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ABSTRACT: Myelin basic protein (MBP) is a multifunctional protein involved in maintaining the stability
and integrity of the myelin sheath by a variety of interactions with membranes and with cytoskeletal and
other proteins. A central segment of MBP is highly conserved in mammals and consists of a membrane
surface-associated amphipathicR-helix, immediately followed by a proline-rich segment that we hypothesize
is an SH3 ligand. We show by circular dichroic spectroscopy that this proline-rich segment forms a
polyproline type II helix in vitro under physiological conditions and that phosphorylation at a constituent
threonyl residue has a stabilizing effect on its conformation. Using SH3 domain microarrays, we observe
that the unmodified recombinant murine 18.5 kDa MBP isoform (rmC1 component) binds the following
SH3 domains: Yes1> PSD95> cortactin) PexD) Abl ) Fyn ) c-Src) Itk in order of decreasing
affinity. A quasi-deiminated form of the protein (rmC8) binds the SH3 domains Yes1> Fyn > cortactin
) c-Src> PexD) Abl. Phosphorylation of rmC1 at 1-2 threonines within the proline-rich segment by
mitogen-activated protein kinase in vitro has no effect on the binding specificity to the SH3 domains on
the array. An SH3 domain of chicken Fyn is also demonstrated to bind to lipid membrane-associated C1,
phosphorylated C1, and rmC8. Molecular docking simulations of the interaction of the putative SH3
ligand of classic MBP with the human Fyn SH3 domain indicate that the strength of the interaction is of
the same order of magnitude as with calmodulin and that the molecular recognition and association is
mediated by some weak CH‚‚‚π interactions between the ligand prolyl residues and the aromatic ones of
the SH3 binding site. One such interaction is well-conserved and involves the stacking of an MBP-
peptide prolyl and an SH3 domain tryptophanyl residue, as in most other SH3-ligand complexes. Lysyl
and arginyl residues in the peptide canonically interact via salt bridges and cation-π interactions with
negatively charged and aromatic residues in the SH3 domain binding site. Posttranslational modifications
(phosphorylation or methylation) of the ligand cause noticeable shifts in the conformation of the flexible
peptide and its side chains but do not predict any major inhibition of the binding beyond somewhat less
favorable interactions for peptides with phosphorylated seryl or threonyl residues.

The myelin basic protein (MBP)1 family arises from the
genetic unit called Golli (genes of the oligodendrocyte
lineage) via use of several different transcription sites (tss1,
tss2, and tss3), alternative splicing, and regulation by a
combinatorial network of control sequences (1). The classic
(from tss3) 18.5 kDa MBP isoform (Figure 1) is one of the
major protein components of human and bovine central

nervous system myelin (14 kDa in mice) and maintains the
tight multilamellar packing of the sheath (2, 3). The Golli-
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MBPs from tss1 may be involved in regulation of neuro-
genesis and myelination and are implicated in remyelination
in the human neurodegenerative disease multiple sclerosis
(1, 4). Posttranslational modifications of MBP generate
considerable further microheterogeneity. Three major modi-
fications of classic MBP of interest are deimination, phos-
phorylation, and methylation, whose levels change during
both myelin development and the pathogenesis of multiple
sclerosis (5-8). The various posttranslational modifications
of MBP have been shown to affect its targeting to micro-
domains in myelin in vivo, as well as to modify its (local)
conformation and modulate its interactions with lipid mem-
branes and proteins such as calmodulin, actin, and tubulin
(2, 3, 7, 9-19).

Why this extensive posttranslational modification? It has
been postulated that “multisite modification on a protein
constitutes a complex regulatory program that resembles a
‘dynamic molecular barcode’ and transduces information to

and from signaling pathways” (20), an idea recently reviewed
further elsewhere (21). Moreover, all known forms of MBP
fall into the “intrinsically disordered” or “conformationally
adaptable” class, which comprises many signaling molecules
(22-25). Such proteins have a large intermolecular interface
and a relatively high net charge, being thus designed to
interact with a plethora of ligands, often acting as hubs in
interaction networks (26-28). Phosphorylation is also a
leitmotif in the functions of such proteins (29, 30). The
extensive diversity of the MBP family, both genetic and
posttranslational, and its conformational adaptability suggest
that MBP is more than just a membrane adhesive in the
central nervous system; it may modulate the local physico-
chemical properties of the myelin membrane and the as-
sembly of the underlying cytoskeleton (2, 3, 11, 13, 15-17,
31-33). In this sense, MBP has many physicochemical and
phenomenological similarities to other intrinsically unstruc-
tured, cytoskeletal assembly proteins such as MARCKS,

FIGURE 1: Amino acid sequences of the “classic” murine MBP splice isoforms, ranging in size from 14 to 21.5 kDa. The classic exons are
denoted by Roman numerals. The numbers at the beginning of each line for the 18.5 kDa isoform sequence are used for numbering. Since
the N-terminal methionyl residue is cleaved in these proteins, it is numbered zero. The putative SH3 domain binding site is shown in
boldface type. The arginyl/lysyl residues in the rmC1 isoform substituted by glutamine to yield the quasi-deiminated rmC8 variant are
shown in boldface type and underlined. The peptide used for circular dichroism is outlined by a box.
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tau, and microtubule-associated protein 2c (MAP-2c) (34-
36).

However, the known interactions of MBP with the myelin
membrane and with the proteins calmodulin, actin, and
tubulin may represent an indirect (passive) signaling role in
terms of modifying a local milieu. A direct interaction of
MBP with signaling molecules would indicate an active role
in myelin signaling. In Figure 1, we see that there is a
potential SH3 domain target (TPRTP) in the classic MBP
protein sequence, as has been previously noted (37, 38). The
SH3 domains are small conserved protein modules about 60
residues in size (39-46) that interact with relatively low
affinity with a diverse range of proline-rich ligands (41, 46-
55), which are minimally an XP-x-XP consensus sequence
that forms a left-handed polyproline type II (PPII) helix (56-
58). These SH3 domains are found in a large number of
intracellular signaling proteins, including the nonreceptor
tyrosine kinases (NRTKs). The NRTK Fyn is of particular
interest because it participates directly in MBP gene expres-
sion and in compact myelin sheath formation in the central
nervous system (59-64). In lipid rafts isolated from myelin,
there is a colocalization of Fyn and Lyn with Golli and classic
MBP isoforms (14, 65). In late myelination and in mature
myelin, there is a partitioning of MBP and phospho-Thr95-
MBP (murine 18.5 kDa sequence numbering) into lipid rafts
(14, 66).

Here, we demonstrate by circular dichroic (CD) spectros-
copy that the putative SH3 ligand of MBP forms a polypro-
line type II (PPII) helix in vitro. Using protein microarray
and sedimentation assays, we show that full-length MBP
binds various SH3 domains from several proteins and that
membrane-associated MBP can also bind an SH3 domain.
The tertiary structures of several SH3 domains, some
complexed with ligands, are known from X-ray crystal-
lography and NMR spectroscopy (67-70). We have thus
been able to investigate the details of SH3 domain interac-
tions with the putative target in MBP by molecular modeling
and docking simulations in silico, as we have recently
published for calmodulin and its various targets in MBP (71).
The effects of posttranslational modifications (viz., phos-
phorylation, deimination, and methylation) were investigated
both experimentally and by modeling.

