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Abstract Myelin basic protein (MBP) is present between
the cytoplasmic leaflets of the compact myelin membrane in
both the peripheral and central nervous systems, and char-
acterized to be intrinsically disordered in solution. One of
the best-characterized protein ligands for MBP is calmod-
ulin (CaM), a highly acidic calcium sensor. We pulled down
MBP from human brain white matter as the major calcium-
dependent CaM-binding protein. We then used full-length
brain MBP, and a peptide from rodent MBP, to structurally
characterize the MBP-CaM complex in solution by small-
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angle X-ray scattering, NMR spectroscopy, synchrotron
radiation circular dichroism spectroscopy, and size exclu-
sion chromatography. We determined 3D structures for the
full-length protein—protein complex at different stoichiom-
etries and detect ligand-induced folding of MBP. We also
obtained thermodynamic data for the two CaM-binding sites
of MBP, indicating that CaM does not collapse upon binding
to MBP, and show that CaM and MBP colocalize in myelin
sheaths. In addition, we analyzed the post-translational
modifications of rat brain MBP, identifying a novel MBP
modification, glucosylation. Our results provide a detailed
picture of the MBP—CaM interaction, including a 3D model
of the complex between full-length proteins.
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Abbreviations

CaM Calmodulin

MBP Myelin basic protein

MPE Myelin protein extract

SAXS  Small-angle X-ray scattering

bMBP  Bovine MBP

pMBP  Porcine MBP

mMBP Mouse MBP

SRCD  Synchrotron radiation circular dichroism
spectroscopy

PTM Post-translational modification

3DE 3-Dimensional electrophoresis

IDP Intrinsically disordered protein

SC Schwann cell

DRG Dorsal root ganglion

MM Molecular mass
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SPR Surface plasmon resonance
ITC Isothermal titration calorimetry

PNS Peripheral nervous system
CNS Central nervous system

RT Room temperature

FCS Fetal calf serum

SL Schmidt-Lanterman incisure

CM Compact myelin
AC, Heat capacity

Introduction

Myelin, the insulating, multi-layered membrane structure
surrounding an axon, provides an increase in the speed of
nerve impulses; thus, it is essential for proper functioning
of the vertebrate nervous system. Myelin is mainly composed
of lipid and protein, the latter constituting 20% of its dry
weight. The two most abundant proteins in central nervous
system (CNS) myelin are the proteolipid protein and the
myelin basic protein (MBP); they represent 50 and 30%,
respectively, of the total myelin protein (Benjamins and
Morell 1978). MBP is also an abundant component of
peripheral nervous system (PNS) myelin (Garbay et al. 2000).

The MBP family comprises numerous developmentally
regulated isoforms, of which the 18.5-kDa species is the
most abundant in adult human myelin, and has been
studied the most (Bates et al. 2000; Homchaudhuri et al.
2009; Polverini et al. 2008; Zhong et al. 2007). This iso-
form further undergoes complex posttranslational modifi-
cations (PTM), giving rise to charge isomers designated as
components C1-C8 (Zand et al. 1998), of which C1 is the
least modified form (Hill and Harauz 2005). MBP is one of
the major autoantigens in multiple sclerosis, which has led
to a number of studies on its disease-linked epitopes and
their structure (Kim et al. 2003; Spyranti et al. 2009;
Tselios et al. 1998).

MBP is essential for the formation of CNS myelin, and
it is able to interact with a wide range of ligands, often
polyanionic in nature (Boggs 2006), including, for exam-
ple, cytoskeletal proteins (Barylko and Dobrowolski 1984;
Boggs 2006; Boggs and Rangaraj 2000; Dobrowolski et al.
1986; Hill and Harauz 2005). Due to the large number of
charged residues and a low overall hydrophobicity, there is
significant intramolecular electrostatic repulsion in MBP;
this results in MBP being an extended, intrinsically disor-
dered protein (IDP) in solution (Harauz et al. 2004), and it
displays the general properties of an IDP in the absence of
bound ligands. Usually, an IDP has sufficient flexibility to
bind various charged surfaces and ligands and to acquire
local conformations necessary to optimize its specific
binding to different targets (Dyson and Wright 2002).
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Various techniques have been used to prove that the
18.5-kDa isoform of MBP can interact with calmodulin
(CaM) (Libich and Harauz 2002a; Libich and Harauz
2002b; Libich et al. 2003a; Libich et al. 2003b; Majava
et al. 2008b). MBP is bound to CaM at a 1:1 ratio under
near-physiological conditions (Libich et al. 2003a), but it
has also been reported that MBP has multiple CaM-binding
sites (Libich et al. 2003b). Recently, NMR studies of full-
length recombinant 18.5-kDa MBP binding to CaM (Libich
and Harauz 2008), with the goal of definitively identifying
the primary CaM interaction site on murine MBP, were
carried out. The data currently available support a scenario,
in which MBP interacts with CaM primarily via its
C-terminal site (Libich and Harauz 2008; Majava et al.
2008b). However, more data are needed to gain a com-
prehensive understanding of the interactions.

