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Abstract: The myelin basic protein (MBP) family comprises a variety of developmentally-regulated members arising
from different transcription start sites, differential splicing, and post-translational modifications. The “classic” isoforms of
MBP include the 18.5 kDa form, which predominates in adult human myelin and facilitates compaction of the mature
myelin sheath in the central nervous system, thereby maintaining its structural integrity. In addition to membrane-
association, the 18.5 kDa and all other classic isoforms are able to interact with a multitude of proteins, including Ca*'-
calmodulin, actin, tubulin, and SH3-domain containing proteins, and thus may be signalling linkers during myelin devel-
opment and remodelling. All proteins in this family are intrinsically disordered, creating a large effective surface to facili-
tate multiple protein associations, and are post-translationally modified to various degrees by methylation, phosphoryla-
tion, and deimination. We have used spectroscopic (fluorescence, CD, EPR, and NMR) approaches to study MBP’s con-
formational adaptability. A highly-conserved central domain presents an amphipathic a-helix in association with a phos-
pholipid membrane, and contains a threonyl residue that is phosphorylated by MAP-kinases. In multiple sclerosis, this
segment represents a primary immunodominant epitope. This helical structure is adjacent to a proline-rich region that pre-
sents a classic SH3-ligand, comprises a second MAP-kinase phosphorylation site, and forms a polyproline type II helix.
This domain of the protein is thus essential to proper positioning of a protein-interaction motif, with the local conforma-
tion and accessibility being modulated by MAP-kinases. In addition, the C-terminus of 18.5 kDa MBP has been identified
by NMR spectroscopy as a Ca’'-calmodulin-binding site, and is of note for having a high density of post-translational
modifications (protein kinase C phosphorylation, and deimination). For the most part, any classic protein isoform func-
tions as an entropic spring that interacts in its entirety with membranes and cytoskeletal proteins, but the central and C-

terminal motifs may represent molecular switches.
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THE MYELIN BASIC PROTEIN FAMILY - DIVER-
SITY IN THE CENTRAL NERVOUS SYSTEM

Myelin is the lipid-rich structure wrapped in a tight spiral
around nerve axons, enabling them to transmit nerve im-
pulses efficiently [1]. In the central nervous system (brain
and spinal cord), the multilamellar arrangement of the mye-
lin sheath is maintained by myelin basic protein (MBP), one
of the two predominant proteins, the other being proteolipid
protein. The myelin basic protein family is a product of dif-
ferential splicing of a single mRNA transcript arising from
one of three transcription start sites of the gene complex
called Golli (Genes of OLigodendrocyte LIneage) [2]. The
structure of the murine Golli gene is depicted schematically
in Fig. (1) (adapted from [3, 4]).

Various Golli proteins arising from transcription start site
1 are produced in developing myelin, and are called BG21,
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J37, and TP8 in the mouse [2]. The Golli-MBPs translocate
between the nucleus and cellular processes, suggesting mul-
tiple roles in modulating the activity of signal transduction
pathways in remyelination, T-cell activation, modulation of
Ca*" influx, or in gene regulation [5-10]. The classic (ca-
nonical) MBP isoforms arise primarily from transcription
start site 3 (Fig. 1). The major adult classic MBP isoform is
18.5 kDa, which is peripherally membrane-associated and
found in cell processes and compact myelin [11, 12]. The
full-length classic 21.5 kDa isoform has an additional 26
amino acids generated by exon-6/Il, and is translocated to
the nucleus [13]. Our focus in this review shall be on the
18.5 kDa classic MBP isoform, which has been the most
studied. The degree of sequence conservation of this protein
is extremely high, especially amongst mammals, as depicted
by an aligned set of amino acid sequences (Fig. 2) [14-16],
and a phylogenetic tree constructed using these sequences
(Fig. 3) [17, 18].

The classic 18.5 kDa MBP isoform is extremely posi-
tively-charged, and exists as a number of charge components
(sometimes called charge isomers) due to myriad post-
translational modifications, representing considerable further
diversification (Fig. 4) [11, 19]. Each post-translational

© 2009 Bentham Science Publishers Ltd.
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Fig. (1). (A) The exon distribution of the murine Golli-MBP gene. There are 11 exons spanning 105 kb. (B) The “classic” MBP isoforms
arise primarily from transcription start site 3 and encode splice isoforms ranging in (nominal) molecular mass from 14 to 21.5 kDa. In human
adult and bovine myelin, the 18.5 kDa isoform is predominant. The exons of the classic MBP isoforms have traditionally been denoted by
Roman numerals; the Golli exon numbering with Sanskrit/Arabic numerals is now the preferable convention. The exon-6/I1 containing iso-
forms are translocated between the nucleus and the cytoplasm, whereas those lacking this exon are primarily found associated with distal
membrane processes. (C) The Golli isoforms (murine BG21, J37, and TP8) arise from transcription start site 1 and encompass 133 amino
acids arising from exons 1-3. Both BG21 and J37 also encompass some classic MBP sequences, but not TP8 due to a frameshift. Figure

modified from references [3, 4].

modification reduces the net positive charge by 1 or 2. The
charge components are named C1 to C8 according to their
elution pattern from a cation exchange column. Component
Cl1 is the most cationic (+19 at neutral pH) and the least
modified; C8 is the flow-through fraction including the least-
charged and most modified variants. Whereas genetic modi-
fications in other myelin proteins are associated with a vari-
ety of dysmyelinating diseases [7], there is a varied pattern
of post-translational modifications of MBP in early myelin
development, and in the human demyelinating disease multi-
ple sclerosis [19-22]. In other words, the classic protein iso-
forms are further diversified by a “dynamic molecular bar-

code” (an expression due to Yang [23]). It is inconceivable
that these modifications are random or spurious, since they
appear to be site-directed and require a considerable expen-
diture of cellular energy. Elucidating the purpose of this va-
riety of post-translational modifications of MBP will help in
understanding the mechanisms of myelin formation and ho-
meostasis, and the pathogenesis of multiple sclerosis [24].
Other protein families such as histones [25] and tubulin [26]
have their own “codes” as well.

The predominant modifications of the classic 18.5 kDa
isoform are deimination, methylation, and phosphorylation
(Fig. 4) (summarised in [11]). Deimination is the conversion
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Fig. (2). A BLASTP/CLUSTALW [15, 16] alignment of sequences of 18.5 kDa MBP from various species: chimpanzee (Pan troglodytes),
human (Homo sapiens), rabbit (Oryctolagus cuniculus), rat (Rattus norvegicus), mouse (Mus musculus), guinea pig (Cavia porcellus), pig
(Sus scrofa), bovine (Bos taurus), horse (Equus caballus), opossum (Monodelphis domestica), chicken (Gallus gallus), horn shark (Hetero-
dontus francisci), dusky shark (Carcharhinus obscurus), little skate (Leucoraja erinacea), spiny dogfish (Squalus acanthias), African clawed
frog (Xenopus laevis), and zebrafish (Danio rero). The amino acids are coloured as follows: red (small and/or hydrophobic, i.e., A, V, F, P,
M, I, L, W, and G), blue (acidic, i.e., D and E), magenta (basic, i.e., R and K, and including H), green (polar, i.e., S, T, N, Q, and C), and gray
(imino, i.e., P). The high degree of sequence conservation of the 18.5 kDa splice isoform had already been noted over a decade ago with the
sequences then available [14]. The recombinant murine protein used in our studies (rmMBP) has an LEHs tag. Referring to numbering of the
murine sequence, several segments are of notable interest: MBP(P82-P93) represents a surface-seeking, amphipathic o—helix [88-90];
MBP(T92-K102) represents a potential ligand of an SH3 (Src homology 3) domain [34]; both Thr92 and Thr95 are MAP-kinase sites [11, 19,
119, 120] and this domain of the protein may represent a molecular switch as discussed in the text; MBP(K119-G123) is similar in sequence
to the tubulin-binding region of tau [191]; MBP(Y 131-R167) represents the putative Ca>’-CaM-binding domain [37, 170-173].