MATERIALS AND METHODS

Circular Dichroism.Two 18-residue peptides encompass-
ing the classic polyproline segment of MBP (outlined
segment in Figure 1) were purchased from AnaSpec Inc. (San
Jose, CA); the manufacturer denotes them as MBP(89-105)
and MBP(89-98T-106). It should be noted that this manu-
facturer’s designation is based on the human 18.5 kDa
sequence numbering that includes the N-terminal methionyl
residue as 1, even though it is actually cleaved posttransla-
tionally (72, 73), and that the numbering used in the literature
always starts with the alanyl residue as 1 (2, 3), which
convention we shall follow here. The peptide sequence is
FFKNIVTPRTPPPSQGKG and is identical in all mammals
(2), corresponding to murine 18.5 kDa residues F86-G103
(cf. Figure 1). The second peptide was phosphorylated on
residue T98 (human sequence, corresponding to residue T95
in the mouse protein.

CD spectroscopy was performed on a Jasco J-810 spec-
tropolarimeter (Japan Scientific, Tokyo, Japan), equipped

with a recirculating water bath. Samples were of 0.3 mL
volume, in a 0.1 cm path-length quartz cuvette. The samples
analyzed were of each peptide (0.3 mg/mL) in aqueous
solution (10 mM Na phosphate and 10 mM KCl, pH 6.5),
or the full-length recombinant murine 18.5 kDa protein
(rmC1) (73), at 0.2 mg/mL in 100 mM KCl, pH 6.5).
Measurements were taken at a 100 nm/min rate, at 0.1 nm
intervals, over a range of 190-250 nm. Measurements were
recorded at temperatures ranging from 5 to 65°C in 5 °C
increments. At each temperature, four successive scans were
recorded, the sample blank was subtracted, and the scans
were averaged. The data averaging and smoothing (by use
of an inverse square algorithm) operations were accomplished
with the SigmaPlot (SPSS, Chicago, IL) computer program.

Microarray and Sedimentation Assays: (A) Materials.The
least modified, most highly positively charged 18.5 kDa
isoform of MBP, bC1, was purified from bovine brain MBP
as described (74). Expression constructs containing cDNA
for murine 18.5 kDa MBP (rmC1) and quasi-deiminated
MBP (rmC8) in pET22b(+) vectors (Novagen), were trans-
formed into and expressed inEscherichia coli BL21-
CodonPlus(DE3)-RP (Stratagene) (73, 75). Recombinant
murine 18.5 kDa MBP rmC1 is unmodified, save for an
LEH6 tag (73). The variant rmC8 was generated from rmC1
by sequential site-directed mutations (first R25Q, then R33Q,
K119Q, R127Q, R157Q, and finally R168Q, murine se-
quence numbering) via the QuikChange protocol (Stratagene,
La Jolla, CA) as described previously (75). Both recombinant
variants were purified via nickel-chelation chromatography
with Ni2+-NTA agarose beads (Qiagen, Mississauga, ON).
The proteins bC1 and rmC1 were phosphorylated with
recombinant p42 MAPK (New England Biolabs) at Thr94
and Thr97 (bovine sequence) and at Thr92 and Thr95
(murine sequence) as described (17), yielding Ph-bC1 and
Ph-rmC1, respectively. Electrophoresis on alkaline tube gels
(17) indicated that rmC1 yielded mostly singly phosphory-
lated protein, whereas bC1 yielded mostly doubly phospho-
rylated protein. The SH3 domain of Fyn, residues 85-142,
containing a FLAG epitope and a His6 tag at the C-terminus
and a short N-terminal tail, was a kind gift from Dr. Alan
Davidson, University of Toronto, and was prepared and
purified as described (76).

EggL-R-phosphatidylcholine (PC) andL-R-phosphatidyl-
glycerol (PG; prepared from egg PC) were purchased from
Avanti Polar Lipids, Inc. (Alabaster, AL). [3H]Cholesterol
was from Amersham (Baie d’Urfe, QC, Canada).

(B) Preparation of Large Multilamellar Vesicles.Aliquots
of chloroform/methanol (2:1) solutions of the lipids were
combined to give a PC/PG mole ratio of 8.5:1.5. [3H]-
Cholesterol was added to give a specific activity of 100 000
cpm/10µmol of lipid. The solvent was evaporated under a
stream of nitrogen with the tube maintained at room
temperature in a water bath, and the lipid film was evacuated
in a lyophilizer for 2 h. The dry lipid film was dissolved in
1-2 mL of benzene, frozen, and lyophilized overnight. The
lipid (2 mg) was hydrated in 1 mL of 5 mM Tris-HCl buffer
containing 0.2 mM CaCl2, 50 mM KCl, 2 mM MgCl2, 1
mM ATP, and 0.5 mM dithiothreitol at pH 7.5 (buffer A).
Multilamellar vesicles (MLVs) were prepared by freeze-
thawing five times in a dry ice/acetone bath followed by a
40 °C water bath, and dispersing the lipid by vigorous vortex
mixing.
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(C) Fyn SH3 Domain Binding to Liposome-Associated
MBP Charge Isomers.The MBP isomers bC1 (natural bovine
18.5 kDa C1 component), Ph-bC1, and rmC8 were dissolved
in distilled water at a concentration of 2 mg/mL, and the
Fyn SH3 domain was supplied in 50 mM phosphate buffer
containing 100 mM NaCl at pH 7.0 at a concentration of
1.74 mg/mL. An aliquot of each MBP sample (50µg) was
added to an aliquot of MLVs (500µg) and mixed gently,
and the mixture was incubated for 10 min at room temper-
ature. Aliquots of the Fyn SH3 domain were added (giving
initial molar ratios of Fyn SH3 domain to bC1 of 2.2-6.5
and to Ph-bC1 and rmC8 of 2.2), and the sample was made
up to a total volume of 0.5 mL in buffer A and was incubated
for a further 1 h at room temperature. A control sample
without MBP was prepared similarly. The samples were
centrifuged at 11800g for 15 min at 4°C in an Eppendorf
bench centrifuge. The supernatant was removed; the pellet
was washed gently by addition of 0.4 mL of buffer, without
mixing, and was then resuspended in a fresh aliquot of 0.4
mL of buffer. Aliquots of the supernatant and resuspended
pellet were taken for counting of [3H]cholesterol, for protein
assay by the Peterson method (77), and for gel electrophore-
sis on 10% Bis-Tris NuPage gels (Invitrogen, Mississauga,
ON, Canada) along with standards of bC1 and Fyn SH3.
Coomassie blue-stained gels were analyzed with a UVP
image analyzer (UVP, Upland, CA), and band areas were
compared to those of the standards in order to quantitate the
amount of each protein in the sample. Band densities were
within the linear range.

(D) Binding of rmC1, Ph-rmC1, and rmC8 to SH3
Domains on a Microarray.The binding of rmC1, phospho-
rylated rmC1 (Ph-rmC1), and rmC8 to a TransSignal SH3
domain array I (Panomics, Redwood City, CA) was deter-
mined by incubation of the membrane filters with 15µg/
mL rmC1, Ph-rmC1, or rmC8, in the blocking buffer
provided in the kit according to the manufacturer’s instruc-
tions. After washing, bound protein was detected by incuba-
tion with HRP-conjugated anti-His antibody, provided in the
kit.

Molecular Modeling: (A) Software.For docking simula-
tions, the peptides were constructed as described below by
use of the program SYBYL version 7.0 (SYBYL, Tripos
Associated Inc., St. Louis, MO; cf. ref78), and energy-
minimized by use of the Tripos force field (79). Such
computations were performed on an SGI Octane R12000
running IRIX 6.5 (Silicon Graphics Inc., Mountain View,
CA). The lengths of the peptides were kept as small as
possible, while the requisite binding characteristics were
retained, in order to minimize calculation time.

