Biochimica et Biophysica Acta 1808 (2011) 674-683

Contents lists available at ScienceDirect

Biochimica et Biophysica Acta

journal homepage: www.elsevier.com/locate/bbamem

Conformational choreography of a molecular switch region in myelin basic
protein—Molecular dynamics shows induced folding and secondary structure type
conversion upon threonyl phosphorylation in both aqueous and
membrane-associated environments

Eugenia Polverini ¢, Eoin P. Coll®, D. Peter Tieleman P, George Harauz “*

@ Dipartimento di Fisica, Universita di Parma, V. le Usberti, 7/A, 43100 Parma, Italy
b Department of Biological Sciences, University of Calgary, 2500 University Drive NW, Calgary, AB T2N 1N4, Canada
€ Department of Molecular and Cellular Biology, University of Guelph, 50 Stone Road East, Guelph, ON N1G 2W1, Canada

ARTICLE INFO ABSTRACT

Article history: The 18.5 kDa isoform of myelin basic protein is essential to maintaining the close apposition of myelin
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Available online 3 December 2010 tubulin) all indicate it to be multifunctional. We have performed molecular dynamics simulations of a

conserved central segment of 18.5 kDa myelin basic protein (residues Glu80-Gly103, murine sequence
numbering) in aqueous and membrane-associated environments to ascertain the stability of constituent

ﬁgfgfﬂf:; dynamics secondary structure elements (a-helix from Glu80-Val91 and extended poly-proline type Il from Thr92-
Myelin basic protein Gly103) and the effects of phosphorylation of residues Thr92 and Thr95, individually and together. In aqueous
Phosphorylation solution, all four forms of the peptide bent in the middle to form a hydrophobic cluster. The phosphorylated
PPII structure variants were stabilized further by electrostatic interactions and formation of 3-structures, in agreement with
Intrinsically disordered protein previous spectroscopic data. In simulations performed with the peptide in association with a dimyristoylpho-

sphatidylcholine bilayer, the amphipathic a-helical segment remained stable and membrane-associated,
although the degree of penetration was less in the phosphorylated variants, and the tilt of the c-helix with
respect to the plane of the membrane also changed significantly with the modifications. The extended
segment adjacent to this a-helix represents a putative SH3-ligand and remained exposed to the cytoplasm
(and thus accessible to binding partners). The results of these simulations demonstrate how this segment of
the protein can act as a molecular switch: an amphipathic a-helical segment of the protein is membrane-
associated and presents a subsequent proline-rich segment to the cytoplasm for interaction with other
proteins. Phosphorylation of threonyl residues alters the degree of membrane penetration of the a-helix and
the accessibility of the proline-rich ligand and can stabilize a 3-bend. A bend in this region of 18.5 kDa myelin
basic protein suggests that the N- and C-termini of the proteins can interact with different leaflets of the
myelin membrane and explain how a single protein can bring them close together.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction multifunctional [4-9]. There is a central, highly-conserved segment
(Fig. 1):
One of the major proteins in the central nervous system myelin
sheath is myelin basic protein (MBP). In the adult brain, the 18.5 kDa E¥NPVVHFFKNT"VTPRTPPPSQ' " GKG'"
isoform predominates and is essential to myelin stability and
homeostasis [1-3]. This protein is structurally polymorphic and (using murine 18.5 kDa isoform sequence numbering), within which
there are two successive structural motifs with different, but perhaps
correlated, functionality. First, there is a membrane-associating
amphipathic a-helix, demonstrated variously by circular dichroism
Abbreviations: CD, circular dichroism; DMPC, dimyristoylphosphatidylcholine; EPR, (CD)Y electron paramagnetic resonance (EPR)' and solution and solid-
electron paramagnetic resonance; MBP, myelin basic protein; MD, molecular dynamics; state nuclear magnetic resonance (NMR) spectroscopy [9—16],

NMR, nuclear magnetic resonance; PPII, poly-proline type II conformation; PhT, . - . A . .
phosphorylated threonine; RMSD, root mean square deviation comprising residues V83-T92 and representing an immunodominant