of arginine in MBP to citrulline by the enzyme peptidy-
larginine deiminase (PAD, EC 3.5.3.15, primarily the cyto-
plasmic isoform 2) [27]. As reviewed recently and exten-
sively elsewhere, the degree of deimination correlates with
the severity of multiple sclerosis and limits MBP’s ability to

maintain compact myelin, because its interactions with lipids
and other proteins are altered significantly [28, 29]. Methyla-
tion (single or symmetric double) of MBP at a single arginyl
residue (murine Argl04, human Argl07, bovine Argl06) is
associated with healthy myelin [19, 30], but its purpose has
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Fig. (3). Phylogenetic tree derived from known classic 18.5 kDa MBP sequences (Fig. 2) using the program CLC Combined Workbench, v.
3.5.1 (CLC Bio, Aarhus, Denmark). The program used an Unweighted Pair Group Method using Arithmetic averages (UPGMA) algorithm to
cluster the pairwise distance data [17, 18].
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Fig. (4). Summary of significant sites of post-translational modification of the 18.5 kDa isoform of myelin basic protein, with reference to the
murine 18.5 kDa sequence. The major modifications are the irreversible conversion of arginyl to citrullinyl residues by peptidylarginyl
deiminase isoform 2 (PAD2), the irreversible mono- or di-methylation or Arg104 (murine 18.5 kDa sequence numbering) by protein-Arg-N-
methyltransferase (probably PRMTSY), the phosphorylation of Thr92 and Thr95 by MAP-kinases, and the phosphorylation of seryl and ty-
rosinyl residues by diverse other kinases, all of which can be reversed by phosphatases. The global pattern of modifications changes during
development, with age, and with disease, and represents a “dynamic molecular barcode”.
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not yet been ascertained other than potentially modulating
MBP-protein interactions (e.g., as a deiminase antagonist
[31]). Another major post-translational modification of MBP
is phosphorylation by various kinases [11, 32], the overall
level of which is concomitantly decreased in multiple sclero-
sis myelin [19]. The relative density of modifications is
greatest at the N- and C-termini of the protein, i.e., exon-5b/1
and exon-11/VII, respectively, but also in exon-9/V and
exon-10/VI (Fig. 4).

CYTOSKELETAL ASSEMBLY BY CLASSIC MBP
ISOFORMS

The classic 18.5 kDa MBP isoform has been shown to
interact in vitro (and also in some in vivo studies) with a
wide variety of proteins, primarily cytoskeletal ones, as re-
cently reviewed [11, 12]. New MBP-protein interaction stud-
ies and examples appear frequently [33-37].

With respect to the cytoskeleton per se, oligodendrocytes
in the central nervous system undergo dramatic morphologi-
cal changes during myelination [38-41]. By remodelling
their internal microfilament and microtubule networks, these
cells extend membranous processes which contact and spiral
around nearby neuronal axons to produce the multilamellar
myelin sheath [42-44]. Several lines of evidence implicate
the MBPs as additional regulators of the cytoskeleton in ad-
dition to their main function of maintaining the spacing of
myelin lamellae, as recently reviewed [12]. First of all, MBP
polymerises and bundles actin, both associations being
modulated by post-translational modifications and binding to
calmodulin [45-48]; it also links actin to the membrane [12,
45, 49]. Secondly, MBP polymerises and bundles tubulin in
similar ways [4, 49]. It is possible that MBP may cross-link
actin and tubulin to each other [12], and further studies of
cytoskeletal associations within different regions of myelin
are required [50].

Thus, given the large number of developmentally-
regulated splice isoforms of the protein, some targeted to the
plasma membrane and others to the nucleus, and also given
its myriad protein-protein interactions and extensive post-
translational modifications, it is probable that MBP must
play further roles in myelin development and maintenance
beyond mere membrane adhesion. This possibility was rec-
ognised already in 1980 [51]. Moreover, the exon-6/1I-
containing isoforms of the classic protein are karyophilic,
and have been suggested to have further roles in gene regula-
tion, although these also remain to be determined more fully
[13, 52]. What are the structural properties of MBP isoforms
that allow them to do so many things, at least in vitro?

STRUCTURE-FUNCTION RELATIONSHIPS OF
INTRINSICALLY-DISORDERED PROTEINS - CON-
FORMATIONAL FLEXIBILITY AND MULTIFUNC-
TIONALITY OF THE MBP FAMILY

A fundamental tenet of structural molecular biology has
been that a protein’s three-dimensional structure determines
its function, a concept derived from the successes of X-ray
crystallography since the 1950s, and the correlation between
the activity and (relatively) rigid architecture of enzymes,
with their lock-and-key mechanisms of substrate recognition

Current Protein and Peptide Science, 2009, Vol. 10, No. 3 S

and modification. Despite many attempts, it has not been
possible to crystallise MBP with a high degree of order [11,
53, 54]. The reason is that the cellular proteome comprises
many intrinsically disordered proteins (IDPs), with proper-
ties similar to MBP, whose lack of globular (folded) struc-
ture may be directly part of their inherent function (e.g.,
springs or linkers — entropic chains), or is required for rec-
ognition and binding [55-59]. They are designed to be pli-
able (i.e., natively unfolded or intrinsically disordered) to
present a large effective surface area in order to associate
rapidly (but still specifically) with one or multiple binding
partners [60-62]. These intermolecular associations may in-
volve pre-formed structural elements such as o-helices,
and/or an induced fit, ie., coupled folding and binding
[ibid.]. Dunker and colleagues have encapsulated this idea in
their MoRF (Molecular Recognition Fragments, specifically
a-MoRF) hypothesis [63, 64]. One intriguing example has
been published where two intrinsically disordered protein
partners (cellular co-activators) fold together synergistically
[65]. It appears that IDPs often function as hubs or linkers in
protein interaction networks [66, 67], or as molecular
switches in transcriptional and translational control [68-71];
many IDPs are important in signal transduction, where their
binding affinities can be regulated by post-translational
modifications such as phosphorylation [62, 70, 72-74].

All known Golli and classic members of the MBP family
are IDPs [11, 54, 75, 76]. The classic 18.5 kDa isoform, in
particular, has long been known to be flexible [77] and is an
extended, extreme polycation whose net charge is reduced by
combinatorial post-translational modifications representing a
molecular barcode, an idea introduced above. We may en-
visage MBP’s various functions to be twofold in nature.
First, MBP can be considered to be in the entropic chain
category (as an adhesive of the cytoplasmic leaflets of the
oligodendrocyte membranes, potentially defining various
domains of distinct lipid composition, and linked also to pro-
teolipid and other proteins in compact myelin, and the under-
lying cytoskeleton in the paranodal regions of myelin). Stud-
ies with various classic splice isoforms and deletion mutants
of MBP have failed to reveal distinct motifs that interact
with the cytoskeletal proteins [4, 46, 47] — the entire poly-
peptide chain was involved in the association, as appeared
also to be the case with MBP with calmodulin [37], although
exon-6/11 and/or exon-10/VI seemed to be required for effec-
tive microfilament bundling. These observations were con-
sistent with the paradigm of intrinsically disordered proteins
that function as springs or as linkers (i.e., entropic chains).