(B) Choice of SH3 Domain Structure.The choice of the
SH3 domain structure to use for the docking simulations was
made on the basis of several considerations. Because the Fyn
NRTK plays a major role in central nervous system myeli-
nation and contains an SH3 domain, we sought a convenient
structure for the SH3 domain among the crystal structures
available for Fyn (all from human Fyn) in the Protein Data
Bank (80). After a careful analysis and comparison, we chose
the crystal structure 1shf, chain A, because it was complete
and had the best resolution, 1.9 Å (67). The torsion angle of
the side chain of Tyr91 (a residue that is usually involved
in the interaction with the ligand) of 1shf was modified

according to the conformation that it has in the other crystal
structures of human Fyn.

(C) Building of MBP Peptide.The potential SH3 target in
the classic MBP isoforms [murine 18.5 kDa MBP(T92-P96)
) TPRTP] (Figure 1) presents the known core motif XP-
x-XP and is of interest because of the various serine and
threonine phosphorylation sites and the arginine methylation
site in its vicinity, as will be discussed below. Here, we
modeled the structure of an opportune segment (T1′ P2′ R3′

T4′ P5′ P6′ P7′ S8′ Q9′ G10′ K11′ G12′ R13′; residues T92-R104
in the murine 18.5 kDa MBP sequence), following the typical
Fyn SH3 ligand characteristics. With the SYBYL software,
we built the backbone of the residues from T1′ to P7′ in a
PPII conformation (æ ) -78° andæ ) +149°). This choice
was driven by the reported structural characteristics of the
SH3 domain ligands (40, 81), deduced from the experimen-
tally resolved structures, and is in agreement with our CD
results. The torsion angles of the side chains of the T1′-P7′

segment were left free to rotate in the docking simulations.
The residues from S8′ to R13′ were temporarily built in an
extended conformation; however, backbone and side-chain
torsion angles were completely free to rotate in the docking
simulations. The overall conformation of the constructed
peptide was at first relaxed by a moderate energy minimiza-
tion.

(D) Posttranslational Modifications of the Ligands.Post-
translational modifications (phosphorylation and methylation)
were performed in silico, building on our previous experience
with MBP-calmodulin modeling (71). First, the unmodified
ligand was docked, and the best structure obtained from this
simulation was then modified. The modified ligands were
then docked to the SH3 domain and left free to change their
conformation and position with the same degrees of freedom
of the unmodified peptide. The following six modifications
were individually applied: the residue S8′ was modified to
PhS (phosphorylated serine), the residues T1′ and T4′ were
modified to PhT (phosphorylated threonine), and finally the
residue R13′ was monomethylated (MM), asymmetrically
dimethylated (ADM), and symmetrically dimethylated (SDM).

The PhS residue is included in the nonstandard amino acid
molecular library of the SYBYL program; therefore, the
attribution to each atom of its partial charges was made
according to Kollman (82), as is usual for a peptidic ligand.
The T1′, T4′, and R13′ modifications were constructed, always
with the SYBYL software, and the calculation of partial
charge for the atoms of modified peptides was made
according to Gasteiger (83), as is usual for a generic ligand.
To check if the different charge attributions could lead to
different results, we first performed two docking simulations
on the unmodified MBP peptide, with both the Kollman and
Gasteiger partial charges sets.

Molecular Docking Simulations.Simulations of the inter-
action of MBP unmodifed and modified peptides with the
SH3 domain were performed with the Autodock3 software
package (84) with the aid of the AutoDockTools (ADT)
interface, running on a PC cluster (AMD Opteron 64 bit).
For the docking calculations, the Lamarckian genetic algo-
rithm (84) was used.

In all the simulations, the backbone torsion angles of the
PPII region (residues T1′-P7′) were kept constant (although
the side chains were flexible), whereas the flanking region
was completely flexible (both the backbone and the side-
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chain torsion angles could vary). In this way, during the
conformational search, not only were all all of the torsion
angles free to rotate, but also the whole peptide could change
its orientation and explore the space around the binding site,
defined by the grid dimensions.

Preliminary Test Simulation and Docking Parameters
Setting.A preliminary test simulation was performed on the
structure 1azg (70), which is a minimized average NMR
structure of the Fyn SH3 domain complexed with a Pro-
rich peptide (PPRPLPVAPGSSKT, residues P91-T104)
from subunit P85 of PI3 kinase. The SH3 domain structure
and the PI3 peptide initial coordinates were extracted from
the original 1azg PDB file and some docking tests were
performed between them, in order to check if the right
complex was correctly identified by the docking algorithm
and to set the best simulation parameters for obtaining a
correct result. This step permitted the use of such parameters
for a similar ligand (the MBP peptide) with the same high
number of degrees of freedom, docked into the analogous
binding site of the 1shf crystal structure of the SH3 domain.
Similar to the MBP peptides, the PI3 ligand torsion angles
were left flexible with the exception of the backbone torsion
angles of the first nine residues, which were in a PPII
conformation. The choice of the 1azg ligand peptide for the
docking test was made because the ligand peptide is part of
a natural protein, PI3 kinase, and because it is 14 residues
long, just one amino acid longer than our MBP peptide;
therefore, the degrees of freedom are comparable.

On the basis of the good results obtained with this test
peptide, the following docking parameters were chosen for
all the other simulations with the MBP peptide: the number
of individuals in the population was 300, the maximum
number of energy evaluations was 25 000 000, and the
number of runs was 200. For the other docking parameters,
the default settings were used. The docking simulations that
were run subsequently between the unmodified and modified
MBP peptides and the SH3 domain are denotedds1-ds6
and are summarized in Table 1.

For ds1a and ds1b, a grid with a spacing of 0.5 Å and
dimensions of 80, 78, and 74 points (in thex, y, and z
directions, respectively) was initially used. Then the best
conformation obtained was optimized with a grid spacing
of 0.375 and with (x, y, z) dimensions of 100, 86, and 94
points. The latter grid parameters were used for all the
subsequent simulations with the modified peptides.

For each simulation, the resulting complexes were clus-
tered with a threshold of 3 Å rmsd (root mean squared

deviation) for ligand structure similarity. Then, we compared
the structure with the absolute lowest docked energy and
the structure with the lowest docked energy in the more
populated cluster to choose the best conformation for the
analyis.

Structures were examined with the ADT interface in
Autodock (84), SwissPdbViewer (85), and RasMol (86)
software packages. The “contact residues” of the SH3 domain
with the ligand were assigned by means of the FirstGlance
in Jmol program (at http://molvis.sdsc.edu/fgij/index.htm,
copyright 2005, 2006 by Eric Martz). The CH‚‚‚π interac-
tions were identified on the basis of geometric criteria (87).
All figures were drawn with the ViewerLite 5.0 (Accelrys
Software Inc., San Diego, CA) software package.

RESULTS AND DISCUSSION

MBP Possesses a PutatiVe SH3 Domain Ligand.The
classic MBP isoforms all possess a highly conserved, putative
SH3 ligand: T92-P93-R94-T95-P96 (murine 18.5 kDa
sequence numbering, unless otherwise noted) (Figure 1). This
motif is encoded by classic exon IV and is contained in all
six known classic MBP isoforms, as well as in the Golli-
MBP isoform J37 (1, 88). The murine Golli-MBP isoforms
J37 (88) and BG21 (89) contain an additional potential SH3
target [Golli(H80-P84) ) HPADP], but we focused here
on the classic site because the various posttranslational
modifications within it and nearby have been better docu-
mented. The segment immediately preceding this motif,
P82VVHFFKNIVTP93, is an immunodominant epitope of
MBP and forms an amphipathic, surface-embedded,R-helix
(90, 91). The residues P93 (one of the two prolyl residues
flanking theR-helix) and S99 are exposed to the cytoplasm
(90, 92), suggesting that the putative SH3 ligand should be
oriented outside the membrane where it would be accessible
to other modifying or recognition proteins.