* Corresponding author. Tel.: +1 519 824 4120x52535; fax: +1 519 837 1802. epitope in multiple sclerosis. Following this segment is a proline-rich
E-mail address: gharauz@uoguelph.ca (G. Harauz). segment envisaged by us to be an extended strand that can adopt a
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Fig. 1. Amino acid sequence of 18.5 kDa murine MBP. The exons are also indicated—Arabic/Sanskrit numbering with reference to the full gene of oligodendrocyte lineage and Roman
numerals indicating the “classic” gene. The peptide fragment simulated here is denoted EPPH and is indicated by a box; it comprises the latter part of exon 7 and all of exon 8 and is
highly-conserved in sequence. The molecular barcode due to diverse and combinatorial post-translational modifications is as follows: red bar, phosphorylation (S, T, Y); hollow red
bar, an unusual case of arginyl phosphorylation at R41; ice blue bar, citrullination; green bar, diverse PTMs (acylation, deamidation, ADP-ribosylation, sulphoxide oxidation of
methionine); crossed green bar, methylation (either -N-mono-methylation or symmetric o-N¢N-di-methylation of R104). The murine residues T92 and T95 are MAP kinase
phosphorylation sites, lying in the vicinity of a putative molecular switch. This figure was adapted with permission from reference [7].

poly-proline type II (PPII) conformation, as demonstrated by CD
spectroscopy [8,17]. Since MBP has been demonstrated to bind SH3-
domain-containing proteins [17,18], for which the canonical core
ligand is XP-x-XP in a left-handed PPII structure, we consider the
MBP segment T92-P97 to represent most of the SH3-target, although
the full details of binding have not yet been elucidated.

Our current working model of this region of the protein is that the
amphipathic a-helix would associate with the membrane and would
position the SH3-target and proline repeat TP*>RTP®PPS outside the
membrane into the cytoplasmic milieu (Fig. 2). Residues Phe86 and
Phe87 should anchor the helix into the membrane interior. We
consider this central region of 18.5kDa MBP to constitute a
“molecular switch” because of the number and variety of post-
translational modifications that may represent different levels of
control, particularly phosphorylation of residues T92 and T95 by
mitogen-activated protein kinases (reviewed in [4-8]). In general,
MBP is a conformationally dynamic protein for which it is difficult to
define an experimentally tractable system to probe structure at the
amino acid level by NMR spectroscopy, say [6-9,19,20]. For this

amphipathic
o-helix

P96
P93

Fig. 2. Starting conformation of EPPH model, showing secondary structure elements
and various residues, including the MAP kinase phosphorylation sites at Thr92 and
Thr9s.

reason, we use molecular dynamics (MD) simulations here to study at
atomic detail the structure that this segment of the protein adopts in
aqueous solution and in a phospholipid bilayer, its association with
the membrane, and the effects of threonyl phosphorylation. The
results demonstrate both secondary and tertiary structural changes
induced by environment and modifications, some of which explain
previous experimental findings and all of which represent hypotheses
for future spectroscopic evaluation.

2. Methods

A starting molecular model of the segment

100

NH; —E*NPVVHFFKNIVTPRTPPPSQ'’GKG'” —C00™~

was constructed using SYBYL software version 7.0 (SYBYL, Tripos
Associates Inc., St. Louis, MO). Based on results arising from diverse
experimental data as described above [8,12,17,21,22] and slightly
extending the putative structured regions, the starting model
comprised an amphipathic a-helix from residue E®° to residue V°!
and an extended strand in a left-handed poly-proline type II (PPII)
conformation from residue T°? to residue G'°3 (Fig. 2).

All proline residues were in trans configuration [23,24], and the
histidyl residues were left unprotonated (neutral), in accordance with
experimental pH values in the literature [8,12,17,21,22]. Using SYBYL
software, a phosphate group (in the —2 charge state) was added onto
residues T92 (PhT92) and T95 (PhT95), building three additional
phosphorylated peptides: two with a single phosphorylated residue
(PhT92 or PhT95) and one with phosphorylation of both threonines,
for comparison with the unmodified peptide.

