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Effect of Phosphorylation of Myelin Basic Protein By MAPK on its Interactions
with Actin and Actin Binding to a Lipid Membrane in Vitfo

Joan M. Boggs,** Godha RangardjWen Gao} and Yew-Meng Hengy

Division of Structural Biology and Biochemistry, Research Institute, and the Department of Paediatric Laboratory Medicine,
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Medicine and Pathobiology, Unmérsity of Toronto, Toronto, Ontario, Canada M5G 1L5

ABSTRACT. Myelin basic protein (MBP) binds to negatively charged lipids on the cytosolic surface of
oligodendrocyte membranes and is most likely responsible for adhesion of these surfaces in the multilayered
myelin sheath. It can also polymerize actin, bundle F-actin filaments, and bind actin filaments to lipid
bilayers through electrostatic interactions. MBP consists of a number of posttranslationally modified isomers
of varying charge, some resulting from phosphorylation at several sites by different kinases, including
mitogen-activated protein kinase (MAPK). Phosphorylation of MBP in oligodendrocytes occurs in response
to various extracellular stimuli. Phosphorylation/dephosphorylation of MBP also occurs in the myelin
sheath in response to electrical activity in the brain. Here we investigate the effect of phosphorylation of
MBP on its interaction with actin in vitro by phosphorylating the most highly charged unmodified isomer,
C1, at two sites with MAPK. Phosphorylation decreased the ability of MBP to polymerize actin and to
bundle actin filaments but had no effect on the dissociation constant of the-d&m complex or on

the ability of C&"-calmodulin to dissociate the complex. The most significant effect of phosphorylation

on the MBP-actin complex was a dramatic reduction in its ability to bind to negatively charged lipid
bilayers. The effect was much greater than that reported earlier for another charge isomer of MBP, C8,
in which six arginines were deiminated to citrulline, resulting in a reduction of net positive charge of 6.
These results indicate that although average electrostatic forces are the primary determinant of the interaction
of MBP with actin, phosphorylation may have an additional effect due to a site-specific electrostatic
effect or to a conformational change. Thus, phosphorylation of MBP, which occurs in response to various
extracellular signals in both myelin and oligodendrocytes, attenuates the ability of MBP to polymerize
and bundle actin and to bind it to a negatively charged membrane.

Myelin basic protein (MBP)is 30% of the total protein
and about 10% of the dry weight of myelin. It is bound to
the cytosolic side of the oligodendrocyte (OL) membrane,
primarily through electrostatic interactions with acidic lipids
(reviewed in refl). It is present throughout compact
internodal myelin and is probably involved in adhesion of
the cytosolic surfaces of the multilayered myelin sheath (
3). However, it may have other functions as well. MBP is
an intrinsically unstructured proteid<7), giving it sufficient
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flexibility to bind to a charged surface over its entire length
and to acquire whatever local conformation is necessary to
optimize binding to several different targets. Such proteins
are often multifunctional regulatory proteir®)(In addition

to negatively charged lipids, MBP interacts with polyanions
such as actin filament®{11) and microtubules in vitrol2)

and binds to other ligands such as’Gaalmodulin (CaM)
(13—15). Size isoforms of MBP containing the segment
encoded by exon Il also have been found to localize in the
nucleus, where they may bind to polynucleotide§) (Jones

et al. (L7) have pointed out that the interaction of proteins
with polyanions such as actin is characterized by a lower
degree of specificity, albeit high affinity, than for other
intermolecular interactions. These interactions may neverthe-
less be functional.

Another function of MBP may be to interact with the
cytoskeleton in oligodendrocytes, in cytosolic inclusions in
myelin, and even in compact myelin, where MBP, actin, and
tubulin may be associated with the radial component, a series
of tight junctions that pass through many layers of myelin
(18). MBP in solution binds to F-actin in a 1:1 mole ratio
and induces the formation of ordered bundles of F-actin
filaments Q). It also binds to G-actin in solution at an MBP/
actin mole ratio of 1:2 and causes its polymerization into
filaments under otherwise nonpolymerizing low ionic strength
conditions (0, 11).
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We showed earlier that MBP could bind actin filaments
to the surface of negatively charged lipid vesicles, suggesting
that it may be able to act as a membrane actin-binding protein
(19). This property may allow it to participate in signaling
(20). Ca*-calmodulin (CaM) dissociates MBP from actin
bundles 9) and from actin filaments, resulting in their
depolymerization10). CaM-binding also causes dissociation
of MBP and the MBP-actin complex from lipid vesicles
(19, 22).