Within the immunodominant epitope (P82-P93), the only
residue modified is T92, which is a secondary mitogen-
activated protein kinase (MAPK) site (93). The residue T95
within the putative SH3 ligand is a primary MAPK and
glycogen synthase kinase 3â (GSK-3â) site (94, 95), and
MBP modified here is associated with lipid rafts (putative
signaling platforms) in mature myelin (14, 19, 66). It has
been suggested that interaction of proteins such as tau with
an SH3-domain-containing protein might direct them to lipid
rafts (35). Residue R94 is a potential secondary deimination
site (albeit not in rmC8, which contains primary deimination
sites), whereas S99 is phosphorylated by protein kinase C
(2, 5). Slightly further downstream, R104 is either unmodifed,
monomethylated (ω-NG-monomethyl-Arg), or symmetrically
dimethylated (ω-NG,N′G-dimethyl-Arg) (2, 5). Most proteins
have an asymmetric dimethylarginine, so MBP is unusual
in that it has asymmetricdimethylarginine. Regardless, in
some cases, the methyl group causes steric hindrance in
interactions with SH3-domain-containing and other proteins
(96-99), and in MBP it is thought to interfere with
deimination by peptidylarginine deiminase (7, 100). Thus,
methylation and phosphorylation of MBP, especially in the
vicinity of the putative SH3 ligand, might affect its local
conformation (9, 10) and binding to SH3 domains, as is the
case for other proteins such as tau and other microtubule-
associated proteins (99, 101, 102).

Table 1: Summary of Docking Simulations

docking
simulation modification

partial
charge

set

docked energy
of best

structurea
(kcal/mol)

median value
of energy
histogramb

(kcal/mol)

ds1a none Kollman -18.8 -14.8
ds1b none Gasteiger -18.6 -14.9
ds2 S8′ f PhS8′ Kollman -16.2 -11.0
ds3a T4′ f PhT4′ Gasteiger -17.2 -13.2
ds3b T1′ f PhT1′ +

T4′ f PhT4′
Gasteiger -15.9 -12.1

ds4 R13′ f R13′-MM Gasteiger -18.5 -14.6
ds5 R13′ f R13′-ADM Gasteiger -18.3 -14.9
ds6 R13′ f R13′-SDM Gasteiger -18.4 -14.5

a Best complexes with the unmodified and modified MBP peptides.
b See Figure 5.
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Polyproline Type II Helix in MBP.Polyproline type II
helices are characterized by the average backbone (æ, ψ)
dihedral angles of (-75°, +145°), resulting in a left-handed,
all-trans, extended helix of approximately 3.12 Å in length
per residue (58). One complete turn of the helix will span
approximately 9 Å, giving the helix 3-fold rotational sym-
metry. Due to this extended arrangement, the residues that
participate in the helix are precluded from forming stabilizing
interresidue interactions; that is, 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 (103, 104); indeed, they are considered to exist as
one of many conformational states (105). Until recently, the
CD spectra of PPII-containing proteins have been interpreted
as “random coil”, whereas a closer investigation reveals the
underlying subtleties (106).

Since the CD spectra of polypeptides in the PPII confor-
mation are similar to those of unfolded polypeptides (107,
108), they are best discerned by comparing them over a range
of temperatures (109, 110), as is demonstrated here for an
MBP polypeptide encompassing the proline-rich segment
(Figure 2). A temperature difference presentation is required
since part of the peptide may form a segment of an
amphipathicR-helix (91) under these conditions. This would
mask the characteristic positive transition at 222 nm, making
it difficult to discern the PPII character. Thus a temperature-
difference spectrum allows for the “amplification” of the
signal from the PPII helix. Here, phosphorylation of the
residue corresponding to murine Thr95 (a MAP kinase target)
results in conformational stabilization (Figure 2E,F) com-
pared with the unmodified peptide (Figure 2C,D). Specifi-
cally, the 45°C trace for the phosphorylated peptide (Figure
2E,‚‚‚) is still comparable to the traces at lower temperatures,
whereas the 45°C trace for the unmodified peptide is more
comparable to the higher temperature traces, which show a
greater degree of disordered conformation (Figure 2C,‚‚‚).
The difference between the two peptides may be due to a
stabilizing effect of phosphorylation, by interaction of the
phosphate with backbone amide groups (111). These CD
results thus suggest that this proline-rich segment of MBP
can, indeed, form a PPII helix under physiological conditions.

In the full-length protein (Figure 2A,B), the lack of
observable temperature-induced disorder in the spectra at
elevated temperatures may be due to stabilization by the
higher salt concentration or by local hydrophobic interactions.
At 65 °C, full-length MBP still retains the classic intrinsically
disordered profile (with minima at approximately 200 nm),
whereas the peptides have almost a flat profile (random coil).
A strictly qualitative interpretation suggests that full-length
MBP is able to maintain a higher degree of order (on
average) than the peptides at temperatures greater than
physiological temperature, due to other interactions or
stabilization forces that are lacking in the peptides.

It has been shown by site-directed spin-labeling and
electron paramagnetic resonance spectroscopy that both
flanking segments are membrane-associated (92); the preced-
ing immunodominant epitope is a surface-associatedR-helix,
and some downstream C-terminal residues insert into the
membrane; however, the proline-rich segment is exposed in
the cytoplasm to ionic conditions like those under which we
performed the CD experiments, and it is likely that the PPII
conformation also exists in vivo (103-105). The exon-II-

containing isoforms of classic MBP are nuclear-localized
(e.g., the 21.5 kDa isoform, Figure 1), and the proline-rich
segment may also function as a flexible hinge (112) in these
cases. Pioneering NMR work on similar MBP-derived
polypeptides indicated that all prolyl residues were in trans
form (113, 114). This region could thus not form a hairpin
bend unless one of the prolyl residues isomerized to the cis
form, which would in turn cause the polypeptide chain to
be redirected substantially, and/or render this segment a more
(or less) suitable target for specific kinases (which can be
either cis- or trans-specific) or phosphatases (generally trans-
specific) (115).

The potential transf cis isomerization of prolyl residues
in MBP in vivo would involve an interplay of several factors.
First, the spontaneous rate of isomerization is very slow and
almost negligible and has been seen to increase to about 5%
in the membrane-associated protein (114). Phosphorylation
of the threonyl residues within the TP-R-TP motif would
stabilize the backbone conformation and slow the rate of
spontaneous isomerization (9, 10, 111). Phosphorylation of
these threonyl residues may result in a localized detachment
of the C-terminus of this amphipathicR-helix from the
phospholipid membrane, a phenomenon similar to what has
been observed for the deiminated protein (18, 116). Alter-
natively, there are prolyl isomerases (e.g., Pin1) that ef-
ficiently isomerize phosphorylated Ser/Thr-Pro bonds in
certain proteins, as a novel signaling mechanism (115, 117-
119). These isomerases have been identified in neurons, and
their presence in myelin remains to be determined.

MBP Binds SH3-Domain-Containing Proteins.Preliminary
experimental investigations with dot-blot and pull-down
(affinity precipitation) assays have previously shown that
18.5 kDa MBP interacts in vitro with several SH3-domain-
containing proteins, such as Fyn (38). Here, we report a more
extensive and semiquantitative screen using microarrays and
recombinant murine MBP (Figure 3), sedimentation assays
with the natural bovine 18.5 kDa MBP associated with lipid
vesicles (Figure 4), and the effects of phosphorylation by
MAPK and arginine deimination of MBP on the interaction
with SH3 domains.