Despite the fact that myelin proteins have been studied
for decades, little structural information is still available on
them or the complexes they form with other molecules
(Kursula 2008). Here, the interaction between CaM and
full-length MBP from brain is studied using affinity and gel
filtration chromatography, surface plasmon resonance
(SPR), isothermal titration calorimetry (ITC), as well as
proteomics and cell biological methods, in order to gain
further insights into the interactions between the full-length
proteins. Small-angle X-ray scattering (SAXS), NMR
spectroscopy, and synchrotron radiation circular dichroism
(SRCD) spectroscopy are also applied to provide 3D
structural information of the complex.

Materials and methods
Proteins and peptides

MBP from pig, mouse, and bovine brain (pMBP, mMBP,
and bMBP, respectively) was purchased from Fermlabs
(Turku, Finland). The preparation is obtained by a chlo-
roform extraction method (Maatta et al. 1997), and mainly
contains the 18.5-kDa isoform (Majava et al. 2008b).
Vertebrate full-length CaM was purified as described
previously (Kursula and Majava 2007). A peptide repre-
senting the C-terminal CaM binding site from mMBP
(HKGFKGAYDAQGTLSKIFK; residues 136-154 of
MBP) was purchased from SBS Genetech (China); the N
and C termini were acetylated and amidated, respectively.

Calmodulin affinity pulldown

Human brain samples were obtained during autopsy
(Department of Pathology, Oulu Central Hospital, Fin-
land). Permission to use human brain tissue for research
was obtained from the Finnish Medico-Legal Council
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(permit 102/32/200/99). Blocks of ~2 cm® of white matter
were dissected from the cerebral hemispheres of an 89-
year-old male patient, with no known neurological dis-
eases, and stored at —20°C in 1 mM EDTA.

For affinity chromatography, a block of white matter
was homogenized in 10 ml of lysis buffer (10 mM HEPES,
pH 7.5, 100 mM NaCl, 0.1% Triton X-100, 10 mM CaCl,)
with EDTA-free Complete protease inhibitors (Roche),
using a glass-teflon homogenizer on ice. The lysate was
clarified by centrifugation at 27,000g for 20 min at +4°C.
1 ml of CaM agarose (Sigma) was equilibrated using the
lysis buffer, and mixed with 5 ml of the lysate at +4°C for
1 h. The mixture was poured into a column and allowed to
drain. The matrix was washed with the lysis buffer until no
more protein eluted (15 x 1 ml). Elution (10 mM HEPES
pH 7.5, 100 mM NaCl, 10 mM EDTA) was carried out
collecting 1-ml fractions.

The samples were analyzed by SDS-PAGE and Coo-
massie staining, and proteins were identified by tryptic
peptide mapping at the Proteomics Core Facility of Bio-
center Oulu.

Size exclusion chromatography

A Superdex 75 HR 10/30 column was operated by the
AKTA purifier system (GE Healthcare) using 20 mM
HEPES pH 7.5, 100 mM NaCl, 20 mM CaCl, as a running
buffer, at a flow rate of 0.5 ml/min. Size exclusion chro-
matography was done for 500-pl samples of 50 pM bMBP
and 50 pM CaM separately, and for complexes mixed with
bMBP:CaM ratios of 1:1, 1:2, and 1:5 (25:25, 25:50, and
25:125 puM, respectively). Mixtures of globular proteins of
known molecular mass (MM) were similarly run through
the column for calibration.

Surface plasmon resonance

The binding of pMBP to immobilized CaM was studied by
SPR using the Biacore 3000 apparatus (GE Healthcare) at
+25°C. CaM was immobilized onto a CM5 chip (GE
Healthcare) as previously described (Majava et al. 2008b).
Dilutions of pMBP were made in the SPR buffer (20 mM
HEPES pH 7.5, 100 mM NaCl, 10 mM CaCl,, 0.004%
surfactant P-20). During the run, a flow rate of 10 pl/min
was used, and duplicate 30-pl injections were made at each
concentration. The data were analyzed using GraphPad
Prism.

Isothermal titration calorimetry
ITC was used to analyze the binding of CaM both to the

mMBP peptide and to full-length pMBP and bMBP, using
the MicroCal VP-ITC (Microcal Inc). CaM and bMBP

were dialyzed against 100 mM HEPES pH 7.5, 20 mM
CaCl,. bMBP (2.5 pM) was titrated with 10-pl injections
of CaM (50 uM), at +20, +25, +30, and +35°C. The
CaM-bMBP interaction was also analyzed in the reverse
manner, i.e., with bMBP in the syringe and CaM in the
measurement cell, at +20 and +25°C.