MBP (pl ~ 10) interacts with G-actin and F-actin through
electrostatic interactions. These interactions are inhibited by
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an increase in salt concentration and by a decrease in the

net positive charge of MBP due to a variety of posttransla-
tional modifications 21, 22), including substitution of Gin
for six Arg (21) to mimic a naturally occurring charge isomer,
C8, in which six Arg are posttranslationally deiminated to
citrulline (Cit) (23). This decreases its net positive charge
from +19 to+13 at pH 7.4. MBP is also modified in vivo
by Ser/Thr phosphorylation2d—26). Phosphorylation of
MBP in the myelin sheath is altered in response to the nerve
action potential27—29) and in oligodendrocytes in culture
in response to extracellular ligands or to depolarizati (
30—32). Phosphorylation increases tBesheet structure of
MBP in solution @3, 34), alters the interaction of MBP with
lipid bilayers @5), and decreases the ability of MBP to
aggregate lipid vesicles6, 37). MBP is phosphorylated at

—C5
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Ficure 1. Alkaline tube gels of P-C1 (1), C1 (2), and unfractionated
bovine MBP (3). The positions of the charge isomers C1, C2, C3,
C4, and C5 are indicated, although there is little C4 and C5 in this
sample of bovine MBP. Mass spectrometry confirmed that there
were two moles of phosphate per mole of P-C1.

bands on alkaline gels, termed C1, C2, C3, C4, and C5
(Figure 1), and can be fractionated by carboxy methyl cellu-
lose (CMC) chromatography at alkaline pH. C3 and C5 differ
from C1 by an increase in negative charge-&f and—4,
respectively. C8, in which six Arg are deiminated to Cit,

several sites in vivo including Thr 97 (bovine sequence), does not enter the gel and elutes from the CMC column in
one of two sites phosphorylated by MAP kinase in vitro, the void volume. Preliminary trials showed that samples
the other being Thr 9438—40). The region 93-109 (bovine incubated fo 3 h with only one addition of MAPK and ATP
sequence) near a triproline repeat has similarities to synapsinyesulted in two bands migrating similarly to C1 and C3, while
also an actin-binding proteid{). This region also comprises  the second addition of MAPK and ATP and overnight
a putative SH3-ligand with PRTP (residues-®8), a PXXP incubation resulted in varying proportions of two bands
SH3-target consensus sequerd®.(In this paper, we have  migrating similarly to C3 and C5 (Figure 1); most prepara-
phosphorylated bovine brain C1, the least modified, most tions had primarily one band migrating similarly to C5. Thus,
highly charged 18.5 kDa isomer of MBP, at Thr 94 and Thr the latter most likely had two moles of phosphate per mole
97 using mitogen-activated protein kinase (MAPK) and of protein. This was confirmed by mass spectrometry which
studied the interaction of the phosphorylated isomer, P-C1, showed that the predominant species after phosphorylation
with actin and its ability to bind actin filaments to lipid had a molecular weight of 18 524 compared to 18 364 for
surfaces. the starting material, C1l. Sham phosphorylation in the
MATERIALS AND METHODS absence of enzyme but in the presence of ATP did not affect

the migration of C1 on the alkaline gel. Analysis by PAGE
Proteins The least modified, most highly positively on 10% NuPage Bis-Tris gels showed no degradation of

P-C1 after phosphorylation. All of the studies reported in
this paper were carried out with preparations migrating like
C5. However, no difference in behavior from preparations
containing a mixture of C3 and C5 was observed.