Recombinant murine forms rmC1, rmC8, and Ph-rmC1
bound to the GST SH3 domains of a number of proteins on
a membrane array (120) significantly more strongly than to
GST (Figure 3). The HRP reagent reacted only with the
positive controls along the bottom and side edges of the array
(not shown in Figure 3). Of those SH3 domains for which
binding to rmC1 (net charge+19 at neutral pH) was
strongest, binding decreased in the order Yes1> PSD95>
PexD) cortactin) Abl ) Itk ) c-Src) Fyn. Binding to
rmC8 (net charge+13 at neutral pH) decreased in the order
Yes1> Fyn > cortactin) c-Src> PexD) Abl. Notably,
rmC8 did not bind to PSD95 or Itk, in contrast to rmC1.
Since R94 on the 18.5 kDa murine MBP rmC8 form is not
modified (quasi-deiminated) (75), this result indicates a
global effect of deimination of other regions of MBP on
interaction of its P93-RT-P96 site with SH3 domains, as has
been observed previously for MBP and calmodulin (12, 121).
Phosphorylation of Thr92 and/or Thr95 of rmC1 by MAPK
did not result in any noticeable change in the binding
specificity of MBP for the SH3 domains on the array.

The recombinant form of the SH3 domain of chicken Fyn
in solution also bound to the natural form of bovine 18.5
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kDa MBP/C1 (bC1) on the outer surface of negatively
charged PC/PG (8.5/1.5 mol/mol) lipid vesicles. The protein
bC1 binds strongly by electrostatic interactions to these lipid
vesicles. Figure 4A shows that both bC1 and the Fyn SH3
domain were found in the lipid-protein pellet (lanes 1-3).
If bC1 was not present, the Fyn SH3 domain did not bind to
the lipid pellet (lane 4). When the initial molar ratio of the
Fyn SH3 domain to bC1 was 2.2, the molar ratio of the Fyn
SH3 domain to bC1 bound to the lipid vesicles was unity
(lane 1). No further binding of the Fyn SH3 domain occurred
at higher molar ratios. Although Fyn SH3 contained a His6

tag, we were not able to measure binding of bC1 to it on a
Ni2+-NTA agarose column because bC1 binds by itself to
the column. At an initial molar ratio of the Fyn SH3 domain
to modified MBP isomers of 2.2, the molar ratio of Fyn SH3
bound to Ph-bC1 was 0.6 and that to rmC8 was 1 (Figure
4B). Thus phosphorylation and deimination of bC1 had little
apparent effect on binding of the Fyn SH3 domain.

Features of the SH3 Domain.The SH3 domain fold is
highly conserved and is composed of fiveâ-strands organized
into two â-sheets packed at right angles to form a sandwich.
The secondâ-strand,âB, is shared between the two sheets,

FIGURE 2: Circular dichroic spectra for (A, B) full-length recombinant murine 18.5 kDa MBP, (C, D) Anaspec MBP(90-106) peptide, and
(E, F) Anaspec MBP(90-99P-106) peptide. The peptide sequence is identical to murine 18.5 kDa residues F86-G103 (Figure 1). Spectra
in panels A, C, and E were obtained by increasing the temperature from 5 to 65°C in 5 °C increments. Panels B, D, and F each show a
difference spectrum obtained by subtracting the corresponding 45°C spectrum from the 5°C spectrum. The difference spectra for the
full-length protein (panel B), and especially for both peptides (panels D and F), have a positive maximum at about 220 nm, indicative of
a polyproline type-II helix. The PPII helical character is lost with increasing temperature due to the absence of interresidue hydrogen
bonding. An isodichroic (isoelliptic) point at approximately 210 nm (panels A, C, and E) 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.
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possessing a kink that changes the direction of the polypep-
tide. One side of the sandwich is rather hydrophobic and
constitutes the ligand-binding surface. It is delimited on one

side by an RT loop between theâA andâB strands (residues
Glu94-Ser102, following human Fyn SH3 domain number-
ing), and on the other side by a small loop between theâB

FIGURE 3: Recombinant murine 18.5 kDa isoforms rmC1 and rmC8 bound to a subset of SH3 domains. A Panomics Array I of GST-SH3
domain fusion proteins was probed with His6-tagged rmC1 and rmC8 and HRP-conjugated anti-His antibody. (A) Configuration of protein
array. Each GST-SH3 domain was spotted in duplicate. (B) Binding of rmC1, rmC8, and Ph-rmC1 to the microarray as detected on film
via chemiluminescence. Binding to GST alone was much weaker. The same solution of rmC1 as used for phosphorylation was used for
panel B. Representative arrays are shown. The SH3 domains on the array were amphiphysin, Discs large homologue 2 or MAGUK P55
subfamily member 2 (Dig2), VAV proto-oncogene SH3 domain 1 (VAV-D1),â-lymphocyte-specific protein tyrosine kinase (BLK), human
T-lymphocyte-specific protein tyrosine kinase p56 LCK (LCK), 55 kDa erythrocyte membrane protein (EMP55), cytoplasmic protein NCK1
SH3 domain 3 (NCK1-D3), Abelson tyrosine kinase (Abl), nonerythrocytic spectrinR-chain (SPCN), cellular Gardner-Rasheed feline
sarcoma virus protein (FGR), PAK-interacting exchange factor-â (Y124), phospholipase Cγ-1 (PLCr), Src substrate cortactin, proto-oncogene
tyrosine protein kinase Fyn (SLK), peroxisomal membrane protein PEX13 (PEXD), retinoblastoma protein-interacting zinc finger (Riz),
mixed-lineage kinase 3 (MLPK3), nebulin, tyrosine-protein kinase BTK (BTK), phosphatidylinositol 3-kinase regulatoryâ-subunit (PI3â),
Yamaguchi sarcoma virus oncogene homologue 1 (Yes1), cellular Rous sarcoma viral oncogene homologue (c-Src), Ras GTPase-activating
protein 1 (RasGAP), intersectin 1 SH3 domain 1 (ITSN-D1), Abelson-related protein (Abl2), Fyn-binding protein SH3 domain 1 (FYB-
D1), presynaptic density protein 95 (PSD95), intersectin 1 SH3 domain 2 (ITSN-D2), erythrocytic spectrinR-chain (SJHUA), hematopoietic
cell kinase (Hck),Fguanine nucleotide exchange factor 5 (Tim), tyrosine protein kinase TXK (TXK), interleukin-2-inducible T-cell kinase
(Itk), VAV-2 protein SH3 domain 2 (VAV2-D2), hematopoietic-specific protein (HS1), glutathione S-transferase (GST), avian sarcoma
virus CT10 oncogene homologue SH3 domain 2 (CRK-D2), neutrophil cytosol factor 2 SH3 domain 1 (NOF2-D1), and signal-transducing
adaptor molecule (Stam).
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and âC strands (called the n-Src insertion point loop,
residues Ser114-Trp119) and by a five-residue-long 310

helix (Ser135-Tyr137), which separates theâD and âE
strands.

Numerous aromatic amino acids are present in the binding
surface, viz., Tyr132, Trp119, Tyr137, Tyr91, and Tyr93.
Cesareni et al. (81) identified hydrophobic pockets formed
by the residues AL(YF)D(YF) (89-93), WW (119-120),
and PXNY (134-137), although residues Ala89, Leu90, and
Trp120 are quite far from the binding site. The first of these
binding pockets in the SH3 domain is lined by negatively
charged residuessGlu98, Asp99, and Asp100 in the RT loop;
Glu116, Asp118, and Glu121 in the n-SRC loop; and Glu129
in the âD strand before the 310 helixsand can host a
positively charged side chain flanking the core motif in the
ligand (see below).