ITC for CaM binding to pMBP and the mMBP peptide
was carried out similarly, with the following exceptions:
The samples were dialyzed into 20 mM HEPES pH 7.5,
100 mM NaCl, 10 mM CaCl,. The concentrations used in
the peptide complex titration were 8§ pM for CaM and
240 pM for the peptide, and in the pMBP/CaM titration
11 uM for pMBP and 160 uM for CaM. The titration was
carried out at 420 and +425°C (peptide) and +30°C
(pMBP) with injection volumes of 15 pl. The ITC data
were analyzed with MicroCal Origin (MicroCal).

Small-angle X-ray scattering

Synchrotron SAXS data for CaM, pMBP, and the respective
complex at 1:1 and 1:2 MBP:CaM ratios were collected on
beamline 1711 at MAX-Lab, Lund, Sweden (Cerenius et al.
2000). In addition, data were collected on the complex
between CaM and the mMBP peptide. All samples were
dialyzed against the assay buffer (20 mM HEPES pH 7.5,
100 mM NaCl, 10 mM CaCl,). An exposure time of 10 min
was used. Data were processed using the in-house Bli711
software at MAX-Lab, and ATSAS (Konarev et al. 2006) was
used for further data analysis and molecular modeling, as
previously described (Majava et al. 2008b).

NMR spectroscopy

Stable isotope labeled CaM was prepared, and all NMR
experiments were carried out, as previously described
(Majava et al. 2008b). The assignments for the nuclei of
CaM were achieved previously (Majava et al. 2008b).
The assignments for the protein backbone nuclei of the
N-labeled CaM-MBP complex were achieved by the
two-dimensional 'H-">N HSQC spectral changes induced
by titrations of MBP to CaM.

Synchrotron radiation CD spectroscopy

As a synchrotron light source for SRCD (Sutherland 1996),
we used the dipole beamline D12.2-3mNIM-C at BESSY II
(Reichardt et al. 2001). A LiF window (Korth Kristalle
GmbH, Altenholz, Germany) separates the ultra-high vac-
uum of the beamline from the experimental chamber under
atmospheric pressure. As the pressure difference introduces
stress strain birefringence in the LiF window, a MgF,
Rochon polarizer (B. Halle Nachfl. GmbH, Berlin,
Germany) follows in the optical path, ensuring linear
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polarization. A photo-elastic modulator (PEM) (Hinds
Instruments, Hillsboro, USA; model I/CF50) for converting
the linearly polarized light into modulated circularly polar-
ized light was used. The sample was placed in the focus of the
beam, which had horizontal and vertical dimensions (full
width at half maximum) of 1 £ 0.1 and 2 £ 0.1 mm,
respectively. The photon flux at this positionis about I x 10"!
photons/s at a bandwidth of 1 nm. The PEM was calibrated
(Oakberg et al. 2000), and the absolute CD sensitivity was
verified by calibrating with (4-)-10-camphorsulfonic acid.

SRCD data were collected on pMBP (0.6 mg/ml), CaM
(0.9 mg/ml), and their complex at ratios of 1:1
(0.49:0.45 mg/ml) and 1:2 (0.49:0.9 mg/ml). The samples
were dialyzed into 10 mM KPO4 (pH 7.6), and CaCl, was
added to 2 mM immediately prior to measurement. Data
were also collected for samples of pMBP titrated with dif-
ferent concentrations of Zn acetate (in this case, CaCl, was
not added to the dialyzed sample). A rectangular 10- or 100-
pm quartz cuvette was used (Hellma, Miillheim, Germany).
Data processing and analysis were carried out in IgorPro
(WaveMetrics, Lake Oswego, Oregon, USA), using a local
extension for SRCD data. Each spectrum is the baseline
corrected average of three successive scans of the sample
with a stepwise scan rate of 3 s/nm.

Proteomics methods

The preparation of myelin protein extracts (MPE), 3D gel
electrophoresis (3DE), in-gel digestion, and protein and
PTM identification were carried out essentially as descri-
bed earlier (Baer et al. 2009; Majava et al. 2008a). Detailed
protocols are given as supplementary information.

Immunocytochemical methods

Mice

Mice (CD-1 strain) were from the Laboratory Animal Centre
(University of Oulu), and the Animal Welfare Committee
approved their use and the protocols (permit number 035/07).
Antibodies

Primary antibodies were polyclonal rabbit anti-MBP
(Garbay et al. 1988) and monoclonal mouse anti-CaM
Ab-4 (NeoMarkers). Secondary antibodies (Molecular
Probes) were Alexa Fluor 568 goat anti-rabbit IgG (H + L)
and Alexa Fluor 488 goat anti-mouse IgG (H + L).

Cell culture

The isolation, purification, and expansion of myelination-
competent Schwann cells (SC) from 4-day-old mouse pups
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(Honkanen et al. 2007), and the purification and culture of
mouse dorsal root ganglion (DRG) sensory neurons from
14.5-day-old mouse embryos on three-dimensional Matri-
gel™.-coated glass coverslips (Piivildinen et al. 2008),
have been described previously. Myelinating mouse SC/
DRG neuron cocultures were performed as described
(Péiviliinen et al. 2008), using 30,000 SCs and 2 DRGs for
each coculture. Myelination was allowed to proceed for
3 weeks, when myelin sheaths were clearly visible by
phase-contrast microscopy.