Egg L-a-phosphatidylcholine (PC) was purchased from

charged 18.5 kDa isomer, C1, was purified from bovine brain
MBP as described@). It was phosphorylated with MAPK
by adapting the method of Erickson et é@8). Hirschberg

et al. @0) have recently reported that MAPK phosphorylates
MBP at both Thr 94 and Thr 97 and that a singly phos-

phorylated isomer was not observed after MAPK phospho- Sigma (St. Louis, MO).L-a-Phosphatidylglycerol (PG;
rylation. Recombinant p42 MAPK was purchased from New prepared from egg PC) anda-phosphatidylinositol (PI)
England Biolabs and stored a80 °C. An aliquot (15uL) were obtained from Avanti Polar Lipids, Inc. (Alabaster, AL).
containing 1500 units was diluted with 114 of 20 mM [®H]-Cholesterol was from Amersham (Baie d’'Urfe, QC,
Hepes at pH 7.5. A solution of ATP (540 nmol/3iB) was Canada).

made in the same buffer containing 27 mM magnesium G-actin and pyrene-labeled actin were purchased from
acetate. A solution of 1 mg/0.5 mL C1 in 20 mM Hepes, Cytoskeleton (Denver, CO) and stored lyophilized &C4

pH 7.5 was combined with 125L of diluted MAPK and CaM was purchased from Calbiochem (San Diego, CA).
375uL of ATP solution and incubated at 3@ for 3 h. An Na2ATP (grade 1) was purchased from Sigma (St. Louis,
additional 1500 units MAPK and 374L of ATP solution MO). Rabbit anti-actin antibody was purchased from Sigma
was added, and the sample was incubated a4C3vernight. (St. Louis, MO), rabbit polyclonal anti-MBP antibody (E5),