Molecular dynamics simulations were performed using the
GROMACS 4.0.5 software package [25] and the Gromos96 ffG53a6
force field [26]. Molecular dynamics runs were performed using 64
processors at Compute Canada/SHARCNET facilities (https://www.
sharcnet.ca). All four peptides (unmodified, PhT92, PhT95, and
PhT92-PhT95) were simulated in two different environments. The
first was in aqueous solution, building a box with a minimum of a
1 nm layer of water around the peptide and adding salt and counter-
ions (sodium and chloride) to the system to obtain an overall zero
charge and to reach a physiological salt concentration of 0.15 M. The
second was in association with a lipid bilayer of dimyristoylpho-
sphatidylcholine (DMPC), using publicly accessible DMPC structural
coordinates (http://moose.bio.ucalgary.ca/index.php?page=Struc-
tures_and_Topologies). The DMPC bilayer was pre-equilibrated for
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20 ns. To construct the simulation box, each peptide was first
positioned at the surface of the DMPC bilayer, and the six lipid
molecules present in a radius of 1A around the peptide were
manually deleted. The system was solvated with a layer of water
molecules about 3 nm thick at each side of the membrane and
counter-ions were added as above.

After a minimization of the whole system in water, a classical
position restrained MD of 50 ps was run keeping the peptide position
fixed, whereas in the DMPC system, two position restrained MDs were
performed: the first keeping both the peptide and the DMPC bilayer
fixed (100 ps), the second keeping only the peptide fixed (1 ns).
Periodic boundary conditions were applied in both environments. The
full MD simulations were run for 160 ns in water and 100 ns in
membrane, at 300 K and 1 atm, with a time step of 2 fs. Temperature
coupling was made using velocity rescaling with a stochastic term [27],
with a time constant of 0.1 ps. The “protein” and “water + ions” groups
were coupled separately to the temperature bath in the aqueous
environment, whereas the “protein+DMPC” and “water +ions”
groups were coupled separately in the membrane simulations.
Pressure coupling was isotropic in aqueous solvent and semi-isotropic
in membrane simulations. The Berendsen barostat [28] was used, with
a coupling constant of 1 ps.

All the simulations present here were repeated twice, and the
results agreed closely. Only one representative simulation is pre-
sented here, for simplicity. For visualization and analysis of structural
files and trajectories computed by GROMACS, the GROMACS sub-
routines and the Visual Molecular Dynamics (VMD) program [29]
were utilized. The protein contact maps were drawn by means of the
WebMol program (available online at http://www.cmpharm.ucsf.
edu/cgi-bin/webmol.pl) [30].

3. Results and discussion
3.1. Rationale for starting structure for MD simulations

The starting model for the EPPH peptide represents an approxi-
mation of the structure that this protein segment should assume in a
membrane environment, as discussed in the Introduction (Fig. 2). The
MD simulations performed here were intended to investigate the
overall structural propensity and stability of the peptide in aqueous
and membrane-associated environments. Since MBP is a dynamic
protein even when membrane-associated, the idea of a defined, rigid
conformation does not apply [9,20]. Moreover, even the precise
disposition of the membrane-anchoring amphipathic a-helical motif
(extent of helicity, tilt with respect to the membrane) depends on the
extent of protein post-translational modifications [14] and on
membrane lipid composition [12,16]. Here, a short control simulation
in aqueous solution was initially run on a peptide with protected N-
and C-termini (results not shown). We concluded that the zwitter-
ionic form of the peptide did not seem to influence the dynamics
significantly because the presence of an oppositely charged residue at
both N- and C-termini partially shielded the net charges at the
termini. Several MD simulations of shorter peptide fragments of MBP
in aqueous solution and organic solvents have been published in
studies of their potential efficacy as agonists or antagonists against
multiple sclerosis (e.g., [31]). Our study here differs in that it examines
different structural questions on a larger fragment in a membrane
environment.