The SH3 domain structure that we chose to use for the
docking simulations was the 1shf Fyn structure, for reasons
described above. Even though the 1shf structure was without
any complexed ligand peptide, the comparison with other
known SH3-peptide complexes confirmed that the presence
of the ligand did not involve structural changes in the SH3

domain, as is generally the case (46). [It has recently been
noted that ligand-binding actually stabilizes the SH3 domain
structure (122).]

Features of SH3 Ligands.Canonical SH3 ligands usually
contain two identical XP dipeptides, separated by a scaf-
folding residue (often a proline) (40-42, 46, 50, 81). The
two XP moieties in the core motif (XP-x-XP) occupy two
of the hydrophobic pockets (see above), and a stacking
interaction between one of the Pro residues and the Trp of
the binding pocket is well-conserved. In fact, the proline
residues of the ligand seem to be implicated in having a role
in molecular association employing C-H‚‚‚π interactions
with aromatic residues at the binding site (123), of which
the above-mentioned Pro-Trp stacking is well-conserved.
Moreover, the interaction with the ligand is both hydrophobic
(in particular between the conserved aromatic residues of
the binding site of the SH3 domain and the aliphatic side
chains of the ligand), and also mediated by hydrogen bonds
(in particular those from the aromatic residues, as well as
Asn136, of the binding site and the backbone oxygens of
the ligand, which are characteristic) (40, 69). The third SH3
domain binding pocket, lined by negatively charged residues,
can host a positively charged side chain flanking the core
motif, as indicated before. Usually, the positively charged
residue interacts with the acidic cluster on the RT loop. The
7-9 amino acid core region of the ligand binds to SH3
receptors in a left-handed PPII helical conformation (40, 81),
in either of two opposite orientations depending on the
position of a positively charged residue in the peptide
sequence.

In Fyn and some other SH3 domains, the residue Arg/
Ile96 (human Fyn numbering) in the RT loop seems to be
the key for the selectivity and high affinity of the binding
(40). Actually, in the analyzed PDB structures (see Table 2
below), this residue does not make any contacts directly with
the core motif but only with the rest of the protein linked to
it, if present [e.g., the Nef protein in PDB entries 1avz and
1efn (124, 125)]. It has been reported that the flanking
peptide region usually enhances the affinity and selectivity
of ligand binding; therefore, the whole structure of the bound
protein is important and not only that of the ligand peptide.
There are, however, many exceptions to the general binding
mode.

Docking Simulations of MBP Peptides to SH3 Domains.
In order to set the correct parameters for a docking simulation
with such a high number of degrees of freedom and to
determine if the docking algorithm could find the favored
binding complex, a preliminary test simulation was per-
formed with the Fyn SH3 domain structure and the initial
coordinates of the PI3 ligand, extracted from the 1azg PDB
structure (see Materials and Methods). The family of 25
NMR structures deposited into the related file 1a0n (from
which 1azg was obtained by averaging and minimization),
demonstrate the flexibility in solution of the different
structural regions of this type of SH3 domain ligand. This
comparison reveals that the C-terminal region of the peptide
is very flexible and can assume very different spatial
orientations, whereas the N-terminal residues are in a PPII
helix and remain in the same position in all the structures.

The docking test simulation recovered the correct complex
conformation and not only allowed us to set the best docking
parameters for subsequent runs, as indicated under Materials

FIGURE 4: (A) Fyn SH3 domain bound to PC/PG (8.5/1.5 mol/
mol) lipid vesicles in the presence of the natural bovine 18.5 kDa
MBP isomer bC1 (lanes 1-3) but not in its absence (lane 4). The
lipid-protein pellet sedimented at 11800g and was resuspended
and run on the gel. Lane 5 is blank. Protein standards are 1.75µg
of Fyn SH3 domain (lane 6) and 2µg of bC1 (lane 7). The mole
ratio of Fyn SH3 to bC1 added to the vesicles was 2.2 (lane 1), 4.3
(lane 2), and 6.5 (lane 3). The mole ratio of Fyn SH3 to bC1
recovered in the pellet was determined by densitometry and
comparison to the standards. (B) Less Fyn SH3 domain bound to
PC/PG (8.7/1.3 mol/mol) lipid vesicles in the presence of Ph-bC1
(lane 2) than bC1 (lane 1). Fyn SH3 domain bound similarly to
the lipid vesicles in the presence of rmC8 (lane 3) as bC1. The
initial mole ratio of Fyn SH3 domain to MBP added to the vesicles
was 2.2 in all cases. Fyn SH3 domain did not bind to the lipid
vesicles in the absence of MBP (lane 4). Equal amounts of lipid
pellet were run on the gel for lanes 1-4. Less Ph-bC1 and rmC8
bound to the lipid vesicles under these conditions than bC1. Lane
5 is blank. Protein standards are 0.9µg of Fyn SH3 domain (lane
6) and 1.0µg of bC1 (lane 7). The mole ratio of Fyn SH3 to MBP
charge isomer recovered in the pellet was determined by densito-
metry and comparison to the standards.
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and Methods, but also supported the choice to keep the PPII
(T1′-P7′) backbone torsion angles of the ligand constant in
the following simulations (see also Materials and Methods).
This choice was in agreement with our CD results on the
MBP peptide, which were consistent with an N-terminal
stable PPII helix, particularly after phosphorylation.

In Table 2 are summarized the “contact residues” of the
SH3 domain with the ligand, analyzed for the best structure
obtained from each simulation. The docked energies, and
the energy value around which each energy histogram (Figure
5) is centered, are summarized in Table 1.

Docking Simulationds1: Unmodified Peptide.Comparison
of the results of the two docking simulations performed on
the unmodifed MBP peptide, to which either Kollman or
Gasteiger partial charges were assigned, showed that they
converged to the same best complex conformation, with the
same very favorable docked energy (-18.8/-18.6 kcal/mol,
respectively, Table 1), slightly better than the one calculated
for the MBP-calmodulin interaction (71). The dissociation
constant (Kd) of MBP with calmodulin has been experimen-
tally measured to be in the micromolar range (12, 121).
Generally, the interactions of SH3 domains with proteins
containing proline-rich sequences are also weak, with
experimentally measured dissociation constants in this range,
enabling rapid association and dissociation (41); therefore,
we can surmise that they are of a similar order of magnitude
also for interaction of SH3 domains with MBP.

The PPII helix of the MBP peptide lies in the canonical
binding pocket, and the flexible backbone region at the
C-terminus is bent close to the SH3 domain surface (Figure
6). Analysis of the contact residues (Table 2) showed that
the positively charged amino acids in the ligand “canonically”
interact with the acidic residues that line the binding pocket.
In particular, R13′ makes a salt bridge with Asp118 in the

n-Src loop and interacts with the residues of the 310 helix;
the other arginine, R3′, that lies just inside the core motif
interacts with the negatively charged residues in the RT loop,
making a salt bridge with Asp99. The third positive residue
in the MBP peptide, K11′, makes a cation-π interaction with
Trp119 and interacts also with the 310 helix region. Residue
P5′ in MBP peptide is stacked with the aromatic ring of
Trp119 in the SH3 domain, forming a C-H‚‚‚π noncanonical
hydrogen bond, a characteristic interaction of one of the two
SH3 domain hydrophobic binding sites (81). The proline
residues of the ligand in SH3 complexes are implicated in
molecular association, employing these interactions with
conserved aromatic residues at the binding site (123). Here,
P7′ also forms a C-H‚‚‚π interaction with Trp 119 and P5′

with Y132, as was similarly found for the Abl tyrosine kinase
(123). Such aromatic residues (along with Asn136) form
canonical and noncanonical (i.e., by means of their CH
group) hydrogen bonds with the backbone oxygens of the
ligand.