It was centrifuged in a Microcon-3 at 140§04°C, and the IgG fraction, was a gift from Dr. E. Day46), and goat anti-
retentate was recovered and assayed for protein by therabbit IgG conjugated to HRP was purchased from Jackson
Peterson assay4) and run on alkaline-urea tube gels as ImmunoResearch Labs (West Grove, PA). ECL Western
described45). Naturally occurring MBP migrates as several blotting reagents were from Amersham.
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Pyrene-Actin PolymerizatiorActin polymerization was  that the total volume of the actifiMBP solution was kept
determined by monitoring the increase in fluorescence of at 0.45 mL. After a steady-state level was reached, 2.5
pyrene-actin47). Actin and pyrene-actin were combined in  of a CaM solution (1 mg/mL in G buffer) was added to the
a 10:1 ratio and a solution was made in G buffer (5 mM cuvette, the sample was mixed quickly by inversion, and
Tris-HCI, pH 8.0, containing 0.2 mM NATP, 0.2 mM emission was read until reaching a steady state. In some
CaCl, 0.2 mM DTT, 0.001% TX-100)48) at a concentra-  cases, a 5@L aliquot of 10x F buffer was then added, the
tion of 3 mg/8.1 mL G buffer and was left to stand at room sample was mixed by inversion, and emission was read until
temperature for 1 h. An aliquot was taken for protein assay, the value had plateaued again. The G and F buffers contained
and the remainder was centrifuged at 10@900a Ti 70.1 0.2 mM CaC}; thus, the CaM was in the €abound form.
rotor for 1 h at 4°C to remove any F-actin. Most (80%) of The added mole ratio of actin/MBP/CaM was 2.9:1.0:2.0.
the supernatant was carefully removed, and an aliquot wasAt the end of the experiment, aliquots were lyophilized and
taken for protein assay by the Bradford methd@)( An the actin-to-MBP ratio in the samples was analyzed by slot
aliquot (at least 274L) corresponding to 100g (2.3 nmol) blots.
of actin was added to a 0.5 mL glass cuvette for each sample. Slot Blot AnalysisThe lyophilized aliquots or pellets after
Sufficient G buffer to give a total volume of 0.45 mL was sedimentation were dissolved in 2% SDS, incubated at 37
added; the sample was excited at 365 nm, and emission wasC for 15 min, sonicated 2 min at 3T, and incubated again
measured at 407 nm for 5 min. For polymerization due to F at 37 °C for 15 min. They were then diluted with Tris-
buffer, a 50uL aliquot of a 10« solution of F buffer (0.5 M buffered saline (TBS), and the actin-to-MBP ratio in the
KCI, 20 mM MgClk, and 10 mM ATP in G buffer) was then  pellet was analyzed by slot blots by application of 100
added, the sample was mixed by inversion of the cuvette, of sample to a nitrocellulose membrane, presoaked in TBS,
and emission was measured for 30 min. For measuremenin a Bio-Dot SF Microfiltration system with a 48-well slot
of the dependence of polymerization on the amount of C1 format (Bio-Rad Laboratories, Inc., Hercules, CA). The dried
and P-C1 in G buffer, aliquots containing 10 of actin membrane was blocked 1.5 h with 5% skim milk in TBS
(2.3 nmol) were added to test tubes, additional G buffer (to and incubated with anti-actin or anti-MBP Ab in 2.5% milk,
give a total volume of 0.45 mL after subsequent addition of followed by incubation with the HRP-conjugated anti-IgG.
the MBP solutions) was added to the actin, and baseline The membrane was exposed to ECL reagents. Spot densities
emission read for 5 min. Aliquots of the MBP solutions were were analyzed using a UVP-Image Analyzer and compared
added to the G-actin in the test tubes, the samples wereto those of known amounts of actin and MBP standards to
incubated for 45 min at room temperature, and emission wasquantify the amount of each protein in the sample.
read for 3 min. A 50uL aliquot of 10x F buffer (5 mM Electron Microscopy.Actin polymerized in F-buffer,
Tris-HCI, pH 8 containing 2 mM MgG| 50 mM KCl, 0.2 actin—C1 and actin-P-C1 complexes, and actiC1—-LUVs
mM CaCk, 1 mM NgATP, 0.5 mM DTT, 0.001% TX-100) in G or F buffer were used for electron microscopy without
was then added to each sample, the samples were incubatedentrifugation. A 5uL droplet of each sample was pipetted
for 30 min at room temperature, and emission was read for onto a Formvar-coated grid and negatively stained with 2%
3 min. (The buffers contained 0.001% TX-100 to inhibit uranyl acetate. The samples were analyzed in a JEM 1230
sticking of MBP to glass and plastic tubes as used by transmission electron microscope (JEOL USA, Inc.) operated
Vergaes et al. §0) for the study of MARCKS-related protein  at 80 kV. Digital images of 1024x 1024 pixels were
(MRP) with actin) Under similar conditions, at-425 °C, acquired with a CCD camera (AMT Advantage HR camera
the critical concentration of muscle actin has been reportedsystem, AMT) attached to the microscope.
as 30ug/mL (51). Dobrowolski et al. {0) determined that Oligodendrocyte Culture and Confocal MicroscofRat
in the presence of MBP, the critical actin concentration was spinal cord oligodendrocytes were cultured for 7 days, fixed
close to zero. with 4% paraformaldehyde, permeabilized with 0.1% Triton

An amount of C1 and P-C1, 1&g (0.81 nmol), giving X-100, stained with monoclonal mouse anti-MBP (IgG)
less than maximal polymerization was chosen for determi- specific for residues 131136 of human MBP (purchased
nation of the rate of polymerization of 1Q@y (2.3 nmol) from Sternberger Monoclonals, Inc., Lutherville, MD),
actin in the presence and in the absence of 0.15 M KCIl anddonkey Cy“2-conjugated-anti-mouse 1gG (from Jackson
for determination of the effect of CaM on the rate of ImmunoResearch Laboratories, Inc.) and rhodamine-conju-
depolymerization. For determination of the effect of 0.15 M gated phalloidin (from Molecular Probes, Eugene, OR), and
KCI on polymerization of actin in G buffer, the pyrene-actin examined by confocal microscopy as described previously
(2.3 nmol of actin) was prepared in 0.40 mL of G buffer, 50 (52).
uL aliquots of a 1.35 M KCI solution was added, and the  Actin—MBP Sedimentation Assdihe affinities of C1 and
emission of the G-actin solution was read for-3tb min. P-C1 for F-actin were measured using centrifugation condi-
To determine the effect of MBP in 0.15 M KClI, the pyrene- tions that pellet F-actin plus bound MBP but not free MBP.
actin (2.3 nmol of actin) was prepared in 0.385 mL of G Aliquots of C1 and P-C1 corresponding to 0.38 nmol of MBP
buffer, the baseline emission was read for 5 min, andl50  were added to varying concentrations of actin from 0.16 to
of 1.35 M KCI and 15ug of MBP/15uL was added. The 4 uM in a total volume of 1 mL of F buffer in ultracentrifuge
sample was mixed quickly by inversion, and emission was tubes. The samples were incubated at room temperature for
read every minute for 3060 min. An aliquot (50uL) of 2 h. They were centrifuged at 100@Pfbr 2 h at 4°C in a
10x F buffer was then added to determine fluorescence dueTi 70.1 rotor in a Beckman Optima L-90K ultracentrifuge.
to maximum polymerization. For determination of the effect The supernatants were removed, and the pellets were
of CaM, the polymerization induced by C1 and P-C1 in G analyzed for MBP and actin by slot blots as described above.
buffer without added KCI was measured similarly except The concentrations of the C1 and P-C1 stock solutions were