3.2. Peptides in aqueous solution

All MD simulations in the water box were performed for 160 ns
each. The results are portrayed in terms of secondary structure
(Fig. 3A-D), residue contacts (Fig. 4), and final conformations (Fig. 5).
In water, such short protein fragments are usually very flexible and
unordered; in addition, an amphipathic o-helical structure is
evidently not a stable structure in water, if alone. Therefore, in
many cases, the root mean square deviation (RMSD) plots of their
trajectories cannot reach a plateau (see Figure S1) due to the presence
of many interconverting metastable structures. However, the pres-
ence of local transient secondary structures could indicate a structural
propensity for some regions of the peptide (cf., [8,9,32]). Here, as
could be expected, at the end of the simulation at 160 ns, all peptides
reach a quite stable conformation (Fig. 5) that optimizes the exclusion
from the solvent of the hydrophobic residues (in particular, the highly
hydrophobic F86-F87 residues and the tri-proline (P96-P97-P98)
cluster). To achieve this arrangement, both the unmodified and the
phosphorylated peptides show a central bend of the backbone, helped
in this regard by the P93 residue. The Pro-rich segment keeps a core
PPII structure within the P96-P97-P98 cluster.

The unmodified peptide is the more oscillating one (Figure S1 in
Supporting Material). Its trajectory shows a flexible but stable helix in
the N-terminal part of the epitope segment that swings repeatedly
from - to m-helix and finally closes its hydrophobic surface to the
P96-P97-P98 hydrophobic cluster. In this case, the stability of the
amphipathic a-helix could be achieved due to the interaction of its
hydrophobic surface with the hydrophobic residues of the Pro-rich
region.

The phosphorylated peptides reach a quite stable conformation
more rapidly (Figure S1). They show different amounts of 3-structure,
in interesting qualitative agreement with previous experimental CD
studies performed on the whole protein [33-36]. The B-contacts,
particularly evident in Fig. 4 as the diagonal from the bottom-right to
the upper-left corner, are favored by the phosphate groups that
interact with basic residues R94 and K88 in a salt bridge manner. In
particular, the PhT92 peptide forms a B-hairpin structure that is very
stable also for the optimization of the hydrophobic interactions. Due
to the different position of the phosphate group, the R-bridge in the
PhT95 peptide is shorter and limited to the central region of the
backbone. In the double-phosphorylated peptide, probably due to the
high amount of net charged residues in such a short sequence (6
negative and 4 positive ones—including the 2 termini—that gives a net
charge of —2, exactly the opposite of the unmodified peptide), the
structure compacts very early into a globule, with the electrostatic
interacting residues that strengthen a hydrophobic core.

For the PhT95 phosphorylated peptide only, a significant amount
of helical structure is preserved in the epitope segment, whereas the
T92 phosphorylation seems to create interactions that tend to disrupt
the helical structure favoring a very stable (3-hairpin.

3.3. Peptides in association with DMPC bilayer

The starting orientation of the peptide with respect to the
membrane bilayer was chosen in agreement with experimental data
to date (cited in the Introduction), various functional and experi-
mental hypotheses, and with electrostatic/hydrophobic characteris-
tics: the amphipathic a-helix was inserted at the membrane surface,

Fig. 3. Secondary structure of EPPH models over the course of the MD simulations in solution (capital letters without the prime) and in a DMPC bilayer (capital letters with the
prime). (A and A') EPPH-unmodified; (B and B') EPPH-PhT92; (C and C') EPPH-PhT95; (D and D') EPPH-PhT92-PhT95. Color code: red, 3-sheet; blue, o-helix; yellow, turn; white,

coil; black, B-bridge; green, bend; purple, n-helix; gray, 3,0-helix.
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Fig. 4. Contact maps showing proximity of residues within EPPH in the (A) starting model, and after a 160 ns MD simulation in aqueous solution of (B) EPPH-unmodified; (C) EPPH-
PhT92; (D) EPPH-PhT95; (E) EPPH-PhT92-PhT95. The squares indicating the residue-residue distance are colored from dark red (0 A distance) to dark blue (>27 A distance). The
large band along the main diagonal from the bottom-left to the upper-right corner shows the local contacts such as helical structures. The diagonal from the bottom-right to the

upper-left corner shows the amount of 3-contacts.

with the two Phe residues (F86 and F87) pointing down towards the
hydrophobic tails and the charged/polar residues pointing towards
the polar head groups or the solvent; the PPII structure was oriented
outwards with respect to the membrane, in the aqueous solvent
(Fig. 6).

