affinity. The greater involve-
ment of hydrophobic interactions of MBP with Cyt-
LUVs compared with PC/PS LUVs was confirmed from
greater covalent labeling of MBP bound to Cyt-LUVs
by the hydrophobic photolabel 3-(trifluoromethyl)-3-(m-
['*I]iodophenyl)diazirine (TID) [150]. Cholesterol and
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phosphatidylethanolamine together were found to be re-
sponsible for the greater MBP-mediated aggregation of
Cyt-LUVs and the greater TID labeling of MBP bound to
Cyt-LUVs compared with PC/acidic lipid LUVs. Thus,
the lipid composition of the cytosolic surface of myelin is
well suited to allow MBP to mediate adhesion of apposed
cytosolic membranes and to respond in a dynamic way in
some regions of myelin to changes in cation and proton
concentration resulting from nerve conduction.

In contrast to the reduced aggregation of vesicles caused
by C8 containing six citrullines, size exclusion chro-
matography and negative staining electron microscopy
showed that the more highly deiminated isomer isolated
from the brain of a patient with Marburg’s MS caused
fragmentation of large multilayered vesicles into much
smaller vesicles [163]. Cryoelectron microscopy of these
isoforms bound to a lipid monolayer revealed a larger
and more open structure of the protein-lipid complex
containing the more hydrophobic Marburg form of MBP
compared with C1 and C8 [164]. The membrane frag-
mentation caused by this more highly citrullinated isomer
is dramatically different from the effects of other forms
of MBP from normal brain and may indicate a patho-
genic effect of this charge isomer which contributed to
the severity of Marburg’s MS. Similar fragmentation of
large vesicles into small ones or discs has been found
for other proteins such as apolipoprotein A-1 which have
an amphipathic structure [165]. Thus when most of the
arginines of MBP are modified to an uncharged amino
acid, the protein acquires properties similar to an apoli-
poprotein suggesting that it may take up an amphipathic
structure when bound to lipid. The less deiminated form
C8 may also have this apolipoprotein character to a lesser
degree, which may be related to its role in normal imma-
ture myelin, where it is the predominant charge isomer.
Such a lipoprotein-like lipid binding property could al-
low C8 to be involved in trafficking of lipid to the plasma
membrane for synthesis of myelin.

MBP-mediated interactions with actin and tubulin
and effect of post-translational modifications

Another function of MBP, in addition to that of medi-
ating adhesion of the cytosolic surfaces of myelin, may
be to interact with the cytoskeleton in OLs, in cytosolic
inclusions in myelin, and even in compact myelin. Ac-
tin and tubulin are present in compact myelin where they
may be associated with MBP and the radial component,
a series of tight junctions, containing claudin-11 [166],
that pass through many layers of myelin [167]. MBP in
solution causes polymerization of G-actin into filaments
and bundling of the actin filaments [15, 17, 18, 109—112]
(Fig. 6a, d). Ca?*-CaM inhibits this activity, as it does for
the basic domain of the actin-binding protein MARCKS

Myelin basic protein

Figure 6. Phosphorylated C1 does not bundle actin filaments as
tightly as unmodified C1. C1 can bind actin filaments to lipid ves-
icles. Electron micrographs of F-actin in the presence of equimolar
C1 in F-buffer, bar, 2 um (a); F-actin in the presence of equimolar
phosphorylated-C1 in F-buffer, bar, 2 um (b); F-actin in F-buffer,
bar = 100 nm (c); as in (@) but higher magnification, bar, 100 nm
(d); as in (b) but higher magnification, bar = 100 nm (e); F-actin in
the presence of equimolar C1 and lipid vesicles, bar, 500 nm ( f);
as in (f) but higher magnification, bar = 100 nm (g). Reproduced
from Biochemistry, 2006, vol. 45, pp. 391-401, with copyright per-
mission from the American Chemical Society [18].

[91]. Co-localization studies by immunohistochemistry
in immature cultured OLs indicated that MBP is closely
associated with microtubules and actin microfilaments
[168—-170]. MBP has been co-immunoprecipitated with
tubulin from brain tissue [171].