Second, MBP may participate in molecular recognition
and networking in signalling pathways (potentially with
SH3-domain containing proteins; SH3 — Src homology 3). In
general, it has been suggested that some forms of MBP may
be components of signalling pathways, perhaps in regulation
of gene expression and/or cytoskeletal assembly [11-13, 40,
78-81]. We have shown that MBP sequesters PI(4,5)P,
(phosphatidylinositol-4,5-bis-phosphate) in oligodendrocytes
and membrane vesicles [82], with which it interacts strongly
[83, 84], providing further evidence that it may be involved
directly in signalling functions. These sorts of associations
may be representative of the MoRF paradigm, where we
need to consider specific target motifs on MBP.
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Thus, we must consider the idea of “structure” in the
MBP family of proteins in a variety of environments, and/or
when they are interacting with other biological molecules or
cofactors. In this review, we focus primarily on the topology
of 18.5 kDa MBP in association with membranes and with
calmodulin, one of its major protein partners. We explore
particularly some of the structural motifs of the classic 18.5
kDa MBP isoform that may be involved in its multifunction-
ality, and how post-translational modifications (i.e., the mo-
lecular barcode) affect the conformations and interactions of
these regions of the protein.

MEMBRANE-ASSOCIATED CONFORMATION OF
18.5 KDA MBP - DEPTHS OF PENETRATION AND
IDENTIFICATION OF ORDERED/DISORDERED
SEGMENTS

In electron micrographs of sectioned myelin, MBP is
localised in the major dense lines of the myelin sheath [1].
These electron dense lamellae are formed by the tight appo-
sition of the cytoplasmic leaflets of the oligodendrocyte
membrane, wherein MBP serves as an adhesive molecule.
The in vitro reconstitution of MBP with unilamellar vesicles
containing anionic lipids results in the formation of multi-
lamellar structures similar to those seen in myelin sheaths
[85, 86], and these assemblies can then be probed by a vari-
ety of biochemical and biophysical techniques [11, 87].

One approach that has been very fruitful to determine the
topology and conformation of 18.5 kDa MBP on the bilayer
surface is site-directed spin-labelling (SDSL) in conjunction
with electron paramagnetic resonance (EPR) spectroscopy
[88-90]. The SDSL procedure involves first introducing cys-
teinyl residues at specific positions in the protein, marking
the site with a sulphydryl-specific spin label such as
methanethiosulphonate [91, 92], and reconstituting the spin-
labelled protein with cytoplasmic large unilamellar vesicles
(of composition mimicking the cytoplasmic leaflet of the
myelin sheath: 44 mol% cholesterol, the rest being zwitteri-
onic or negatively-charged phospholipids). Then EPR spec-
troscopy can be used to measure spin label mobility and sol-
vent accessibility, particularly the depth of penetration of
each site into the membrane bilayer [93].

In Fig. (5A), the Angstrom level depths of spin label
penetration are depicted for the 18.5 kDa isoform of MBP
[88]. The N-terminal third of the protein, particularly around
the region of the first Phe-Phe pair (Fig. 2), is embedded in
the hydrophobic portion of the bilayer. In the central region,
the protein appears to be associated with the phospholipid
headgroups, and then penetrates the hydrophobic core of the
membrane again at its C-terminus. These data are shown for
comparison with a prediction of the disordered segments of
the protein (Fig. 5B) [94, 95], and a depiction of the protein
sequence using hydrophobic cluster analysis (Fig. 5C) [96].
Although post-translational modifications of the 18.5 kDa
MBP isoform are distributed throughout the sequence (Fig.
4), their relative density appears greater in regions of higher
predicted disorder (Fig. 5B), e.g., exon-VII/11. This observa-
tion is consistent with the paradigm that intrinsically disor-
dered regions of proteins are “hot spots” for phosphorylation
[72,97].
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MEMBRANE-ASSOCIATED CONFORMATION OF
18.5 KDA MBP - STRUCTURE AND TOPOLOGY OF
AN IMMUNODOMINANT EPITOPE IN SITU

The segment Pro85-Pro96 of human MBP, corresponding
directly to the murine residues Pro82-Pro93 (Fig. 2), is the
minimal B cell epitope of MBP, and is also an important T
cell recognition site [98]. The amino acid sequence of this
region of the protein is highly conserved amongst mammals
[11, 99], and is post-translationally unmodified except for
the threonyl 92 residue, which is phosphorylated by mito-
gen-activated protein (MAP) kinase (as discussed below, see
Fig. 4). It is also curious that all three valines and both as-
paragines in the protein are clustered in this region. Experi-
mental treatments for multiple sclerosis based on polypep-
tide mimetics of MBP have focussed on this and neighbour-
ing regions of the protein [100-102]. Several linear and cy-
clic analogues of hMBP(V87-P99) have been designed, ana-
lysed structurally by NMR and molecular modelling, and
evaluated for their ability to induce and/or inhibit experimen-
tal autoimmune encephalomyelitis in rats [103-108]. The
cyclic analogues, in particular, showed promise as potential
antagonist mimetics for treating multiple sclerosis as artifi-
cial regulators of the immune response. The linear polypep-
tide D82-ENPVVHFFKNIVTPR-T98 (human numbering)
has been used to induce immunologic tolerance in patients
with progressive multiple sclerosis [102], and clinical effi-
cacy is under evaluation in a phase II/III clinical trial that is
currently enrolling patients (www.biomsmedical.com) [109,
110]. Thus, it is worthwhile to compare and understand the
tertiary structures of this epitope under various conditions.

We have probed the structure of this region by SDSL-
scanning through the segment Val83-Thr92, and examining
the depth of each residue in the lipid bilayer [89]. Here, sec-
ondary structure was revealed by the periodicity of the depth
of penetration of the spin label. The results demonstrated
conclusively that this portion of the protein formed an am-
phipathic a-helix in situ, since it had a depth profile that
could be modelled by a sinusoidal function, with a periodic-
ity of approximately 3.6 residues (Fig. 6A). The a-helix was
embedded into the lipid bilayer, and tilted at an angle of 9°
with respect to the membrane surface. This tilt was a result
of the larger hydrophobic potential profile around the C-
terminal end of the helix.

Secondly, a helical wheel representation of this segment
revealed it to be amphipathic (Fig. 6B). Amphipathic pep-
tides with fusogenic properties are also tilted with respect to
the membrane plane, but at greater angles [111]. The smaller
tilt angle for this MBP domain may explain why MBP is
able to cause hemifusion of lipid bilayers without causing
mixing of the vesicle compartments [112]. Thus, the degree
of tilt for this segment of MBP is sufficient for deep penetra-
tion and firm membrane adhesion, but is not large enough to
destabilise the bilayer. This study provided the first direct
experimental evidence of specific, local secondary structure
in MBP when bound to a lipid bilayer. In general, amphipa-
thic a-helices are an essential component of almost all pe-
ripheral and many integral membrane-associated proteins,
involved not only in membrane interactions, but also in sur-
face remodelling [84, 113].



Structure-Function Relationships of Classic MBP Isoforms Current Protein and Peptide Science, 2009, Vol. 10, No. 3 7

-15

-104 bulk-agueous §\
phase —

N I Y5
TEMPO-PC
1 2N
0 ﬁ // J_ \E

Distance (A)

[¢)]
|

-
o
|

increasing
bilayer depth

15 1 | | 1 1 | 1 1

disorder
order

PONDR
o
3
|
l

20 40 60 80 100 120 140 160
Residue

Fig. (5). (A) Depths of penetration of 18.5 kDa MBP (recombinant, based on the murine sequence) into the lipid bilayer of large unilamellar
vesicles with lipid composition resembling that of the cytoplasmic face of oligodendrocytes. The gray shading indicates values below the
lipid phosphates (i.e., within the membrane), whereas the cross-hatching specifies the tentative region of distance determination. The horizon-
tal line near 5 A indicates the location of the nitrogen atom of the TEMPO-phosphatidylcholine nitroxide [88]. The filled circles represent
data obtained with the unmodified, highly-charged rmC1 (+19 at neutral pH) form of the protein. The open circles represent data obtained
with a quasi-deiminated, less-charged rmC8 (+13 at neutral pH) variant of the protein. (B) Depiction of the degree of intrinsic disorder of 18.5
kDa rmMBP using PONDR® (Predictor Of Natural Disordered Regions — VL-XT Predictor) [94, 95], which uses a neural network to predict
regions of order/disorder in IDPs. The dashed line represents the order/disorder threshold; based on this prediction, MBP has three major
regions of potential order, denoted by gray bars. (C) A visually-enhanced sequence representation using hydrophobic cluster analysis [96],
which visually enhances primary sequence data using symbols (LI, T; [, S; ¢, G; %, P), and colours (red — P, acidic residues D and E, and
N, Q; blue — basic residues K and R, and H; green — hydrophobic residues V, L, I, F, W, M, Y; and black for all other residues - G, S, T, C,
A). The hydrophobic clusters in MBP occur within the PONDR®-predicted ordered regions. Figures adapted and reproduced with permission
from references [37, 88].