We used the DMPC phospholipids as a model membrane system
with neutral net charge to first investigate the interaction with a
membrane of these peptides. The 18.5 kDa MBP has, in fact, been
demonstrated to penetrate deeply into this kind of lipid [37]. It is
known that electrostatic interaction is the force that drives this basic
protein towards the negatively-charged polar groups of the myelin
membrane [37,38], and simulations with negatively-charged lipids
will be the subject of a future study. Here, to overcome partially the
electrostatic driving force problem, we positioned the peptide already
at the surface of the lipid bilayer.

All peptide-DMPC membrane MD simulations were performed for
100 ns each. The results are portrayed in terms of secondary structure
(Fig. 3A'-D") and final conformations (Fig. 7). In DMPC, the a-helix of
the epitope segment is very stable for all four peptides (Fig. 3A’-D'), as
we can also see from the RMSD plot (Figure S2), and penetrates
deeper into the membrane as the simulation proceeds (Fig. 7). The
PPII region remains quite extended and oscillating (Figure S2) but
with the P96-P97-P98 cluster in a very stable PPII conformation.

The membrane penetration is especially strong in the unmodified
peptide, in which the two bulky and highly hydrophobic F86 and F87
residues drag the hydrophobic region linking the Pro-rich segment (in
particular, residues 190 and V91, but also P93) down into the
membrane (Fig. 7A). The polar N- and C-termini, and the basic
residues of the polar a-helix surface, interact with the polar head
groups of the phospholipids. The a-helix, therefore, tilts its axis, in
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Fig. 5. Final (160 ns) structures of EPPH peptides in solution. (A) EPPH-unmodified; (B) EPPH-PhT92; (C) EPPH-PhT95; (D) EPPH-PhT92-PhT95. Residues are colored by type
(green, polar; white, hydrophobic; blue, basic; red, acidic; orange, phosphorylated). The ordered secondary structure is highlighted in cartoon (purple, helix; yellow, 3-sheet and >-

bridge).

strong agreement with what was previously suggested on the basis of
EPR and NMR spectroscopic data [8,12-14,16]. In these earlier studies,
based on the depth of penetration of the different residues into the
lipid bilayer, a tilt was proposed with respect to the plane of the
bilayer in which the N-terminus-C-terminus axis of the helical
segment has a downward direction into the membrane. In Fig. 8,

Fig. 6. Starting configuration of EPPH model positioned over a DMPC bilayer. The color
code is as in Fig. 5, except for the color of the ordered secondary structure that is also by
residue type. In this way, the hydrophobic surface of the amphipathic c-helix is clearly
visible in white, whereas the polar surface is in color.

the tilt angle of the helix axis is shown as a function of time for the
four peptides. The tilt angle here is plotted as the angle of the helix
axis vectors (N-terminus-C-terminus direction) with respect to a
plane parallel to the membrane surface; the positive values indicate a
C-terminus above the horizontal plane, and the negative ones, below.
The unmodified peptide shows a pattern clearly different from the
other phosphorylated peptides, with a decreasing tilt angle that
reflects the insertion of the C-terminus into the membrane while
leaving the N-terminus at the surface.

In contrast, the patterns of the three phosphorylated peptides are
similar to each other but opposite from the unmodified one. In fact,
the threonine phosphate group interacts with the lipid polar head
groups and with the solvent counter-ions, maintaining the Pro-rich
region more solvent-exposed and the stable o-helix less deeply
inserted (Figs. 7B-D). For the mono-phosphorylated fragments, the
helix axis stays roughly horizontal with respect to the membrane
(Figs. 7B, C, and 8), whereas in the double-phosphorylated variant, the
two phosphates pull up the peptide and the helix tilts in the opposite
direction (Figs. 7D and 8), with its C-terminus at the surface of the
membrane and the N-terminus more deeply inserted.