MBP interacts with G-actin and F-actin through electro-
static interactions and the interaction is inhibited by an
increase in salt concentration [17, 18, 112]. Thus, the in-
teraction with actin might be expected to be affected by
charge modification of MBP. The dissociation constant
of the less charged isoform rmC8 for actin was a little
greater than that of rmC1, and rmC8 had somewhat re-
duced ability to polymerize actin and bundle F-actin fila-
ments than rmC1 [17]. Moreover, rmC8 was more read-
ily dissociated from actin by Ca?*-calmodulin than rmC1.
In contrast to the effect of deimination, phosphorylation
of C1 in vitro at Thr94 and Thr97 using MAPK [78, 82]
significantly decreased the ability of MBP to polymerize
actin and to bundle actin filaments (Fig. 6b, e¢) despite
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having no effect on binding to F-actin or on the ability of
Ca?-CaM to dissociate the complex [18]. The rate and
extent of actin polymerization induced by naturally oc-
curring MBP charge isomers C1-C6 decreased with re-
duction in positive charge [112].

The greater effect of deimination of MBP on its binding
to actin compared with that of phosphorylation may be
due to the fact that the deiminated Arg were distributed
throughout the sequence while phosphorylated residues
were in a localized region. Earlier studies indicated that
MBP has at least two actin-binding sites [111]. Phosphor-
ylation may interfere with only one of these, while deim-
ination, which is spread over the entire sequence, may
interfere with both but in a less severe way. The compa-
rable rates of polymerization induced by rmC8 and rmC1
despite the reduced electrostatic interactions of rmC8
suggests that hydrophobic and/or hydrogen-bonding in-
teractions may also contribute to actin binding by MBP.
Indeed, the polymerizing activities of the different size 14
to 21.5-kDa recombinant isoforms also did not depend
on their net charges [112]. Phenylalanyl residues in the
MARCKS effector domain were found to contribute to
its actin-binding affinity and rate of F-actin nucleation
[172]. A common actin-binding motif is an amphipathic
helix with hydrophobic side chains on one side which
binds to a hydrophobic pocket in actin between actin sub-
domains 1 and 3 [173]. The two sets of Phe-Phe pairs at
positions 42-43 and 86—87 in MBP may also contribute
to its actin binding.

MBP also binds to tubulin and causes its polymerization
and bundling of microtubules [113, 114]. It stabilized mi-
crotubules from depolymerizing in the cold and was one
of two proteins found in rat brain with this STOP (Stable
Tubule Only Polypeptide) activity [174]. Their STOP ac-
tivity was inhibited by Ca**-CaM. MBP might also bind
actin to microtubules. In shiverer mouse OLs which lack
MBP, actin microfilaments were not colocalized with mi-
crotubular structures as they were in the wild-type OLs
and did not form bundles [12]. The microtubular struc-
tures were also abnormal in size, and cell processes were
usually smaller than normal with a larger cell body. In
shiverer OLs transfected with the MBP gene, in which
MBP expression was less than normal, a normal micro-
tubule appearance and actin bundles were seen only in
membrane sheets where MBP distribution appeared nor-
mal. They were not seen in membrane sheets where MBP
distribution was abnormally low [175].

A reduction in positive charge due to deamidation in C2
decreased the ability of MBP to assemble tubulin, but fur-
ther reductions in positive charge in naturally occurring
charge isomers C2-C6, enhanced the ability of MBP to
assemble tubulin, in contrast to their effects on actin po-
lymerization [114]. rmC8 had a similar ability to assemble
tubulin as rmC1, also in contrast to its decreased interac-
tion with actin. Thus the interaction between MBP and
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tubulin is not solely dependent on electrostatics. Site-spe-
cific phosphorylation of MBP may be the modification in
these charge isomers which enhances the interaction with
tubulin, as is the case with tau phosphorylated at certain
sites [176]. The rm21.5-, rm17.22- and rm18.5-kDa C1
had similar microtubule bundling and F-actin bundling
activity, but that of rm14-kDa C1 was less [112, 114].

MBP-mediated binding of actin to membranes and
effect of post-translational modifications.

MBP can bind actin filaments to the surface of negatively
charged lipid vesicles, suggesting that it may be able to
act as a membrane actin-binding protein [15] (Fig. 6f,g).
In the case of the MARCKS effector domain, theoreti-
cal calculations showed that the electrostatic potential
was quite positive above the peptide, even when bound
to acidic lipids [177]. A similar effect for MBP would
allow it to bind actin while simultaneously binding to the
lipid negative surface charge. MBP was observed to be
partially co-localized with actin at the edge of membrane
sheets of OLs where it might bind actin to the membrane
[18].