Immunocytochemistry

The cocultures were rinsed three times with PBS, fixed
with 2.5% paraformaldehyde in PBS for 10 min at room
temperature (RT), permeabilized for 6 min with ice-cold
methanol, and blocked with 1.5% fetal calf serum (FCS) in
PBS for 1 h at room temperature (RT). Simultaneous
incubation with the anti-MBP and anti-CaM primary anti-
bodies, at final respective dilutions of 1:150 and 1:100 in
PBS containing 1.5% FCS, was carried out overnight at
+4°C, followed by three 10-min washes with PBS.
Simultaneous incubation with goat-anti-mouse and goat-
anti-rabbit secondary antibodies, at final respective dilu-
tions of 1:150 and 1:200 in PBS containing 1.5% FCS, was
carried out for 2 h at RT, followed by two 10-min washes
with PBS. Cell nuclei were stained with 0.2 pg/ml Hoechst
nucleus dye (Sigma) in PBS for 10 min at RT, washed
twice with PBS for 10 min, twice with sterile H,O, and the
coverslips were mounted on microscope slides.

Microscopy

The cultures were routinely checked using a LeicaDMIL
phase-contrast microscope. Immunofluorescence confocal
microscopy of the myelinating cocultures was carried out
with a Zeiss LSM 510 Laser Scanning microscope equip-
ped with Argon (488 nm) and HeNe (excitation 543 nm)
lasers, using a 100x oil immersion objective (Plan-Apo-
chromat 100x/1.4 oil DIC). Images of 11-16 0.2-pm
optical slices (vertical Z-axis) were made for each field.

Results

MBP from human brain white matter binds
to calmodulin

CaM-binding proteins from human brain white matter were
analyzed using calcium-dependent CaM pulldown and
subsequent tryptic peptide mapping of the detected pro-
teins. Out of the five strongest Coomassie-stained bands
from SDS-PAGE (Fig. 1a), four were identified as MBP;
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Fig. 1 Initial binding analyses for MBP and CaM. a CaM pulldown
analysis of human post-mortem brain white matter. The samples are
the first three eluates from the affinity column after washing. The
positions of MM markers (in kDa) are shown on the /left, and the
asterisks denote MBP (*) and MAPK (**). b Size exclusion
chromatography of the bMBP-CaM complex. Positions of MM
markers (in kDa) are shown above the graph. The void volume of the
column is approximately 7.2 ml. The samples are MBP (dashed line),
CaM (dotted line), MBP:CaM 1:1 (thin line), MBP:CaM 1:2 (thick
gray line), and MBP:CaM 1:5 (thick black line). Note the excess CaM
in the 1:5 sample

the 40-kDa protein was identified as a MAP kinase. Thus,
MBP is a quantitatively major CaM-binding protein in
human brain white matter, when a lysate is prepared in the
presence of a mild detergent, 0.1% Triton X-100.

Analysis of the MBP-CaM complex by size exclusion
chromatography

The complex between bMBP and CaM at different stoi-
chiometric ratios was analyzed by size exclusion chroma-
tography (Fig. 1b). CaM (17 kDa) is dumbbell-shaped and
MBP (18.5 kDa) unfolded; thus, their elution volume
corresponds to an apparent MM of 30 kDa. The elution
volumes of the complex in the samples with molecular
ratios of 1:1, 1:2 and 1:5 are close to each other, corre-
sponding to an apparent MM of 50 kDa. In the 1:5 sample,
excess CaM not present in the complex eluted as a separate
peak. In the 1:1 and 1:2 complexes, no peak indicating the

presence of uncomplexed CaM is seen. Hence, all CaM in
these samples is present in the complex with MBP, proving
1:2 complex formation.

From the elution volumes, it can be seen that the
hydrodynamic radius (‘apparent MM’) of the MBP-CaM
complex only exhibits minor differences between the 1:1
and 1:2 stoichiometries. Due to the expected non-globular
nature of both MBP, CaM, and their respective complexes
at different stoichiometric ratios, no direct conclusions can
be made about the MM of the complexes based on size
exclusion chromatography; mobility depends on both size
and shape of the particle, i.e., the hydrodynamic radius.

Full-length MBP has two binding sites for CaM
with sub-micromolar affinity

We studied the interaction of CaM with MBP by ITC
(Fig. 2, Table 1). The experiment was performed with
bMBP, pMBP, and a peptide from mMBP. bMBP was
analyzed in most detail, including a temperature series; AH
was plotted against temperature to obtain the heat capacity
(AC,) for the two CaM-binding sites in bMBP. AC,, can be
used to estimate the surface area buried upon complex
formation. AC, for both binding sites is approximately
—200 cal/molK, indicating that CaM does not collapse
around its binding sites on MBP (in which case, AC, =~
—800 cal/molK would be expected (Brokx et al. 2001)),
and that the buried surface area is likely to be rather small,
possibly involving many electrostatic interactions.