3.4. Summary of structural propensity of peptide conformations

The MD simulations described here show that the immunodomi-
nant epitope of MBP already has an a-helical propensity in water and
forms a stable amphipathic a-helical structure in association with the
membrane, in agreement with many previous spectroscopic studies
[9,12-14,16,32]. The phosphorylation of threonyl residues has
significant effects on the conformation of the protein, as shown here
by MD simulations. In water, phosphorylation tends to cause the
protein to form p-bridges favored by the interaction between
phosphate and basic residues, in agreement with previous experi-
mental data [34-36]. Such a phenomenon may be representative of
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Fig. 8. Helix axis tilt with respect to a plane parallel to the membrane surface as a
function of time, for the unmodified (black line), PhT92 (red line), PhT95 (blue line),
and PhT92-PhT95 (dark green line) peptides in DMPC. Positive values indicate that the
axis vector (N-terminus-C-terminus direction) points upwards over the horizontal
plane, and negative values, downwards under the horizontal plane. For axis calculation,
residues 2-11 were chosen.

“moonlighting” in which the same segment of a protein can assume
different conformations for different tasks [39]. In association with a
DMPC membrane, the protein fragment seems to maintain the Pro-
rich region—with its PPII core conformation—more solvent-exposed,
ready to interact with signaling proteins on the oligodendrocyte
membrane. We note that the real cytoplasmic leaflet of the
oligodendrocyte membrane in myelin comprises also negatively-
charged phospholipids and cholesterol [40], and the interaction of this
peptide with more complex membranes will be explored in future
studies. The results here are nonetheless of value in interpreting
various experimental data.

3.5. Significance—conformational changes and a molecular switch in
MBP

The 18.5 kDa isoform of myelin basic protein predominates in
adult brain. It is an intrinsically disordered (or better described as
conformationally adaptable) protein that gains ordered secondary
structure only on association with some binding partner. The protein's
three-dimensional conformation within myelin is not known nor how
it holds two apposing leaflets of membrane close together. We first
address the issue of ordered secondary structure.

In all associations that we have so far investigated structurally by
experimental methods (phospholipid membrane, Ca?*-calmodulin,
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actin, SH3-domains), the 18.5 kDa MBP isoform has demonstrated a
partial induced disorder to order transition, including several o-
helical molecular recognition fragments (MoRFs) ([7,8,17,18,21]; cf.,
[41]). We have spectroscopic evidence that a proline-rich segment
potentially forms a left-handed poly-proline type II (PPII) structure
that may represent the primary SH3-ligand [8,17]. We have posited
that the central, highly-conserved segment (comprising an amphi-
pathic, membrane surface-associated «-helix followed by a PPII
structure) may represent a molecular switch (Figs. 1, 2) [8]. This
region comprises two mitogen-activated (MAP) kinase sites that are
modified during propagation of an action potential [42] and which are
correlated with structurally stable myelin [35], albeit less strongly-
compacted [33], and with microdomain (“lipid raft”) association [43-
45]. Phosphorylation at T95 appears to be required for MBP to interact
with the WW domain of the prolyl isomerases human Pin1 and yeast
ESS1 [46]. There may thus be several kinds of conformational disorder
to order transitions occurring in this region, modulated by degree of
membrane association and site-specific threonine phosphorylation. In
other proteins, phosphorylation affects the stability of o-helices
depending on its position inside the helix, tending towards stabiliza-
tion at the N-terminus and destabilization at the C-terminus [47], and
hyperphosphorylation of the microtubule-associated protein tau has
been shown to induce PPII structures [48].