Many actin-binding proteins insert into the lipid bilayer
allowing them to anchor actin filaments to the membrane
and possibly to also sense signals transmitted through
the membrane. This insertion into the lipid bilayer has
been detected by labeling with hydrophobic photolabels
such as TID [178] which react only with groups in the
acyl chain region of the bilayer. The spin label studies
described above indicate that hydrophobic side chains of
MBP insert into the lipid bilayer and MBP can also be
labeled by TID when bound to lipid [98, 179]. Like many
actin-binding proteins which are myristoylated at the N
terminus [180, 181], MBP is also acylated at the N termi-
nus, although in MBP the chain length is heterogeneous
and no longer than 10 carbons [59]. Other similarities,
including analogous structural motifs, between MBP and
the actin-binding MARCKS protein have been pointed
out by Harauz et al. [28].

The ability of MBP to bind actin to the myelin or oli-
godendrocyte membrane may allow it to participate in
signaling [74]. Insertion of hydrophobic side chains or
its N-acyl group into the bilayer would allow it to sense
mechanical signals transmitted through the membrane,
e.g. disordering effects on the lipid bilayer or bilayer cur-
vature strain, and respond through a structural change,
which could then impact on the cytoskeleton. Actin bind-
ing to MBP decreased the labeling of MBP by TID, in-
dicating that it decreased the hydrophobic interactions of
MBP with the bilayer [15]. This may be due to transfer of
hydrophobic residues of MBP, such as Phe, from the lipid
bilayer to the hydrophobic pocket in actin. This change in
interaction of MBP with the bilayer could then create a
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cytosol-to-membrane signal caused by changes in inter-
action of the cytoskeleton with the membrane.

The amount of actin bound to the MBP-lipid vesicles
decreased with increasing net negative surface charge
of the lipid vesicles [15]. Ca?>"-CaM binding also caused
dissociation of MBP and the MBP-actin complex from
lipid vesicles [15, 17, 18] as it does for the basic domains
of other proteins such as MARCKS [91]. Although basic
domains of MBP are distributed throughout its sequence,
in contrast to MARCKS, it also has several potential
CaM-binding sites [117], which may allow different re-
gions of MBP to be dissociated from the bilayer by CaM.
The deiminated isomer, C8, and phosphorylated C1 (on
Thr94 and Thr97 using MAPK) had significantly less
ability to bind actin to lipid bilayers [17, 18]. The effect
of phosphorylation was much greater than that of citrul-
lination at six sites. Although average electrostatic forces
are the primary determinant of the interaction of MBP
with actin, phosphorylation may have an additional effect
due to a site-specific electrostatic effect or to a conforma-
tional change. The 21.5-kDa isoform containing the exon
[I-encoded sequence bound actin to the lipid bilayer less
well than the 18.5-kDa form lacking this sequence [17].
The ability of other size isoforms to bind actin to the lipid
bilayer has not been investigated.

Thus, deimination, a post-translational modification of
MBBP, which occurs early in life and is increased in MS,
and phosphorylation of MBP, which occurs in response
to various extracellular signals in both myelin and OLs,
attenuate the ability of MBP to polymerize and bundle ac-
tin, and to bind actin to a membrane surface. Phosphory-
lation of a number of membrane actin-binding proteins
such as MARCKS, regulates their interaction with the
cytoskeleton and the membrane [182].

MBP-cytoskeleton interactions in vivo

During the period of rapid myelination, in the first year of
life in humans, the OL must produce prodigious amounts
of membrane. Many events involved in myelination such
as OL precursor migration in the CNS, differentiation,
cell process extension, and membrane production may
depend in part on the OL cytoskeleton. Its interactions
with the cytosolic side of the plasma membrane would
allow it to participate in transmission of signals between
the extracellular environment and the cytosol [183]. Such
signals are received from extracellular matrix, growth
hormones, and the axon. Continued interaction and com-
munication between the axon and the mature compact
myelin sheath occurs throughout life [184, 185]. Inter-
actions between the adhered membranes of myelin in
the multilayered myelin sheath may also provide signals
which are transmitted across the membrane and across
many layers of myelin.