Interestingly, the SH3 domain residue Arg96 is also in
contact with the MBP peptide, in particular with P6′ and S8′,
but not by the terminal positively charged side chain of Arg,
that, as in almost all the known SH3 domain structures, is
turned outward.

Docking Simulationds2 and ds3: Phosphorylated Pep-
tides.Docking simulationsds2 andds3 were performed to
investigate the effects of three kinds of phosphorylation on
the MBP peptide: on residue S8′, on residue T4′, and on both
residues T1′ and T4′. The best complex conformations
resulting from the docking of the three phosphorylated
peptides superimposed well with each other and with that
of the unmodified peptide. The PPII region of the ligand
lies in the same site, and although the C-termini show some
differences in their backbone and side-chain torsion angles,

Table 2: Residues of the SH3 Domain That Made Contacts with the Liganda

ds1a,b ds2 ds3a ds3b ds4 ds5 ds6

canonical Fynb unmodified MBP MBP PhS8′ MBP PhT4′ MBP PhT1′ + PhT4′ MBP R13′-MM MBP R13′-ADM MBP R13′-SDM

RT loop
Y91 Y91 Y91 Y91 Y91 Y91

D92 D92 D92 D92 D92 D92
Y93 Y93 Y93 Y93 Y93 Y93 Y93 Y93
E94c E94 E94 E94 E94 E94 E94 E94
A95c A95 A95 A95 A95 A95 A95
[R,I]96 R96 R96 R96 R96 R96 R96 R96
T97 T97 T97 T97 T97 T97 T97 T97
E98c

D99c D99 D99 D99 D99 D99 D99 D99
D100 D100 D100 D100 D100 D100 D100 D100

nSrc loop
E116 E116 E116 E116 E116 E116 E116 E116
G117 G117
D118 D118 D118 D118 D118 D118
W119 W119 W119 W119 W119 W119 W119 W119

âD + 310 helix
Y132 Y132 Y132 Y132 Y132 Y132 Y132

P134 P134 P134 P134 P134 P134 P134
S135 S135 S135 S135

N136 N136 N136 N136 N136 N136 N136 N136
Y137 Y137 Y137 Y137 Y137 Y137 Y137 Y137

a Analyzed with the tool “FirstGlance in Jmol”. The majority of the residues are in common with the canonical Fyn SH3 domain; the exceptions
(D92, Y132, and S135) are shown in italic type. In all the complexes, stacking of Trp119 in the SH3 domain binding site with Pro5′ in the peptide
is always present.b Extrapolated from the PDB structures of Fyn SH3.c This group of residues was involved in the interaction only in the complexes
where the ligand was the whole protein, i.e., Nef protein from human immunodeficiency virus 1 (PDB entries 1avz and 1efn).
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they remain oriented in the same direction, forming a bundle
of structures occupying the same space (Figure 7).

The contact residues of the peptides in the SH3 domain
are listed in Table 2. In comparison with the unmodified
peptide, the main preserved interactions in all the complexes
are the R3′-Asp99 salt bridge, the C-H‚‚‚π Pro-aromatic
interactions (in particular the stacking of P5′ with Trp119),
and the characteristic H-bonds between the ligand backbone
oxygens and the residues Asn136 and Tyr137. The R13′

residue maintains the salt bridge with Asp118 in all the
complexes except that with the double-phosphorylated pep-
tide, in which it is substituted with a cation-π interaction
with Tyr91 and Tyr137 in the RT loop. The K11′ residue is
the more variable one, changing the orientation of its long
side chain from the 310 helix to the RT loop, always forming
cation-π interactions with the conserved aromatic residues
of the binding site (Trp119, Tyr91, and Tyr137).

The PhS8′ side chain shows a different orientation com-
pared to the unmodified S8′ residue, due to the phosphate
steric hindrance, and the complexes of the SH3 domain with
the PhS8′ peptide (ds2) have a greater docked energy (i.e.,
less favorable) than the unmodified MBP peptide complexes,
clearly evaluable from the energy histogram in Figure 5.
Residue Arg96 is still in contact with PhS8′, but this kind of
interaction does not seem to involve the two charged side
chains. It is possible that the rigidity (real and built-in) of
the PPII backbone segment that flanks the PhS8′ residue
prevents the modified side chain from better adapting to the
receptor surface, enhancing the complex interaction energy.

The docked energies of the complexes of the SH3 domain
with the PhT4′ peptide (ds3a) are also slightly less favorable
than for the unmodified MBP peptide (see the energy
histograms in Figure 5, as well as Table 1). Although PhT4′

might be more restrained because it lies in a more rigid region

FIGURE 5: Energy histograms of the docking simulations. (A)
Energy histogram of the unmodified MBP peptide simulation with
the Kollmann partial charges (black bars) is compared with those
of PhS8′ (dark gray bars), PhT4′ (light gray bars), and PhT1′-PhT4′

(cross-hatched bars). (B) Energy histogram of the unmodified MBP
peptide simulation with the Kollman partial charges (black bars)
is compared with those of R13′-MM (dark gray bars), R13′-ADM
(light gray bars), and R13′-SDM (cross-hatched bars).

FIGURE 6: Complex of human Fyn SH3 domain with MBP peptide
(in yellow) obtained from theds1 docking simulation (Kollman
partial charges set). The SH3 domain is represented with its
secondary structure elements (â-sheets in cyan, 310-helix in red,
and turns in green). The relevant contact residues are shown in
stick representation, colored by atom type in the SH3 domain and
yellow in the MBP peptide.

FIGURE 7: Complexes of the human Fyn SH3 domain with the
phosphorylated peptides obtained from the docking simulationsds2
and ds3, superimposed for comparison. MBP peptide with post-
translational modification S8′ f PhS8′ is shown in yellow; MBP
peptide with posttranslational modification T4′ f PhT4′ alone is
shown in blue; and MBP peptide with posttranslational modifica-
tions T1′ f PhT1′ + T4′ f PhT4′ is shown in orange. The relevant
contact residues are shown in stick representation, colored by atom
type in the SH3 domain and by ligand color in the docked peptides.
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(real and built-in) of the peptide (center of the PPII backbone)
than does PhS8′, the absolute docked energy fords3ais more
favorable than fords2. Therefore, the less favorable interac-
tion of the PhS8′ peptide cannot be explained by backbone
flexibility.

The double phosphorylation of the MBP peptide on T1′

and T4′ increased the docked energies with respect to the
single PhT4′ mutation (Figure 5), reaching values comparable
to those of the PhS8′ peptide.

Docking Simulationsds4, ds5, and ds6: R13′-Methylated
Peptide.With the methylation of residue R13′, which re-
mained charged, the steric hindrance caused by the mono-
or dimethyl (symmetrical and asymmetrical) groups results
in the ligand peptide adjusting the position of this long side
chain to optimize the interaction and its conformation in the
binding site. Thus, the best methylated complexes have good
docked energies, of the same magnitude as the unmodified
MBP peptide (see Table 1 and Figure 5). Also in this case,
the best complexes obtained for the three methylated ligands
superimpose very well with each other and with the unmodi-
fied one in the PPII region (Figure 8). The stacking of P5′

with Trp119 is still present, involving the weak CH‚‚‚π
interactions of the prolines with the aromatic residues of the
binding site, underlying the importance of pairing these
residues for molecular recognition and association. Canonical
and noncanonical hydrogen bonds are preserved, in particular
with Asn136.