When MBP was present in the measurement cell and
CaM in the syringe, two separate binding sites with dif-
ferent affinity were clearly detected with both bMBP and
pMBP, and thermodynamic parameters could be deter-
mined for both sites. The affinity for the weaker site was in
the 0.1-1 pM range, while the higher-affinity site had
K4 ~ 10 nM (Table 1). When CaM was in the cell and
bMBP in the syringe, the two binding sites are less easy to
distinguish, since first, in excess CaM, a 1:2 complex is
formed, and thus, the titration curve will include a com-
ponent related to the dissociation of CaM from the weaker
binding site. To complement the ITC assays, SPR analysis
of the pMBP binding to immobilized CaM was carried out;
the observed Ky was 148 + 17 nM (Fig. 2c).

The C-terminal region of MBP is assumed to be the
main binding site for CaM; previously, we studied a pep-
tide from this region in hMBP (Majava et al. 2008b). Here,
we additionally analyzed a corresponding peptide from
mMBP. The peptide bound CaM with an affinity in the
10 uM range, i.e., significantly weaker than the full-length
protein. The heat capacity is in the range of —500 cal/
molK, which is indicative of the peptide interacting mainly
with one lobe of CaM (Brokx et al. 2001).
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Solution structures of CaM complexed to full-length
MBP and an MBP peptide

We used synchrotron SAXS to analyze the 3D solution
structures of the complexes between CaM and full-length
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<« Fig. 2 Analysis of the MBP-CaM interaction by calorimetry and

surface plasmon resonance. a ITC titration of CaM into bMBP at
+35°C; the two binding sites are clearly detectable. The points
indicate raw titration data, and the line shows the fit to a 2-site binding
model. b The binding enthalpy for the CaM-bMBP complex as a
function of temperature. Each experiment for the two binding sites
has been plotted separately; the slope of the linear fit gives an
approximation of the heat capacity. Triangles, high-affinity site;
squares, low-affinity site. c. SPR analysis of pMBP binding to
immobilized CaM

pMBP or the mMBP peptide (Fig. 3, Table 2). Taking
CaM as the reference, MMs of the complexes were esti-
mated from forward scattering, 1(0), and excluded volume
of the ab initio model, V,,. The MM of the 1:2 complex
calculated from /(0) is very close to that expected; thus, the
molar ratio of MBP to CaM in the complex is really 1:2.
The 1:1 complex mixture partially precipitated upon
complex formation, followed by apparent resolubilization;
however, the I(0) indicates that some protein was lost.
Comparing the V;, of the 1:1 and 1:2 complexes, their ratio
is 1.5, exactly as expected. This implies that the 1:1 mix-
ture is also in a complex form, being much larger than CaM
or MBP, but smaller than the 1:2 complex. Both of the
MBP-CaM complexes—1:1 and 1:2—have nearly the
same radius of gyration; furthermore, the maximum
diameters of the two complexes are similar to unfolded
pMBP (Table 2), suggesting that MBP remains extended in
the complexes. The distance distributions (Fig. 3b) indicate
that the 1:1 and 1:2 complexes have distinct conformations
in solution.

Table 1 Calorimetric data

Sample T (°C) n AH (kcal/mol) Ky
pMBP 30 0.9 —-2.6 1.6 uM
0.4 —6.6 85 nM
mMBP peptide 25 1.1 —-10.9 12 uM
20 1.1 —8.3 10 pM
bMBP 20 1.2 -29 99 nM
1.2 —11.1 7 nM
25 0.9 —4.5 131 nM
1.2 —11.9 6 nM
30 1.3 —4.8 310 nM
0.7 —-13.0 10 nM
35 1.2 —8.6 715 nM
0.7 —14.0 19 nM
bMBP (reverse) 20 0.5 —26.8 184 nM
25 0.5 —34.8 410 nM

The data are shown for two binding sites, except for the peptide and
the reverse titration with bMBP, for which fitting was done with one
binding site

For the titrations with bMBP, the mean from two experiments is
given. All enthalpy data points are shown in Fig. 2b
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The IDP nature of MBP is shown by the Kratky plot
(Fig. 3c), in which no maximum characteristic of a folded
protein is seen. In line with this, model building results in a
highly elongated unfolded molecule; such behavior of
MBP in aqueous solution is well-characterized (Chao and
Einstein 1970). Ab initio models of the pMBP-CaM
complexes (Fig. 3d) provide a 3D insight into the complex
formation between these two full-length proteins. The 1:1
complex is elongated, with a CaM-sized density present
close to one end of the shape. In the 1:2 complex, the
maximum dimension remains nearly unaltered, but the
shape becomes thicker, with a second CaM molecule
bound towards the other end. This is in line with earlier
predictions and experimental results (Harauz and Libich
2009; Libich et al. 2004).