Another significant consequence of this work concerned kelling, i.e., positioning the positively-charged group of the
the role of Lys88, which was the deepest penetrating residue amino acid in the polar region, whereas the aliphatic part was
on the polar face of the helix in this study (5.5 A into the in the hydrophobic portion of the bilayer (Fig. 6C). In pe-
bilayer). Thus, this residue was in an ideal position for snor- ripheral membrane proteins, snorkelling is thought to allow
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the long and bendable side chain of lysine to place the
charged amino group in the more polar interface region,
while keeping the hydrocarbon part of the side chain inside
the hydrophobic part of the membrane, thus resulting in
stronger binding [114].

STRUCTURE OF THE CENTRAL IMMUNO-
DOMINANT EPITOPE BY SOLUTION NMR
SPECTROSCOPY

Although EPR spectroscopy was useful for defining the
topology of MBP and a specific segment of it in a membrane
environment, it could not provide atomic level detail of the
structure. Solution NMR spectroscopy enabled a detailed
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quantitative distance restraints for the calculation of the
structure of a polypeptide comprising the immunodominant
epitope (Q78-T95, murine sequence, Figs. (2 and 6D)) in
aqueous solution, in membrane-mimetic solvent (trifluoro-
ethanol), and in dodecylphosphocholine (DPC) micelles
[99].

The secondary fold of the peptide was assessed using the
chemical shifts of the H* and C* atoms. A database of
chemical shift indices has been compiled [115-117] for iden-
tification of residues involved in ordered secondary struc-
tures. Typically, o-helical structures are identified by an un-
interrupted segment of four or more residues that have
downfield C* and upfield H* chemical shift differences, rela-

tive to the random coil chemical shift values for the same
residue [115, 116]. In our study [99], the chemical shift in-
dex analyses indicated an o-helical conformation of a 10-
residue segment of the polypeptide (residues V83-T92) when

structural investigation of this highly conserved segment of
MBP and confirmed its amphipathic o-helical character [99].
Standard "H homonuclear correlation experiments were em-
ployed to assign the resonances and provide the semi-
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Fig. (6). (A) The region of recombinant murine 18.5 kDa MBP from Val83 to Thr92 was subsequently studied by Cys-substitution (SDSL)
of each residue, followed by EPR of each protein species in turn. The periodicity of the penetration depth was fitted to a sine function. The
resulting fit revealed a periodicity of 3.6 residues, and amplitude of 10 A, indicative of an amphipathic a-helix. Moreover, the helix was
tilted by ~9° with respect to the plane of the bilayer, similar to fusogenic peptides. (B) Helical wheel representations of the Phe86-Phe87
region of MBP (murine numbering), including 5-6 residues on either side of the Phe-Phe pair. The gray shading represents apolar and hydro-
phobic residues, and white represents polar residues. (C) A schematic representation of the depth of penetration of the a-helical immuno-
dominant epitope with the most exposed (His85) and deepest penetrating residues (Phe87) indicated. The hydrocarbon region starts ~7 A
from the lipid-water interface. Here, Lys88 is shown in a snorkelling orientation interacting with the negatively-charged phosphate group of a
phospholipid. (D) The average of the 10 lowest overall energy structures of an 18-residue peptide (murine residues GIn78-Thr95, which in-
clude the murine residues Pro82-Pro93 corresponding exactly to the immunodominant epitope of MBP, human 18.5 kDa isoform residues
Pro85-Pro96) are illustrated as either a ribbon diagram or a space-filling model. The surfaces in the space filling model are coloured with a
red-to-white-to-blue gradient indicating the electrostatic partial charge distribution (red = negative, white = neutral, blue = positive) to illus-
trate the amphipathic nature of the a-helix. Figure adapted from references [89, 99], and used with permission from the American Society for
Biochemistry and Molecular Biology, and Elsevier Ltd.
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in a membrane-mimetic environment, as shown by the unin-
terrupted downfield C* and upfield H* shifts for that stretch
of amino acids. In an aqueous environment, there was con-
flicting evidence of secondary structure formation — the H*
shifts indicated a tendency towards weak o-helix formation,
which was unsubstantiated by the C* chemical shifts. Over-
all, these experiments underscored the conformational flexi-
bility inherent to MBP, and demonstrated that this segment
of MBP would only form a stabilised o-helix in the presence
of a membrane or membrane-mimetic environment. We be-
lieve that the flexibility of this motif imparts important struc-
tural and functional characteristics to this classic MBP iso-
form.

The presence of ordered secondary structure in this cen-
tral segment of 18.5 kDa MBP was further confirmed by the
pattern and magnitude of the observed NOE (nuclear Over-
hauser effect) connectivities, which reinforced the conclu-
sion of an a-helical conformation for this region in a mem-
brane environment. In aqueous solution (100 mM KCI, pH
6.5), the observed NOE values suggested that the polypep-
tide formed a relatively stable core, and hinted at a weakly a-
helical conformation in the most highly conserved region
(Val83-Phe87 in the murine 18.5 kDa sequence, (Fig. 2)).
These results were consistent with previous CD data (cited in
[99]), and with our molecular dynamics simulations that
showed this segment to have a propensity to form transient
a-helices in aqueous solution [118].

The calculated structures of the polypeptide revealed a
partitioning of charges onto opposing faces of the helix,
demonstrating clearly the amphipathic nature of this peptide
(Figs. 6B and 6D). Paramagnetic relaxation effects were
evaluated using the reagents 5-doxylstearic acid (5-DSA)
and FeCl;, which respectively partitioned inside or outside
the hydrophobic interior of the micelles. These molecules
acted locally as strong signal-relaxing agents, causing a
broadening proportional to the inverse of the average of the
distance to the sixth power (<r®>), between the unpaired
electron of the paramagnetic agent and the interacting nu-
cleus. Thus, these agents could report the positioning of in-
dividual residues, and on the orientation of the whole helix
relative to the membrane surface. The results indicated that
the polypeptide o-helix formed distinct hydrophobic and
electrostatic contacts with the membrane (Fig. 6D), and were
in excellent agreement with the SDSL/EPR mapping and
positioning of the o-helical model of this epitope of full-
length 18.5 kDa MBP on the surface of a lipid bilayer [88,
89].