The C-terminus (G10′-R13′) shows a larger shift than for
the phosphorylated ligands, in order to make more favorable
interactions with the R13′ methylated residue (Figure 8). In
the monomethylated ligand, the R13′-MM residue is near the
n-Src loop but nevertheless forms a salt bridge with Asp118.
Instead, R13′-ADM shifts toward the first residues of the RT
loop, interacting with the aromatic rings of Tyr91 and Tyr137
by cation-π interactions. The posttranslational modification
R13′-SDM is peculiar to MBP and only a few other proteins.
The C-terminal backbone (from G10′ to R13′-SDM) is affected
the most by this modification, being strongly bent to the
center of the binding pocket in a way that causes the R13′

side chain, with its symmetric methyl groups, to interact with

Trp119, making more hydrophobic contacts than polar ones.
Nonetheless, a cation-π interaction with Tyr137 is still
present. Due to the shift of the C-terminus, the charged K11′
also has different orientations (toward the RT loop or the
n-Src loop), but always forming salt bridges or cation--π
interactions.

Considerations about Docking Simulations with Small
Peptides.Although computational resources available to us
restricted the simulations to modeling a 13-residue MBP
peptide alone, this simplification may be insufficient to
describe the interaction. The whole protein, especially when
membrane-associated, should be able to interact more
strongly with the SH3 domain (cf. refs11, 13, and 17).
Moreover, the interaction could involve also other structured
regions in addition to the PPII segment, as is the case for
the Nef protein (124, 125). This consideration is plausible,
as seems to be the case with calmodulin, where the classic
MBP isoforms interact strongly but Golli-MBP isoforms
(with almost identical predicted calmodulin targets on them)
interact weakly (12, 88, 89, 121). In addition, posttransla-
tional modifications both locally and distally can modulate
the interaction as they do for MBP interacting with calm-
odulin, actin, and tubulin (12, 13, 15-17, 71). This effect
has been seen here in the altered interaction of quasi-
deiminated MBP with SH3 domains on the array (Figure
3); the glutamine-substituted arginines are distributed through-
out the protein and are not localized in the proline-rich
segment. Similarly, combinatorial phosphorylation at the
various possible sites (46) may also have a significant effect,
as can be seen in the less favorable complex of the double-
mutated PhT1′-PhT4′ peptide. The methylation of R104 may
not be important in modulating the interaction with SH3
domains, however. Although the conformation of the MBP
peptide in the SH3 domain pocket changed significantly with
Arg methylation or with phosphorylation, new interactions
were able to substitute for those lost, in order to stabilize
the complex. These multiple potential interaction sites on
the SH3 domain thus allow an SH3 domain to bind
promiscuously to a variety of ligands (46). Although we
could not compare binding of the entire protein with
nonmethylated Arg and methylated Arg, the rmC1 used for
array binding has a nonmethylated Arg, whereas the natural
bC1 used for binding of the Fyn SH3 domain to lipid vesicles
has a methylated Arg. Since both proteins bound the Fyn
SH3 domain, this observation suggests that Arg methylation
does not have a large effect on binding, in agreement with
the peptide simulations. Although R104 methylation in 18.5
kDa MBP is associated with healthy myelin (5), its exact
biological significance remains unknown.

CONCLUDING REMARKS

Myelin basic protein is a multifunctional protein, based
on its variety of splice isoforms and myriad posttranslational
modifications and its interactions with membranes and
proteins such as calmodulin, actin, and tubulin (2, 3). A
central segment representing an immunodominant epitope
in multiple sclerosis has been extensively characterized and
found to be a membrane-surface-associated amphipathic
R-helix (18, 90, 91). Immediately adjacent to this motif is a
proline-rich segment that has previously been noted to
contain a potential SH3 ligand (37). Here, we have shown
by CD spectroscopy that this proline-rich segment of MBP

FIGURE 8: Complexes of human Fyn SH3 domain with R13′-
methylated peptides obtained from docking simulationsds4, ds5,
and ds6, superimposed for comparison. MBP peptide with R13′-
MM is colored dark blue; MBP peptide with R13′-ADM is colored
magenta; MBP peptide with R13′-SDM is colored orange. The
methylated atoms are highlighted in green; the relevant contact
residues are shown in stick representation, colored by atom type
in the SH3 domain and by ligand color in the docked peptides.
The cartoon representation of the SH3 domain is totally gray for
the sake of clarity.
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forms a PPII helix in vitro under physiological conditions
and that phosphorylation at a constituent threonyl residue
has a stabilizing effect on its conformation.

Previous preliminary experimental investigations have
shown that 18.5 kDa MBP interacts with SH3-domain-
containing proteins in vitro (38), which we have explored
here more comprehensively using SH3 domain microarrays.
We have shown here that the minimally modified 18.5 kDa
recombinant murine MBP isoform rmC1 bound to the SH3
domains of the Src tyrosine kinases Yes1, Fyn, and c-Src,
the kinases Abl, Itk, and PSD95, and the actin-binding
protein cortactin. Several Src kinases, including Fyn and Src,
and cortactin are present in oligodendrocytes and/or myelin
(63, 126). PSD95 (presynaptic density protein 95), a mem-
brane-associated guanylate kinase (MAGUK), is not known
to be present in oligodendrocytes. However, the tight junction
protein ZO-1, also a MAGUK, is present in oligodendrocytes
and myelin tight junctions (127, 128), and its SH3 domain
has 57% similarity to that of PSD-95 (129). We have also
demonstrated that the Fyn SH3 domain can bind to membrane-
associated MBP. It is known that MBP binds to cytoskeletal
proteins (2, 3, 11, 13, 15-17) and is required to transmit
extracellular signals, provided by anti-GalC antibody, to the
oligodendrocyte cytoskeleton (130). Binding of MBP to the
SH3 domains of several proteins supports a role for MBP in
signal transduction and membrane-cytoskeleton associa-
tions.

Spin-labeled P93C and S99C, in membrane-associated
rmC1 and rmC8, was exposed to the aqueous phase (90, 92),
suggesting that the entire Pro-rich region of both isomers
should be accessible to enzymes and other proteins, including
those with SH3 domains, even when MBP is associated with
the membrane. Indeed, when bound to a lipid membrane,
MBP was cleaved by trypsin at R94-T95 and R104-G105,
although two other tryptic sites closer to the N-terminus,
R22-H23 and R62-T63, were protected (131). The present
results, which show that this region of MBP binds Fyn to
the vesicle surface, support the conclusion that the Pro-rich
region is accessible on the bilayer surface and suggest that
MBP could bind Fyn and other SH3-domain-containing
proteins to the oligodendrocyte and/or myelin membrane.

In order to gain further structural insight, we have
investigated via molecular docking simulations the interaction
of the putative SH3 ligand of classic MBP with an SH3-
domain-containing protein. The results suggested that the
strength of the interaction would be of the same order of
magnitude as with calmodulin (71), from which we can
hypothesize that the dissociation constants (Kd) are in the
same micromolar range. Thus, there would be rapid associa-
tion and dissociation, an important feature for signaling hubs.
Molecular recognition and association could be mediated by
the weak CH‚‚‚π interactions of the ligand prolyl residues
with the aromatic residues in the binding site, in particular
by the stacking of a proline with the tryptophanyl residue in
the n-Src loop (here Trp119), that is characteristic of this
kind of interaction and was identified in particular for SH3
domain binding (123). Lysyl and arginyl residues in the
peptide interacted via salt bridges and cation-π interactions
with negatively charged and aromatic residues in the SH3
domain. Posttranslational modification (phosphorylation or
methylation) of the ligand did not cause any major inhibition
of the binding beyond a somewhat less favorable interaction,

especially for the S8′ phosphorylated and T1′-T4′ double-
phosphorylated peptides.
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