The CaM-mMBP peptide complex was also analyzed by
SAXS (Fig. 3e, Table 2); the radius of gyration decreased
by approximately 2 A in the presence of the peptide, and
the maximum diameter by 0.5 nm. At the same time, the
apparent MM showed a slight increase. The complex is
slightly more compact than unliganded CaM; however, it is
not as compact as a complex with a fully collapsed con-
formation of CaM. Ab initio molecular modeling (Fig. 3d)
also shows that CaM remains in an extended conformation,
and the peptide binds between the two lobes of CaM. The
results are similar to those obtained using the correspond-
ing peptide from hMBP (Majava et al. 2008b), although the
current complex is slightly more compact. While this
region in MBP has been characterized as the main CaM
binding site (Libich et al. 2003a; Libich et al. 2003b),
depending on the species, there is a 1-residue insertion
within this sequence when compared to hMBP. The results
indicate that the sequence differences in this region
between species may have small effects on CaM binding,
but do not significantly affect complex formation.

NMR analysis of the MBP-CaM complex

NMR spectroscopy was used to identify CaM residues,
whose chemical shifts changed upon binding MBP (Fig. 4).
Although the reduction of signal intensities resulting from
complex formation made the analyses difficult, relevant
information was obtained. The residues with changes in
chemical shifts are mostly concentrated around the
hydrophobic pocket of the CaM C-terminal lobe; identified
residues include Argl06, Leull6, Glyl134, Vall36,
Gly140, Alal47, and Lys148. The fact that chemical shift
perturbations were also observed for residues in the central
helix indicates either bending of the helix upon MBP
binding or a direct interaction between MBP and the cen-
tral helix. The chemical shift perturbations of some resi-
dues, mainly Gly25 and Thr26, of the N-terminal lobe
further suggest that MBP interacts also weakly with the

N-terminal lobe. Taken together, the NMR data show that
MBP interacts mainly with the CaM C-terminal lobe, but
also with the central helix and the N-terminal lobe. These
results are consistent with those obtained using recombi-
nant mMBP (Libich and Harauz 2008) and a human MBP
peptide (Majava et al. 2008b).

Evidence for ligand-induced folding of MBP

SRCD was used to analyze CaM, pMBP, and their complex
at different stoichiometric ratios (Fig. 5a). As expected, the
spectra for CaM and pMBP alone indicate mainly helical
and random coil structures, respectively (data not shown).
A comparison of the spectra for the complexes shows that
for the complexes, the spectrum is approximately that
obtained by a simple summation of the individual spectra
for pMBP and CaM. Thus, either MBP presents no changes
in secondary structure content upon CaM binding, or when
the complex is formed, CaM loses some of its secondary
structure simultaneously.

To further analyze the possibility of ligand-induced
folding of MBP, SRCD spectra were also measured for
pMBP at different concentrations of Zn>' (Fig. 5b), in
potassium phosphate buffer. When Zn®' concentration
reaches a threshold, it induces the folding of pMBP. At the
same time, pMBP becomes very sticky, e.g., binding to the
cuvette (data not shown).

Post-translational modifications of rat brain MBP

MPEs from rat brain were prepared and analyzed by 3DE
(Supplementary Fig. 1). 15 spots representing MBP were
picked and analyzed for the presence of PTMs (Supple-
mentary Table 1); some of the detected modifications have
not previously been characterized, such as the glucosyla-
tion of Asn82 and Asn90 (numbering for the 18.5-kDa
form), while others are well-known (Kim et al. 2003),
including GInl19 deamidation and two phosphorylation
sites, Ser68 and Thr96. PTMs were observed in the pre-
dicted central CaM-binding site and in its vicinity; these
modifications include phosphothreonine 96 and the two
glucosylation sites. No citrullination was detected in any of
the spots, despite citrullination being a common modifi-
cation of MBP. The presence of CaM in the MPE was also
confirmed by mass spectrometry using similar methods
(Supplementary Fig. 2; Supplementary Table 2).

Colocalization of MBP and CaM in cultured myelin
SC/DRG cocultures that have been under myelination-
promoting conditions for 3 weeks contain SCs at all stages

of differentiation. These range from the establishment of
contact with neurons, in which MBP expression is weak,
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Fig. 3 Determination of 3D solution structures. a Scattering data of
PMBP (gray dots), CaM (green dots), 1:1 pMBP:CaM (blue dots) and
1:2 pMBP:CaM (red dots). The fits of the models are displayed as
black lines. b Distance distribution functions. The coloring scheme is
that used in a, except that pMBP is in black. ¢ Kratky plots for CaM
(green) and pMBP (black). d 3D models. From left to right: model of
pMBP (green); superposition of the ab initio models for the 1:1
(orange) and 1:2 (blue) complexes between MBP and CaM; apparent
locations of the bound CaM (magenta) in the 1:1 and 1:2 complexes.
e Solution structure for CaM (blue) and the mMBP peptide bound to
CaM (green). The crystal structure of apo CaM is shown as cartoons

diffuse, and restricted to the perinuclear SC soma and some
processes (Fig. 6a), to “mature” myelin sheaths, where

MBP is expressed strongly in the compacted myelin

Table 2 Results from SAXS analysis

membranes and excluded from the non-compacted com-
partments, such as the Schmidt-Lanterman incisures
(Fig. 6d) and paranodal loops of the nodes of Ranvier (not
shown).