STRUCTURE OF THE PROLINE-RICH SEGMENT
OF 18.5 KDA MBP

The immunodominant epitope just discussed is highly
conserved evolutionarily compared to the rest of the protein
(Fig. 2). In all mammalian species, this central amphiphathic
o-helix is followed by a proline-rich TPRTPPPS (murine
Thr92-Ser99) segment (Fig. 2) that comprises a minimal
SH3-ligand (XP-x-XP). This region of the protein has been
demonstrated in vitro to form a polyproline type II helix
(PPII), and the 18.5 kDa isoform has been shown to bind to
SH3-domain (Src homology 3) containing proteins, such as
non-receptor tyrosine kinases [34]. In addition, the two
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threonyl residues within this domain are MAP-kinase targets
(Fig. 4) [119, 120] which may be sequentially phosphory-
lated [121], suggesting structural or functional regulation.
The SH3-domains are small conserved protein modules
about 60 residues in size that interact with proline-rich
ligands, and that are found in a large number of intracellular
signaling proteins [122]. In spin-labelled recombinant mur-
ine MBP (rmMBP, Ser99Cys), EPR spectroscopy demon-
strated that this region was exposed to the aqueous phase
when the protein was bound to a membrane surface (Fig.
5A) [88]. This residue’s accessibility suggested that the en-
tire Pro-rich region C-terminal to the amphipathic o-helix
should be accessible to enzymes and other proteins, includ-
ing those with SH3-domains, even when MBP is bound to
the membrane. (Solid-state NMR studies of membrane-
associated 18.5 kDa MBP have also revealed a significant
proportion of the protein to be exposed [87].) Indeed, lipid-
associated 18.5 kDa MBP has been shown to bind the SH3-
domain of Fyn to the lipid bilayer [34]. Thus, in addition to
its membrane-associating and immunogenic roles, the central
amphipathic o-helical segment of MBP may be critical in the
proper positioning of the SH3-ligand, and the known MAP-
kinase sites within it, for functional roles beyond membrane
adhesion.

Polyproline-type-1I helices are characterised by the aver-
age backbone (¢,y) dihedral angles of (-75°+145°), resulting
in a left-handed, all frans, extended helix of approximately
3.12 A in length per residue [123]. One complete turn of the
helix will span approximately 9 A, giving the helix a three-
fold rotational symmetry. Due to this extended arrangement,
the residues that participate in the helix are precluded from
forming stabilising inter-residue interactions, i.e., there are
no N-H<O hydrogen bonds. Thus, PPII helices are often
confined to short stretches of amino acids, and are prevalent
in disordered proteins as one of numerous conformational
states [124].

In ideal model systems, the CD spectra of the PPII con-
formation are characterised by a negative band near 200-205
nm and a weaker, positive transition around 217-225 nm.
However, identification of PPII in experimental systems is
complicated by the absorbance of aromatic sidechains (F, Y,
and W) in the far UV spectral region [125]. Furthermore, a
notable characteristic of IDPs is the interconversion of the
structural ensemble between other secondary structure types,
notably o-helices, which also complicates the interpretation
of CD data. Thus, the CD spectra of IDPs displaying PPII
character have often been misinterpreted as random coil, or
have been described as similar to spectra of denatured poly-
peptides [126, 127]. Circular dichroic spectra recorded as a
function of temperature are an effective method to discern
the presence of the PPII structure, since two readily identifi-
able features of the PPII may be observed [128]. First, an
isodichroic point centered at around 210 nm is indicative of a
temperature-dependent, two-state equilibrium, where the
lower temperature traces are most characteristic of the PPII
structure. Secondly, upon increasing the temperature a reduc-
tion in the absolute intensity of the positive transition is ob-
served, signifying a disruption of regular (PPII) structure
[125]. Subtraction of the low and high temperature traces
may further emphasise the PPII character of the spectra.
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We demonstrate this approach here for an MBP polypep-
tide encompassing the proline-rich segment in membrane-
mimetic conditions, viz., DPC micelles. Fig. (7) shows the
temperature-dependent (7A, 7C) and difference (7B, 7D) CD
spectra for the unmodified (7A, 7B) and phosphorylated (7C,
7D) polypeptides reconstituted in 100 mM DPC, 50 mM
potassium phosphate at pH 6.5. Both peptides display PPII
character evidenced by the isodichroic point at 210 nm and
the reduction of intensity of the 220 nm transition at higher
temperatures (Figs. 7A and 7C). Furthermore, the spectra of
the two peptides do not display any significant temperature-
induced disorder, likely due to the stabilisation effects of the
DPC micelles. The transition at 200 nm does not become
appreciatively more positive upon an increase in tempera-
ture, in contrast to what has previously been observed for
rmMBP in 100 mM KCI [34]. This observation can be ra-
tionalised as follows, noting that these polypeptides are a
hybrid of half the immunodominant epitope and the entire
proline-rich region. First of all, in the case of both the un-
modified and phosphorylated peptides, the lack of relative
observable disorder suggests that the N-terminal portion of
these peptides (F86-T92, Fig. 2) which encompasses the
immunodominant epitope (Figs. 2 and 4), associates with the
DPC micelle, producing a global stabilising effect on the
peptides (Fig. 6D) [99]. The temperature-dependent reduc-
tion in the 220 nm transition, however, is suggestive of the
local destabilisation of the PPII structure [128], as could be
expected if this proline-rich region (adjacent to the mem-
brane-associated amphipathic oa-helix) remains solvent-
exposed (Fig. 6A) [88, 89].

Recent CD spectroscopic investigations of full-length
18.5 kDa MBP have revealed the potential for a PPII helix to
exist in the highly conserved, proline-rich middle third of the
protein [34]. We have shown that this motif indeed forms a
PPII helix under aqueous solution conditions, which struc-
ture appears to be stabilised by phosphorylation of the
threonyl 95 residue (murine 18.5 kDa sequence numbering,
corresponding to human Thr98, Fig. 2) [34] (¢f., [129]). In
the nuclear-localised MBPs (i.e., exon-6/I1 containing, Figs.
1 and 4), the proline-rich region has been postulated to func-
tion as a flexible hinge or possibly a targeting sequence [130,
131]. Earlier NMR spectroscopic work on MBP-derived pep-
tides had indicated that all prolyl residues were in frans con-
figuration, consistent with the requirements for PPII struc-
ture [132, 133].

Although CD at different temperatures is the spectros-
copy of choice for identification of PPII structures in pro-
teins and peptides, it cannot report high-resolution, residue
specific conformational information necessary for structure
determinations. Aside from X-ray crystallography, NMR
spectroscopy is the only direct method available to obtain
such information, and has the added advantage of being able
to report on the dynamic behaviour of polypeptide chains
[134]. There are several NMR experiments available to ob-
tain the required information for structural restraint quantifi-
cation of the PPII helix. Chemical shifts of the H% C% CP,
and C’ nuclei are correlated with the main chain ¢ and v
angles, and the H" and N chemical shifts are correlated with
the ¢ angles, and would provide valuable structural informa-
tion for the polypeptides [135]. The chemical shifts of SR
and N are temperature- and sequence-dependent, and the

Harauz and Libich

relationship of this dependence has been correlated to spe-
cific structural elements [115, 116, 136]. Therefore, com-
parison of the sequence-corrected N chemical shift with ran-
dom coil values (i.e., AS'°N) can help quantify PPII struc-
ture. The temperature-dependence of the N chemical shift
has also been demonstrated to correlate with the change in
molar ellipticity at 220 nm, providing additional evidence for
the PPII conformation [137].

Scalar couplings can be related to the backbone dihedral
angles through the Karplus equation [138, 139]. The one-
bond 'Jeyu, coupling is related to ¢ and y angles, and can
provide additional structural determinants for PPII helices
[140]. Of particular use in the case of prolines is the two-
bond 2JCHOt coupling, which can be readily determined from
two-dimensional experiments. There is a statistically signifi-
cant relationship between this coupling and the ¢ angle, al-
though there may be other factors that influence the magni-
tude of “Jep, [141]. In future, a detailed NMR investigation
is required, similar to what was performed on the immuno-
dominant epitope alone [99], but this time with fully (or
residue-specific) *C'’N-labelled sample to facilitate reso-
nance assignment and structure elucidation [142, 143]. De-
termining the structural implications of phosphorylation on
the conformation of this region will help us to understand
fully the functional consequences of this modification — is it
a molecular switch?