Myelin basic protein

Interactions of MBP with the cytoskeleton may allow it to
play a role in signaling in OLs. Anti-galactosylceramide
(GalC) antibody added to OLs mediates signals which
cause Ca?’ entry, lipid and protein redistribution in the
membrane, phosphorylation changes of MBP, depoly-
merization of microtubules and other signal transduction
events in cultured OLs [186, 187]. This may be a signal
for compaction of the MBP-containing domains [13].
MBP is required for these effects, since they do not oc-
cur in shiverer OLs, suggesting that MBP is involved in
transduction of the signal [74].

GalC and sulfatide may be ligands for each other which
cause similar signaling effects [188] as found for GSLs
in other cells [189]. Ca?" can bridge sugars by binding
sugar oxygens to its coordination sphere [190], and it
causes adhesion of liposomes containing GalC to lipo-
somes containing sulfatide [191]. Addition of GalC/sul-
fatide-containing liposomes to cultured OLs to interact
with GalC and sulfatide in the OL membrane by these
Ca?"-mediated trans carbohydrate-carbohydrate interac-
tions across apposed membranes had similar effects on
lipid and protein distribution and depolymerization of the
cytoskeleton as anti-GalC antibody [192]. Stabilization
of the actin cytoskeleton with jasplakinolide prevented
all effects of the liposomes including GalC and MBP re-
distribution and microtubule depolymerization, suggest-
ing that the stability of microtubules in OLs depends on
the integrity of the actin cytoskeleton [193]. The MBP
redistribution caused by depolymerization of the actin
cytoskeleton suggests that actin is linked directly or indi-
rectly to MBP in OLs. In support of this suggestion, MBP
is present in a Triton X-100-insoluble fraction from OLs,
which resembled intact cytoskeleton and contained actin
and tubulin [168].

MBP may also interact with actin and tubulin in myelin.
Detergent extraction of myelin indicates that MBP is lo-
cated in several different membrane domains or associ-
ated with different proteins. Some MBP distributes to two
low-density glycosphingolipid/cholesterol-enriched Tri-
ton X-100-insoluble fractions, one of which is associated
with actin, tubulin, caveolin, and kinases [167, 194-196].
Some MBP is also found in the Triton X-100 superna-
tant associated with MAG, PLP, MAPK, and some phos-
pholipid [197]. Although these isolated fractions do not
necessarily come from different membrane domains in
myelin in situ [198], the presence of MBP in several dif-
ferent fractions suggests that it can interact with different
contituents or complexes in myelin, some of which inter-
act with kinases. This may allow MBP to participate in
signaling in myelin also. The p42/p44 MAPK in myelin is
active and phosphorylates exogenous MBP [194] and en-
dogenous MBP, CNP, and tubulin [Y. Gong, W. Min and
J. M. Boggs, unpublished data]. Different charge isomers
and size isoforms of bovine MBP also are differentially
associated with several detergent-insoluble fractions of
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myelin. A CHAPS-resistant low-density fraction con-
tained most of the phospho-Thr97-MBP whereas most of
the citrullinated and methylated MBP were in a heavier
CHAPS-insoluble fraction [199]. The 18.5-kDa MBP
was in the low-density fraction and 21.5-kDa MBP was
in the heavier CHAPS-insoluble fraction. This suggests
that these different species of MBP associate preferen-
tially with different myelin constituents and may perform
different functions in these complexes.

In addition to kinases and phosphatases which can me-
diate rapid turnover of phosphate groups [reviewed in
ref. 4], myelin also contains mechanisms which control
kinase activity, e.g. phospholipase C to generate DAG,
adenyl cyclase to generate cAMP, and MEK to activate
p42/p44 MAPK [4, 197]. Myelin also contains relatively
high amounts of the signal transduction lipids phospha-
tidylinositol (PI), phosphatidic acid, phosphatidylinositol
4-phosphate (PIP), and phosphatidylinositol 4,5-bispho-
sphate (PIP,) [200]. The lightest myelin fraction, which
comes from compact myelin, was even more enriched in
these signal transduction lipids. PIP, is 1.5% of the total
phospholipid in myelin and 1.7% in the lightest fraction,
compared with 1% reported for the plasma membrane of
other cells [137]. MBP stimulates a PI-specific phospho-
lipase C purified from human myelin, but deimination
prevented this [201]. Thus the more highly charged iso-
mers of MBP may be directly involved in a signaling sys-
tem involving phosphoinositides in myelin. There is con-
siderable turnover of phosphoinositides in myelin in vivo
[202], which may be regulated by communication with
the axon [185]. In addition to being a source of second
messengers, PIP, is a potent regulator of many actin-bind-
ing proteins [203]. Thus mechanisms are present in both
OLs and myelin to regulate the interaction of MBP with
the membrane and with the cytoskeleton by phosphoryla-
tion of MBP and by changes in lipid composition.