As expected for a molecule involved in signaling path-
ways, CaM is also localized in the SC soma and processes
during the early stages of establishing the SC/neuron
relationship (Fig. 6b). However, although its spatial
expression profile is very similar to that of MBP (Fig. 6a-
b), the two molecules colocalize very little, if at all, at these
stages (Fig. 6¢). Surprisingly, CaM is also expressed, albeit
relatively weakly, in mature myelin sheaths (Fig. 6e),

where it colocalizes clearly with MBP in
myelin membranes (Fig. 6f). CaM also
excluded from the Schmidt-Lanterman

the compacted
appears to be
incisures, like

Sample 10) R, Vo Dpax 1(0)  Volume
(nm) (x10* A% (nm) ratio® ratio®
CaM 13.6 2.2 2.9 65 1 1
pMBP:CaM (1:1) 15.1 3.7 9.0 13 1.1 3.1
pMBP:CaM (1:2) 37.3 3.8 12.6 14 2.7 43
CaM + peptide 145 1.9 3.1 6 1.1 1.1
pMBP 179 54 8.7 16 1.3 3.0

The larger than expected volume for pMBP can be explained by its
highly disordered nature

 Calculated from /(0), comparing to CaM
® Calculated from volume, comparing to CaM

MBP, but, unlike MBP, it is absent from the compacted
membranes immediately bordering the incisures (Fig. 6f).

Discussion

We used full-length MBP from brain to accurately char-
acterize its interactions with CaM in structural and bio-
physical terms, for the first time being able to build an
experimental 3D model for a full-length protein—protein
complex involving MBP, an intrinsically disordered pro-
tein. The earliest reports of an interaction between MBP
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Fig. 4 NMR analysis of labeled CaM in the presence and absence of
bMBP. Lefr: Overlay of "H-'">N HSQC spectra of uniformly '°N-
labeled Ca®*/CaM alone (black) and uniformly '’N-labeled Ca**/
CaM-unlabeled MBP complex (red). The samples contained 0.1 mM
CaM, 120 mM NaCl, 2.5 mM CaCl,, and 50 mM deuterated Tris—
HCI (pH 7.5) in 90% H,O and 10% D,0O. Changes in cross-peak

positions were quantified by [(A®Np,)* + (A'Hp,)M"2 Cross-peaks
showing large shifts and disappearance are shown in red and black
characters, respectively; only peaks assigned exactly have been used
for the purpose. Cross-peaks showing no shifts are boxed. Right: the
residues showing large shifts (red) or disappearance (black) have been
mapped onto the structure of CaM
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Fig. 5 SRCD analysis of the pMBP-CaM complex and zinc-bound
pMBP. In both graphs, raw unsmoothed data are shown; fluctuations
result from rather low concentration and photon flux. a SRCD spectra
of the 1:1 (black) and 1:2 (red) MBP-CaM complexes. The dashed
lines indicate the corresponding summation spectra calculated from
the separately measured components, i.e., pMBP and CaM. b SRCD
spectra of pMBP titrated with zinc acetate

and CaM date back to the early 1980s (Barylko and
Dobrowolski 1984; Grand and Perry 1980; Iwasa et al.
1981), but relevant structural data on the interaction have
been published only recently; the MBP samples used in
these studies were synthetic peptides (Majava et al. 2008b)
or recombinant His-tagged proteins (Libich and Harauz
2008). The presence of two binding sites for CaM on MBP
(Libich et al. 2003b), as well as the IDP nature of MBP
(Harauz et al. 2004; Krigbaum and Hsu 1975), have
brought about difficulties for structural studies. A recent
NMR study shed the first real light on the structural fea-
tures of the MBP-CaM interaction (Libich and Harauz
2008).

CaM is the most prominent calcium sensor in eukaryotic
cells, regulating target proteins, and ultimately transducing
the initial Ca** signal into a wide range of cellular events
and processes. Thus, CaM might be a regulatory element of
the putative signaling and other physiological roles of MBP

@ Springer

in vivo (Boggs and Rangaraj 2000; Boggs et al. 2005;
Boggs et al. 2006). Regulation of protein—-membrane
interactions by CaM has been suggested previously both
for MBP and a protein with similar properties, MARCKS
(Arbuzova et al. 1998; Boggs and Rangaraj 2000; Harauz
et al. 2000; McLaughlin et al. 2005). It is possible that
CaM binding regulates the binding of MBP to the myelin
membrane and other ligands. MBP is highly positively
charged, with pl in the range of 11 (depending on the
isoform), and CaM binding (CaM has a calculated plI of
4.1) is expected to neutralize this charge and affect any
electrostatic interactions. The predicted CaM-binding sites
on MBP are also the regions predicted to be partially
membrane-embedded in the context of the tightly packed
myelin sheath (Harauz and Libich 2009). It is noteworthy
that our preparation of MPEs from rat brain contained
CaM, and that MBP is the quantitatively major CaM ligand
in white matter. Thus, it can be speculated that CaM
binding, dependent on calcium, could regulate the insertion
of MBP into compact myelin during myelin formation. In
this respect, it is also of interest that solid-state NMR
studies have indicated that the C-terminal region of MBP is
relatively mobile in its membrane-associated form (Zhong
et al. 2007), and could, thus, be accessible for interaction
with CaM. The fact that CaM colocalized with MBP in
compact myelin clearly warrants further studies on the role
of CaM in myelin compaction.