DYNAMIC BARCODING — CONTROL BY PHOSPH-
ORYLATION/DEPHOSPHORYLATION

Phosphorylation and dephosphorylation activate or deac-
tivate proteins in cellular signalling events, by modifying
their structure, function, subcellular localisation, or interac-
tions [144]. Protein kinases and phosphatases are thus key
members of signalling cascades in cellular processes such as
proliferation, differentiation, apoptosis, and regulation of
gene transcription. These modifications are especially impor-
tant for cationic proteins such as MBP, where combinatorial
phosphorylation/dephosphorylation events may be tuned to
regulate their local and global electrostatic properties [74,
145-149]. Furthermore, changes in the phosphorylation pat-
terns of specific proteins have been implicated in a variety of
human diseases - Alzheimer’s, Niemann-Pick Type C1, and
amyotrophic lateral sclerosis are marked by aberrant kinases
and hyperphosphorylation of their substrates (e.g., [150]). In
oligodendrocytes, the antibody cross-linking of myelin oli-
godendrocyte glycoprotein leads to its trafficking to a spe-
cific myelin microdomain, and subsequently to changes in
activity of specific kinases and phosphatases [151, 152].
Several proteins become dephosphorylated whereas many
others become hyperphosphorylated, thereby modulating
several signalling pathways.

The 18.5 kDa isoform of MBP fits intriguingly into these
paradigms. Phosphorylation of MBP (at seryl and threonyl
residues, (Fig. 4)) is effected by several protein kinase (PK)
families [32, 153], and yields charge components with al-
tered conformations and protein-lipid and protein-protein
interactions [4, 12, 34, 46-48, 154-156]. In particular, charge
components of MBP that are phosphorylated have a de-
creased ability to assemble actin [47, 48], but curiously an
enhanced ability to polymerise and bundle tubulin [4]. Thus,
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Fig. (7). Circular dichroic spectra for the unmodified (A and B) and phosphorylated peptides (C and D) (86-FFKNIVTPRTPPPSQGK-102,
murine numbering, (Fig. 2)) associated with dodecylphosphocholine micelles. The latter peptide was phosphorylated on residue T95. Spectra
in panels A and C were obtained by increasing the temperature in 5°C increments from 5°C to 45°C. Panels B and D each show the corre-
sponding difference spectrum obtained by subtracting the 45°C spectrum from the 5°C spectrum. The shapes of the difference spectra for both
peptides (panels B and D) are indicative of a polyproline type II helix. The PPII helical character is lost with increasing temperature due to the
absence of the stabilisation of inter-residue hydrogen-bonding. An isodichroic (isoelliptic) point at approximately 210 nm (panels A and C)
suggests that there is a two-state equilibrium between the left-handed PPII helix and the disordered chain, consistent with the transient nature
of PPII helices. Comparative data on the polypeptide in aqueous solution have been published [34].

this modification does not have the same overall or specific
effects as charge reduction by deimination solely [28]. Phos-
phorylation of MBP is not a spurious event - it is altered dur-
ing development and ageing, and the overall level is de-
creased in multiple sclerosis [19, 157-159]. The exon-6/11-
containing phosphorylated MBPs have been suggested to be
involved in myelinogenesis [158, 160], and the exon-6/I1-
lacking phosphorylated MBPs in myelin maintenance [160],
particularly in the putative adherens junctions and tight junc-
tions of myelin [161].

We particularly note the mitogen-activated protein
kinases (MAP-kinases), including the extracellular signal-
regulated protein kinases (ERK, e.g., ERK1 and ERK2; also
known as p42/44 MAPK), the stress-activated c-Jun N-
terminal kinase (JNK), and the 38 kDa high osmolarity glyc-
erol response kinase (p38) [153]. The MAP-kinase family is
important in oligodendrocyte proliferation, cell survival,
differentiation, and apoptosis. The phosphorylation of mur-
ine Thr95 (Fig. 4; human Thr98, bovine Thr97) within the
segment Thr92-Pro93-Arg94-Thr95-Pro96 (the putative
SH3-ligand) by MAP-kinases is regulated by action potential
generation in axons [162], and we have shown that MBP

phosphorylated at this site is developmentally partitioned
into myelin microdomains called “lipid rafts”, some of
which may represent signalling domains in mature myelin
[81, 163, 164]. Using an ND4 transgenic mouse line overex-
pressing the PLP variant DM20, and which exhibit sponta-
neous demyelination and which represent a model for multi-
ple sclerosis, we have shown that, compared to healthy mice,
there are significant changes in the distribution of MBP
splice isoforms and their phosphorylated and methylated
isomers in myelin rafts [163].

The residue Thr92 is a second MAP-kinase target within
the putative SH3-ligand segment [120]. In in vitro studies,
MAP-kinase phosphorylation of MBP affects its ability to
polymerise actin and tubulin, and to bundle microfilaments
and microtubules, as just mentioned [4, 47, 48]. We thus
consider these two residues to be key post-translationally
modified sites that can affect local structure, protein-protein
interactions, and microdomain targetting and stability,
thereby operating as a “molecular switch” and conferring a
“function” on classic MBP isoforms beyond membrane ad-
hesion.
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Regarding structure and protein-protein interactions, the
potential isomerisation of prolyl residues in MBP in vivo has
been mentioned as a possible signalling or functional control
mechanism [34]. The spontaneous rate of proline isomerisa-
tion is very slow and almost negligible, and has been ob-
served to increase to about 5% in membrane-associated MBP
[133]. Phosphorylation of the threonyl residues within the
TP-R-TP motif has the potential to stabilise the PPII con-
formation, and thus slow the rate of spontaneous isomerisa-
tion [129, 165]. Phosphorylation of these threonyl residues
may concomitantly result in a localised destabilisation of the
preceding a-helix [166], and/or disruption of the C-terminus
of the central amphipathic o-helix from the phospholipid
membrane, a phenomenon similar to what has been observed
for the deiminated protein [90]. Alternatively, there are novel
prolyl isomerases (e.g., Pinl) that efficiently isomerise phos-
phorylated Ser/Thr-Pro bonds in certain proteins, as a novel
control mechanism in signalling pathways [167]. These
isomerases have been identified in neurons, but their pres-
ence in myelin remains to be determined [168, 169]. They
may participate, in conjunction with kinases and phospha-
tases, on modifying this proline-rich segment of the putative
central molecular switch domain.

CALMODULIN-BINDING BY CLASSIC 18.5 KDA
MBP

The 18.5 kDa isoform of MBP has previously been dem-
onstrated to interact with calmodulin (CaM) in a Ca®'-
dependent manner using a variety of techniques including
intrinsic single Trp fluorescence spectroscopy [170-173],
chemical cross-linking and gel-shift assays [171], and dy-
namic light scattering [173]. The in vitro interaction was
shown to be specific (i.e., Ca*’-dependent), and occur at a
1:1 (MBP:CaM) ratio under near physiological conditions
(250 mM NacCl, 50 mM Tris-HCL, pH 7.4, 10 mM CaCl,)
with a dissociation constant of 144+76 nM [173]. Subse-
quent proteomics analyses have revealed MBP to be one of
many CaM-binding proteins in the brain [174, 175], and
MBP has recently been shown to be able to function as an
adaptor protein linking calmodulin to the BK¢, channel in
neurons, although the physiological significance of this ob-
servation is still unclear [33].

Our first prediction for the CaM-target was of a C-
terminal segment on MBP (Lys132-Argl67, murine number-
ing, (see Fig. (2)), which was consistent with the previous
experimental data [170, 171]. However, a C-terminal dele-
tion mutant lacking this region also bound CaM specifically
[172], and deiminated MBP (i.e., the C8 isoform) bound
CaM in a manner also suggestive of a second binding site
[173]. We postulated that this putative second CaM-target
could be the central immunodominant epitope (Pro82-Pro93,
murine numbering), which we showed by molecular model-
ling also to be a plausible CaM-target (when modelled as an
a-helix), just as the C-terminal segment (Thr147-Aspl5S,
murine numbering) of MBP was [176].