394 Biochemistry, Vol. 45, No. 2, 2006 Boggs et al.

also checked by slot blots. The fractions of bound C1 and

P-C1, F,, were calculated, and the data were fit to the 31 A /
functionA: = MBP{F, + KFy/(1 — Fp) according to Yarmola g‘ 0
et al. 63), where MBRis the total C1 or P-C1 concentration 3
andA; is the total actin concentration. g 15 -
F-Actin-Bundling Assayarying amounts of C1 or P-C1 g . ‘(L
in F buffer were added to 2 nmol of G actin followed by 2 \
sufficient F buffer (at least 0.75 mL) to adjust the final 54
volume to 1 mL. The samples were incubated for 30 min at o
room termperature and centrifuged in an Eppendorf centri- o 20 40 60 80 100 120
fuge at 15009 for 15 min to sediment bundled actin 25 1 B

filaments, as describe84). The supernatants were removed, 204 /

and aliquots of the supernatant were lyophilized and dis-

solved in 2% SDS for analysis on slot blots as described 15 1

above. 10
Determination of Interaction of Actin and MBP Isomers \

with Large Unilamellar Vesicles (LUVsExtruded LUVs 51

of varying lipid composition and containing trace amounts 0
of [3H]-cholesterol were prepared in modified F buffer with »

0
the divalent cations omitted, at a final concentration of 1.5 C
mg of lipid or 1.95umol/100 uL as described previously 20 4
(29, 21, 37). An amount of 10Q«g (5.4 nmol) of C1 or P-C1
in 100 uL of modified G buffer was added to 1Q@L of b
LUVs followed by an aliquot of G-actin solution containing 10 4 \
240ug of G-actin (5.4 nmol). The sample was incubated at l
room temperature for 30 min to allow interaction of the %

proteins before addition of F buffer. Then sufficient F buffer 0
(containing divalent cations; a minimum of 70Q.) was

added to bring the total volume to 1.0 mL. The samples were *]
mixed gently and incubated for an additional 30 min at room 20 - \
temperature. -
The samples were placed on a discontinuous sucrose
density gradient to separate lipid-free actviBP complexes 10
from lipid-bound MBP-actin complexes. The gradient was 5
prepared by layering 1 mL each of 40% sucrose, 20%

sucrose, 15% sucrose, and 10% sucrose, each made up in F 0
buffer, in 5 mL Beckman Ultra-Clear ultracentrifuge tubes.
The samples were centrifuged at 1096@6r 18 h at 4°C

in a SW 55Ti rotor in a Beckman Optima L-90K ultracen-
trifuge. The lipid without protein remained in the agueous
layer above the 10% sucrose layer, whereas the lipid with
protein sedimented on top of the 10% layer or further into
the gradient as opaque bands which could be clearly seen
by eye. The position and appearance of the band was noted,
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each sucrose layer was collected, and the bands were 0 T m s v o
collected separately and diluted with F buffer. After most
of the 40% layer was removed, the bottom of the tube was Time (min)

washed out with F buffer to collect any pellet at the bottom. FiGure 2: (A, B) Time dependence of the increase in fluorescence
Aliquots were taken for3H] counting, protein assay, and N arbitrary units (AU) due to polymerization of 2.3 nmol of