We detected a number of PTMs in rat brain MBP,
including glucosylation of Asn82 and Asn90. To our
knowledge, this is the first report of glucosylation of MBP;
interestingly, glucosylated peptides have been developed
over the recent years with mainly diagnostic aims for
multiple sclerosis (Carotenuto et al. 2008; Lolli et al.
2005). The glycosylation of MBP in vitro, by UDP-N-
acetyl-p-galactosamine, has been reported to occur on
Thr95 and Thr98 of human MBP (Persaud et al. 1988).
Both of these residues have also previously been charac-
terized as MAP kinase phosphorylation targets (Atkins
et al. 1999; Boggs et al. 2006; Hirschberg et al. 2003); it is,
thus, of interest that the second most abundant protein
pulled down from human white matter with CaM affinity
chromatography is a MAP kinase, pA2MAPK. The kinase
is most likely bound to MBP and thus observed in the
eluate. In this sense, it is important to note that PLP, MBP,
S-MAG, and p42MAPK have been characterized to form a
complex in Triton X-100 extracts of CNS myelin (Arva-
nitis et al. 2002), and that the p38MAPK has been shown to
be essential for CNS myelination (Fragoso et al. 2007).

While MBP is one of the key examples of IDPs, a
wealth of evidence has accumulated on a possible ligand-
or environment-induced local folding of the protein
(Ahmed et al. 2009; Chao and Einstein 1970; Haas et al.
2004; Harauz et al. 2004; Mendz et al. 1992; Mendz et al.
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(a) (d)

Fig. 6 Immunolocalization of CaM and MBP in myelinating SC/
DRG neuron cocultures. SCs and DRGs were cocultured under
myelination-permissive conditions for 3 weeks, fixed, double-immu-
nolabelled with anti-MBP (red) and anti-CaM (green) antibodies, and
examined by confocal fluorescence microscopy. Scale bars: 10 pm.
Panels a—c: In pre-myelinating SCs associating with neuronal
processes, MBP (red, panel a) and CaM (green, panel b) colocalize
only weakly, if at all (merged image, panel ¢). The inset (¢’) is a
digitally magnified image of the boxed area in panel c: note the quasi-

1995; Polverini et al. 1999). Most of such studies have
concerned the interaction of MBP, or peptides thereof, with
membranes or micelles. Our SAXS and SRCD data indi-
cate that overall, MBP does not contain significant amounts
of folded secondary structure when complexed with CaM.
In a recent NMR study, conformational changes in MBP
were observed in the presence of CaM (Libich and Harauz
2008); these changes involved, however, both the loss and
gain of propensity for secondary structure formation. It is,
indeed, possible that conformational changes occur in MBP
and/or CaM, which neutralize the effect of each other as far
as secondary structure content is concerned, when mea-
sured by CD spectroscopy.

MBP is also known to bind zinc, and the role of this
interaction is assumed to lie in tightening the interaction
between MBP and the inner membrane leaflet, aiding
myelin compaction (Berlet et al. 1994; Cavatorta et al.
1994; Nuzzo et al. 2002; Riccio et al. 1995; Tsang et al.
1997). Zinc deficiency also may lead to neurological dis-
eases of neuronal origin (Whittle et al. 2009). Our SRCD
titration data intriguingly show that, above a certain
threshold of zinc concentration, MBP starts to acquire
o-helical structure. Further structural studies should eluci-
date the interplay at the molecular level between MBP,
zinc, and the membrane.

total segregation of the red and green label illustrating the lack of
colocalization in the SC soma. Panels d—f: In mature myelin, MBP
(red, panel b) and CaM (green, panel e) colocalize (yellow, panel f) in
compacted myelin membranes (CM) and both are excluded from
Schmidt-Lanterman incisures (SL). The inset (f’) is a digitally
magnified image of the boxed area in panel f, showing a Schmidt—
Lanterman incisure and illustrating the presence of MBP in, and the
absence of CaM from, the membranes bordering the incisure

To conclude, as evidenced by our structural and bio-
physical analyses of the complex between full-length CaM
and MBP, upon binding two CaM molecules, MBP remains
extended and CaM does not collapse. The interaction may
also be affected by the wealth of PTMs that have been
characterized for MBP. The high binding affinity and
colocalization in myelin sheaths indicate a possible func-
tion for the CaM-MBP interaction also in vivo.
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