We have recently undertaken solution NMR studies of
CaM bound to full-length 18.5 kDa MBP, with the goal of
identifying definitively the primary CaM interaction site on
MBP [37]. The studies revealed three major segments of the
protein with a propensity towards a-helicity that were stabi-
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lised by membrane-mimetic conditions: Thr33-Asp46,
Val83-Thr92, and Tyrl42-Leul54 (murine 18.5 kDa se-
quence numbering). All of these regions corresponded with
bioinformatics predictions of ordered secondary structure
(Fig. 5B). The Val83-Thr92 (murine numbering) region has
already been discussed — it comprises a primary immuno-
dominant epitope that had previously been shown by EPR
and NMR spectroscopies to be a-helical in membrane-
reconstituted systems (Fig. 6). The Tyr142-Leul54 segment
overlapped with our predicted CaM-binding site [170, 171].

Chemical shift perturbation experiments using '’N-
labelled MBP and unlabelled calmodulin demonstrated a
dramatic conformational change in MBP upon association of
the two proteins, and were consistent with the C-terminal
segment of MBP being the primary binding site for
calmodulin. Approximately 40 resonances were observed
shifted upfield in the 'H dimension (7.0-8.2 ppm), and down-
field in the "N dimension (123-133 ppm), relative to un-
bound MBP. Furthermore, the spectrum of MBP bound with
CaM displayed an increase in the absolute dispersion of
peaks, indicating a more structured state for MBP. The same
extreme chemical shift perturbations were not observed in
the complementary experiment (i.e., '°"N-labelled CaM inter-
acting with unlabelled MBP), indicating that the structure of
CaM was not significantly perturbed upon the proteins’ as-
sociation. These data were consistent with our previous re-
sults using SDSL/EPR, which indicated that the entire MBP
protein was involved in the interaction with CaM [176].
Many of the perturbed peaks of MBP mapped to bulky hy-
drophobic residues (e.g., F, Y, and L), which may have indi-
cated exclusion of bulk solvent from the hydrophobic face,
and/or a specific interaction. Again, these results were con-
sistent with the SDSL/EPR data showing greatest immobili-
sation of the spin label at sites closest to small hydrophobic
clusters on the protein [176].

Taken together, these observations reflected a general
phenomenon characteristic of IDPs, i.e., that they gain or-
dered structure upon interaction with a binding partner. Al-
though IDPs bind targets with high specificity, often involv-
ing multiple electrostatic interactions, the unbound portion of
the polypeptide chain often retains considerable plasticity;
thus, multiple hydrophobic interactions could be expected
[62, 74, 177, 178]. There are other CaM-binding proteins
that appear to have a similar, extended conformation of the
binding site when complexed with CaM, e.g., MARCKS and
MARCKS-related peptides, and caldesmon [179-181]. Re-
cently, the hypothesis of coupled binding and folding has
been explicitly stated for CaM and binding targets on IDPs
[182], with which our NMR spectroscopic observations are
fully compatible.

Based on chemical shift index scoring of secondary
structure, the central immunodominant epitope (Pro82-
Pro93, murine numbering) was destabilised in the CaM-
bound form of MBP relative to the free form. Since our pre-
vious molecular docking simulations indicated that an ex-
tended local conformation of this epitope would be unfa-
vourable for CaM-binding (as opposed to an o-helical con-
formation), this region was excluded from consideration as
being the main CaM-binding site [176]. Furthermore, the C-
terminal region displayed a redistribution of secondary struc-
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ture within the PONDR"-predicted ordered region (Fig. 5B).
These observations suggested that the stabilisation was com-
ing from a different source (i.e., CaM) instead of the solvent
or intrachain interactions. The residues from Alal44-Ser159
showed an increased propensity to form a-helical structure in
the CaM-bound MBP, compared to the unbound form. Al-
though large chemical shift deviations occurred throughout
the entire polypeptide chain, they were clustered in the C-
terminal region. Therefore, taken collectively, these observa-
tions are consistent with the premise that the C-terminus of
post-translationally unmodified 18.5 kDa MBP is the pri-
mary interaction site with CaM, as previously posited [170-
173]. A contemporaneous, independent biophysical study
using a peptide fragment of MBP has shown it to interact
with CaM in a manner consistent with our results [36].

Conformational adaptability is an important property of
IDPs, and underscores the importance of comparative struc-
tural studies of members of this class of proteins. The studies
demonstrating that MBP can act as an adapter linking the
BK¢, channel with CaM suggest that there are multiple,
functional interaction sites on MBP (although it is not clear
which isoform of MBP may be operative in this particular
interaction) [33]. Myelin basic protein can and does adopt
multiple unique conformations based on the local environ-
ment, and combinatorial post-translational modifications
(i.e., the dynamic molecular barcode) could themselves in-
duce or stabilise protein-binding targets [70, 154, 183]. Cur-
rently, the data support the conjecture that MBP interacts
with CaM primarily through an interaction of the C-terminal
residues A144-S159 [36, 37]. However, these observations
are not sufficient to provide the atomic details of MBP-CaM
binding. Thus, future studies (e.g., ""N-"C edited NOE spec-
troscopy experiments) will be necessary to delineate further
the details of MBP binding to CaM. Moreover, the effects of
post-translational modifications in the C-terminal region
(Fig. 4), such as phosphorylation by the protein kinase C
family, remain to be explored further experimentally [173,
176].

IS THE CARBOXY-TERMINUS OF 18.5 KDA MBP
ANOTHER FUNCTIONAL MOTIF?

So far, we have primarily discussed the idea of the re-
gions of 18.5 kDa MBP encoded by exon-IV/8 and exon-V/9
constituting a molecular switch. We have also indicated that
the primary CaM-target appears to be a region encoded by
exon-VI/10 and exon-VII/11. In fact, we had previously
compared this C-terminal segment of 18.5 kDa MBP (human
18.5 kDa residues L150-S165, corresponding to murine 18.5
kDa residues L148-S163) with the lysine/arginine rich re-
gions of phosphoinositide- and actin-binding proteins such
as Listeria monocytogenes ActA, MARCKS, and vinculin,
and showed that it also was amphipathic when portrayed on
a helical wheel projection [84]. At the time, this C-terminal
18.5 kDa domain was discussed in terms of its interactions
with phosphoinositide-containing membranes (cf., [184]),
but it has subsequently turned out to be interesting from the
viewpoints of exposing a secondary immunodominant epi-
tope upon deimination of the whole protein [88, 98], and
representing a primary CaM-target [37, 172, 173]. Moreover,
it is highly conserved in sequence (Fig. 2), is first structur-
ally intrinsically ordered and then suddenly becomes highly
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intrinsically disordered (Fig. 4), and is highly post-
translationally modified by deimination, and by phosphory-
lation of seryl residues by the protein kinase C family (Fig.
5). All these collected considerations lead us to suggest that
the C-terminus of 18.5 kDa MBP may be another important
molecular switch.

FUNCTIONAL DIVERSITY OF CLASSIC MBP
ISOFORMS AND CHARGE COMPONENTS

While various novel functions are currently being dis-
covered for the Golli-MBP isoforms in vivo [5-10], the pri-
marily in vitro physicochemical and phenomenological
properties of the classic MBP isoforms described here sug-
gest that they, too, must possess a diverse multifunctionality
that is yet to be elucidated fully. The classically accepted
biological function of 18.5 kDa myelin basic protein is the
maintenance of myelin sheath compaction — a membrane
“Velcro™”, Owing to its extreme net positive charge, MBP
serves as an adhesive molecule in central nervous system
myelin sheaths, bringing together the two apposing faces of
the cytoplasmic leaflets of the cell membrane processes of
myelinating cells, oligodendrocytes, to effect myelin com-
paction around axons. The MBP-lipid interactions rely on a
balance of interactions between the basic residues of MBP
and the acidic headgroups of the lipid bilayer, in order to
assemble the proper multilamellar structure seen in myelin
sheaths [185, 186].