Here, the MD simulations in aqueous solution show that threonyl
phosphorylation has a potentially large effect on local conformation.
Although the PPII core of the P96-P97-P98 region of the peptide
remained relatively stable, the peptide bent in the center and the
amphipathic a-helical immunodominant epitope appeared to convert
to a B-strand. The existence of a 3-sheet backbone of MBP had been
postulated in early structural models before it was realized that the
protein is intrinsically disordered [49-54], and [3-sheet has been
detected in the intact protein fragments by CD spectroscopy, for
example [55], but has not yet been identified at the residue level.
Other CD spectroscopic studies of MBP and fragments thereof have
indicated an increase in the proportion of 3-structure (both sheet and
turn) after phosphorylation [34-36,56]. Our MD simulations here
show how the formation and stabilization of local PB-structure can
occur and agree well with these early experimental data.

When the peptide fragment is associated with a lipid bilayer via its
amphipathic a-helical membrane-anchoring motif, however, the
extended proline-rich segment remains exposed to the aqueous
milieu. A good analogy from the literature is that of the microtubule-
associated protein MAP2C, in which a different proline-rich motif is
kept rigid and extended (in PPII conformation) to enable contacts
with other target proteins [57]. The overall configuration of this
segment with respect to the membrane supports our contention that
it is a significant switch region.

3.6. Isomerization of prolyl residues

Regarding structure and protein-protein interactions, the poten-
tial isomerization of prolyl residues in MBP in vivo has been
mentioned as a possible signaling or functional control mechanism
[7,8,17,55]. Fraser and Deber [23] have investigated the question of
proline isomerization in the P96-P97-P98 region of MBP with respect
to the hypothesis that cis isomers would allow the protein to bend
here (see also Nygaard et al. [58]). They found that the spontaneous
rate of proline isomerization is very slow and almost negligible and
increased to only about 5% in membrane-associated MBP, enabling
them to discount the idea of a bend at the tri-proline repeat [23]. Here,
we found no evidence for trans to cis proline isomerization in any of
our simulated peptides, which would not be expected in any event on
the time scale of these simulations. If it were to occur, such an effect
would have a significant change on the protein backbone [22]. We did,
however, see a phosphorylation-induced bend in the vicinity of P93
instead of at P96-P97-P98. Thus, it remains plausible that MBP does,

indeed, bend in the middle—simply not at the residues first expected
and not as a result of proline isomerization. By analogy with other
peptides, phosphorylation of the threonyl residues within the TP-R-
TP motif has the potential to stabilize the PPIl conformation and thus
slow the rate of spontaneous isomerization [59].

Given that the immunodominant epitope of the protein is a
membrane-associated a-helix, it has been suggested that phosphor-
ylation of these threonyl residues may concomitantly result in a
localized destabilization of the preceding oa-helix [47] and/or
disruption of the C-terminus of the central amphipathic a-helix
from the phospholipid membrane, a phenomenon similar to what has
been observed for the deiminated protein [14]. Here, however, this
segment of the DMPC bilayer-associated peptides remained stably ot-
helical and phosphorylation served primarily to move the C-terminus
out of the membrane. This was not a structural destabilization per se
but rather served to move the PPII structure out further into the
aqueous milieu. Real myelin membranes comprise a mixture of lipids,
including negatively-charged ones (as in our experimental systems
for EPR and solid-state NMR spectroscopy [12,14,16,20]). Thus, this
effect may be even more pronounced in such systems due to the
electrostatic repulsion between phosphates and polar head groups,
which should enhance the exposure of the phosphorylated peptides at
the membrane surface.