Trans interactions between GSLs in membrane signal-
ing domains in apposed cells trigger signaling and have
been proposed to result in formation of a glycosynapse
between the cells [189]. Glycosynapses could also form
between the apposed extracellular surfaces in compact
myelin through contact between GalC and sulfatide in
signaling domains [188]. Ions and water released into the
periaxonal space following the axonal action potential
may be able to traverse throughout the extracellular space
in compact myelin by passing through the tight junction
pores of the radial component [13] and could regulate
this interaction. The signals may in turn be transmitted
across the membrane to MBP and the cytoskeletal ele-
ments in myelin, as found in cultured OLs for anti-GalC
antibody and GalC/sulfatide-containing liposomes, pos-
sibly by causing Ca*" entry into the cytosolic domains.
Ca?" accumulation into the cytosolic domains of compact
myelin, mediated by NMDA receptors, has recently been
detected within compact myelin [162]. Subsequent effects
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on the cytoskeleton may regulate opening and closing of
the tight junction pores between the adjacent myelin lay-
ers [13] as occurs for intestinal epithelial cells [204]. This
process may allow transmission of signals from the axon
throughout compact myelin.

Conclusion

MBP, an intrinsically disordered basic protein which can
bind to and adapt its structure to different polyanionic sur-
faces, such as the lipid bilayer, actin, tubulin, and clathrin,
and possibly polynucleotides, may have several functions
in OLs and myelin. In addition to causing adhesion of the
cytosolic surfaces of compact myelin, it may interact with
the cytoskeleton and bind it to the membrane surface and
it may participate in transmission of extracellular signals
to the cytoskeleton and/or to tight junctions. It has several
different size isoforms and charge isomers, and a num-
ber of post-translational modifications, which could aug-
ment and regulate its multifunctionality. Binding of actin
filaments to the membrane mediated by MBP could be
regulated by changes in the ratio of negatively charged to
neutral lipid which affect the membrane surface charge,
in phosphorylation of MBP, and in intracellular Ca*
levels to regulate calmodulin, all changes which occur
during signaling. Deimination and size isoform expres-
sion, changes which occur during development and dif-
ferentiation, could also regulate its interaction with the
cytoskeleton.

Post-translational modifications also affect the interac-
tion of MBP with the membrane and its conformation.
The reduction in cationicity of charge isomers of MBP
impedes the membrane adhesion and assembly activity of
this protein. This may play a physiological role in mem-
brane formation by the OL before axonal wrapping and
myelin compaction is initiated, and in regulation of the
volume of the cytosol-containing regions of the myelin
sheath. The ability of MBP to cause adhesion of the cy-
tosolic surfaces is also very sensitive to the membrane
surface charge and the salt concentration, which may al-
low this function to be regulated by possible uptake of K*
or Ca*, or pH fluctuations in the cytosolic regions dur-
ing the neuronal activity. Contact between GSL-enriched
membrane domains in apposed extracellular surfaces in
compact myelin (glycosynapses) may trigger signals
which are transmitted to MBP and the cytoskeleton. This
may regulate the opening and closing of tight junctional
pores and the ion and water content of the extracellular
spaces of compact myelin.

Post-translational modifications may also have a patho-
logic role in destabilizing myelin. Deimination disorders
the protein further, even when bound to lipid, and causes
the C-terminal half to be more accessible to enzymes and
proteases. One of the regions exposed to proteases is an
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immunodominant epitope. Greater exposure on the cyto-
solic membrane surface may cause this highly encepha-
litogenic epitope to be cleaved and released to initiate or
sustain immune response to MBP in MS.
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