In non-compact regions of myelin, MBP may also tether
the cytoskeleton to the membrane, and bundle microfila-
ments and microtubules together and perhaps to each other
[12]. In a sense, MBP would represent a scaffold underlying
the cytoplasmic leaflet of the membrane, connecting it to the
canonical actin-tubulin cytoskeleton underneath. Again,
these associations could be modulated by post-translational
modifications, and further by interactions with proteins such
as calmodulin or SH3-domains. So it appears that MBP may
serve as another point of intersection in phosphorylation- and
CaM-mediated signal transduction pathways controlling cy-
toskeletal architecture in oligodendrocytes.

Small changes to the overall balance of the various post-
translational modifications of MBP could result in signifi-
cant changes in myelin adhesion or stability, and in the inter-
actions with the underlying cytoskeleton in some regions of
the myelin sheath. Alteration of the cationicity of MBP (i.e.,
dynamic molecular barcoding) may represent a regulatory
mechanism for normal myelin assembly, defining microdo-
mains of altered microstructure (e.g., rigidity or corrugation)
or protein-lipid composition (Fig. 8) [40, 84, 164, 187, 188].
Overall then, the post-translational modifications serve to
modulate MBP’s interactions with membranes and other
proteins, and in the neurodegenerative human disease multi-
ple sclerosis, the equilibrium of modified forms is shifted
towards hyperdeimination and hypophosphorylation, precipi-
tating physical degeneration of the myelin sheath, autoim-
mune responses, and frustrating inherent attempts at repair
[163, 189].

We have presented in this review a variety of spectro-
scopic evidence probing important structural domains (en-
coded by exon-III/7 and exon-IV/8) that are common to all
of the classic MBP isoforms, and that may represent a mo-
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Fig. (8). Simplified overview of the roles and localisation of modified MBP in the myelin membrane. MBP can be mono- or symmetrically
dimethylated at Arg104 (murine 18.5 kDa sequence; bovine Argl06, human Argl07), can be phosphorylated at various Ser and Thr residues
by a range of kinases, and can be deiminated at specific Arg residues by PAD2. Whereas methylation and phosphorylation of MBP are tem-
porally correlated with the process of myelinogenesis, deimination of this protein is generally linked to the pathology of demyelination.
Methylation and phosphorylation of MBP enhance myelin compaction and endow this protein with resistance to proteolysis. Myelin basic
protein that is phosphorylated by MAP-kinase (on human Thr98, bovine Thr97, murine Thr95) is localised in a lipid raft, and has a putative
role in signal transduction. Deiminated MBP is susceptible to proteolysis and represents a pathway for protein turnover. Overall, methylated,
phosphorylated, and deiminated forms of MBP are necessary for the maintenance and integrity of the myelin sheath. In a demyelinated state,
the equilibrium of the various methylated, phosphorylated, and deiminated forms cannot be maintained. As a result, the higher level of deimi-
nated MBP precipitates disruption of the myelin sheath, and a cascade of deleterious effects. Figure reproduced with permission from refer-

ence [28].

lecular switch for this protein. Another important structural
and functional motif may be the C-terminus of the protein
(exon-VI/10 and exon-VII/11). In general, though, the entire
protein appears to behave as an entropic spring, and it is dif-
ficult to define a specific domain with a precise role in either
membrane- or protein-association. Further structural studies,
and complementary in vivo interaction studies, will serve to
define what classic MBP’s various roles may be within mye-
lin. There are numerous other examples in the current litera-
ture of important intrinsically unstructured domains of pro-
teins such as the cystic fibrosis transmembrane conductance
regulator or a-synuclein, whose conformational and interac-
tion properties are modulated by phosphorylation [150, 183,
190], and we posit that this modification of both Golli and
classic MBP isoforms is pivotal.

PARALLELISM AND SYNERGY IN THE CENTRAL
NERVOUS SYSTEM

In the central nervous system, there are other intrinsically
disordered proteins (e.g., myristoylated alanine-rich C kinase
substrate (MARCKS), myelin-oligodendrocyte basic protein,
and microtubule-associated proteins such as tau and stath-
min) with analogous properties to MBP, particularly in terms
of membrane and cytoskeletal association modulated by

multiple phosphorylation events (e.g., [4, 47, 83, 191]). The
other major protein of central nervous system myelin, prote-
olipid protein, has also been suggested to have multiple func-
tions [80, 192, 193]. These various proteins may behave syn-
ergistically, predominating in certain cell types or develop-
mental stages, or in response to specific stimuli. The idea of
global molecular networks in the central nervous system has
recently been described elsewhere [194], and MBP may be
operative in several of them, perhaps in specific microdo-
mains of myelin. Therein lies a great challenge — mature
myelin has a tremendous amount of MBP within it, and
compact myelin architecture is also difficult to replicate us-
ing cell culture. The high redundancy achieved by multiple
families of intrinsically disordered proteins that seem to do
similar things confounds attempts to prove that MBP also
participates in more than membrane compaction.

CONCLUDING REMARKS

The classic 18.5 kDa isoform of MBP is essential to
maintaining the compact arrangement of the myelin sheath
of the adult central nervous system. It contains several
highly-conserved segments, of which we have discussed in
detail a central region comprising an amphipathic o-helix
followed by a PPII helix. Phosphorylation of two threonyl
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residues within the region may be a means of modulating the
local structure and interactions with the membrane and other
proteins, as well as targeting the protein to myelin membrane
microdomains. We are thus beginning to understand a part of
the dynamic molecular barcode of this protein. It has been
suggested that the body’s failure to remyelinate in multiple
sclerosis is due to perturbation of proper signalling pathways
[189] — a shifted molecular barcode of 18.5 kDa post-
translational modifications may thus be part of the degrada-
tive mechanism. Intrinsically disordered proteins are, in gen-
eral, multifunctional, and have different structure-function
relationships than do the classically-folded proteins such as
enzymes. Perturbations of these proteins’ interaction net-
works have been correlated with human illnesses such as
Parkinson’s and cardiovascular diseases [59, 195, 196], and
we hypothesise this to be the case also in multiple sclerosis,
mediated in large degree by MBP [28, 163, 164, 197]. Many
neurodegenerative  disorders (Alzheimer’s, Parkinson’s,
Huntington’s, amyotrophic lateral sclerosis, transmissible
spongiform encephalopathies) are considered to be “protein
mis-folding” diseases [198, 199]. Multiple sclerosis does not
fall into this category — nor does it appear to be directly a
“protein modification” disease such as rheumatoid arthritis,
another autoimmune disorder [200]; multiple sclerosis may
instead represent a “protein mis-interacting and mis-
signalling” syndrome.
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ABBREVIATIONS

C1-C8 = Charge components (“charge isomers”) 1 to 8
CaM = Calmodulin

CD = Circular dichroism

DPC = Dodecylphosphocholine

5-DSA = 5-Doxylstearic acid

EPR = Electron paramagnetic resonance

Golli = Genes of the oligodendrocyte lineage

IDP = Intrinsically disordered protein

MAP = Mitogen-activated protein

MARCKS = Mpyristoylated alanine-rich C kinase substrate
MBP = Myelin basic protein
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mMBP = Murine myelin basic protein

NMR = Nuclear magnetic resonance

NOE = Nuclear Overhauser effect

PAD = Peptidylarginine deiminase, EC 3.5.3.15

PI(4,5)P, = Phosphatidylinositol-4,5-bis-phosphate
PONDR® = Predictor of Natural Disordered Regions

PPII = Polyproline type II helix

ppm = Parts per million

rmMBP = Recombinant murine MBP

SDSL = Site-directed spin-labelling

SH3 = Src homology domain 3

TEMPO = 2.2,6,6-Tetramethyl-1-piperidinyloxyl
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