3.7. Significance—potential higher-order conformation of 18.5 kDa MBP

The MD simulations presented here showed the potential for
tertiary interactions. Although intrinsically disordered proteins
generally lack a compact tertiary fold, they can still exhibit higher-
order interactions [60]. The microtubule-assembling protein tau has
been shown, by FRET (fluorescence resonance energy transfer) and
NMR spectroscopy, to exhibit a “double-hairpin” or “paperclip”
arrangement in solution [61-64]. Other examples are clusterin, a
glycoprotein that binds with high-affinity to various lipids and
proteins [65], calpastatin, an inhibitor of the protease calpain [57],
and the aforementioned MAP2C [ibid.]. Both clusterin and MBP have
regions alternately predicted to be ordered and disordered, with
regions of high a-helix amphipathicity [8]. The hydrophobic probe
ANS (1-anilino-8-naphthalene sulfonate) is bound similarly by
clusterin and MBP, with apparent dissociation constants of 70 uM
(clusterin [65]) or 30 uM (MBP [66]). These values are similar to those
for molten globule proteins and would be 100-times less for a rigid
structured protein. The term “molten globules” is used to refer to
partially-folded protein intermediates, characterized by a compact
structure, pronounced secondary structure content, and a lack of a
rigidly packed interior. Due to the presence of loosely packed
hydrophobic cores, proteins in the molten globule state have a
much stronger affinity for ANS-like probes compared with the globule
or the fully unfolded states [67,68]. This term is not directly applicable
to 18.5 kDa MBP except to convey the idea that this protein may have
a loose tertiary arrangement beyond just an extended coil, even in
unliganded form.

Fluorescence studies of MBP show intra-molecular quenching of
the single tryptophan residue by a quaternary ammonium group of
Lys or Arg, as demonstrated by us and by others before that [69-71]
(see also [72]). Our studies with hexahistidine-tag-lacking UT-rmC1
and UT-rmC8 variants that we have constructed show that Zn?*
cations both stabilize ordered secondary structure [73] and result in
the formation of a more compact structure by nanopore analysis [74].
In EPR studies of membrane-associated 18.5 kDa MBP, the overall
accessibility of hydrophobic and hydrophilic paramagnetic agents
(NiEDDA and 0-) indicates that the bilayers are in closer apposition at
the termini of the protein than in the center, which comprises the
segment modeled here [75]. These results can be explained by a bend
in the protein at this region, which would push the bilayers apart. All
in all, there are considerable data to support the hypothesis that MBP
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Fig. 9. Schematic representation of 18.5 kDa murine MBP with its N- and C-terminal
segments mediating close apposition of two phospholipid bilayers in the simplest
model possible, i.e., a hairpin. We present three segments with the potential to form
amphipathic a-helices that would interact with the membrane [7,32]: (T33-D46 or
al), (V83-T92 or a2—primary immunodominant epitope), and (A141-L154 or ae3—
secondary immunodominant epitope and part of the primary calmodulin binding
segment). Both the a2 and a3 segments have been experimentally confirmed to form
membrane surface-associated a-helices [12,16,75]. Segment P93-Q100 comprises a
bend and a poly-proline type II structure. This figure was adapted from reference [75].

has a higher-order topology in both free and membrane-associated
form, and the MD simulations performed here suggest that the center
of the protein can be a bend point, especially in phosphorylated
variants. In this way, two halves of the protein could associate with
different myelin membrane leaflets and hold them together as a
monomer [16,75,76]. A schematic picture of how the full-length
18.5 kDa MBP could interact with the myelin membrane is depicted in
Fig. 9.

4. Conclusions

We have performed MD simulations of a highly-conserved
segment of 18.5 kDa MBP in environments that the protein would
encounter in either experimental in vitro or physiological in vivo
situations. These studies enabled a systematic comparison of induced
disorder to order transitions and the structural effects of threonyl
phosphorylation whose biological importance remains to be deter-
mined. The results confirmed our working model of an amphipathic
a-helix whose structure is stabilized by being membrane-bound and
whose placement on the membrane orients a flanking proline-rich
segment into the cytoplasm where it is accessible to other proteins
such as SH3-domain-containing ones. Threonyl phosphorylation
causes the a-helix to be less firmly attached to the lipid bilayer. In
aqueous solution, these post-translational modifications induce the
formation of B-structures that have previously been detected
spectroscopically and that stabilize a bend in the protein in this
region. The existence of such a bend in the protein supports a model of
the myelin sheath in which a single MBP can bring two apposing
leaflets of the oligodendrocyte membrane close to each other.
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