. . yrene-actin induced by 0.8 nmol of MBP isomer and decrease
analysis by slot blots. Protein was assayed by the Petersorﬁ] fluorescence due to depolymerization following dissociation of

method 4). Aliquots for slot blots were lyophilized and  pmBP isomer by 1.6 nmol of CaM for (A) C1 and (B) P-C1. MBP

taken up in 2% SDS. was added at the time indicated by the first arrow and CaM was
added at the plateau at the time indicated by the second arrow. (C,
RESULTS D, E) Time dependence of the increase in fluorescence due to

polymerization of 2.3 nmol of pyrene-actin in (C) 0.15 M KCl in
Comparison of the Ability of C1 and P-C1 to Cause Actin G buffer, (D) in 0.15 M KCI in G buffer containing 0.8 nmol of

ot : . . C1, and (E) 0.15 M KCl in G buffer containing 0.8 nmol of P-C1.
Polymerization and Filament Bundlingioth C1 and its The KCI solution with or without MBP was added at the time

phosphorylated isomer P-C1 caused a rapid increase inindicated by the first arrow. F-buffer was added at the time indicated
fluorescence of pyrene-actin in G buffer, indicating that they by the second arrow.

caused polymerization of actin (Figure 2A,B). Ata 0.5to 1
mole ratio of C1 to actin, the fluorescence increase is MgCl, and 50 mM KCI) @1), and P-C1 caused a similar
equivalent to that induced by F buffer (containing 2 mM increase in fluorescence at this ratio (Figure 3). However,
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6 - An increase in ionic strength at 0.15 M KCI decreases
the rate of polymerization induced by MBP, indicating that
5 it inhibits the electrostatic interaction between MBP and actin

(21, 22). The presence of 0.15 M KCI in G buffer caused
much slower polymerization than F buffer (Figure 2C) and
significantly slowed the rate of polymerization induced by
both isomers in G buffer (Figure 2D,E). The subsequent
addition of F buffer caused a more rapid increase in
fluorescence, indicating that the higher KCI concentration
did not prevent polymerization induced by Mg and ATP.
The addition of 0.15 M KCI allowed comparison of the
rate of polymerization by C1 and P-C1 under these condi-
tions. The rate of polymerization caused by P-C1in 0.15 M

IS
1

Fluorescence (AU)
w
1

0 ' ' ' ! ' ! KCl was significantly less than that by C1 (Figure 2D,E and
0.0 0.2 0.4 0.6 0.8 1.0 Table 1).
MBP/actin (m/m) MBP has been shown to bundle actin filamerfls 10,

Ficure 3: Dependence of increase in fluorescence in arbitrary units 21, 22). Electron microscopy showed that most of the F-actin
(AU), due to actin polymerization, on the mole ratio of MBP isomer \y55 pundled in the presence of C1, while a significant

to actin in G buffer, C1 (closed circles, solid line) and P-C1 (open - .
circles, dashed line). Each sample contained 2.3 nmol of pyrene amount of unbundled actin filaments could be seen in the

actin. Curves were fit to the data by nonlinear regression using a Presence of P-C1, along with bundled actin filaments (Figure
sigmoid 4-parameter equation by SigmaPlot. A representative 4 A,B,D,E). The actin bundles in the presence of P-C1

experiment (of three) is shown. appeared thinner and longer than those with C1 (Figure
4A,B) and with little or no branching (Figure 4E) in contrast
Table 1: Rate of Actin Polymerization in the Presence of Cl to those with C1 (Figure 4D) However, P-C1 caused

Relative to P-C1 sedimentation of almost as much actin on low speed

rate ratio C1/P-C1 centrifugation as C1 (Figure 5), indicating that although the

actin polymerization in G buffer 1.1 0.13 actin filaments were bundled by P-C1 more loosely, they
actin polymerization in G buffet- 0.15 M KCI 26+14 were sufficiently cross-linked to sediment at this low speed.
2 Rate of polymerization was determined by fit of the first8data Actin-MBP Binding AssayRepresentative equilibrium

points to a straight line using SigmaPlot Absolute rates varied from binding curves from a sedimentation assay of C1 and P-C1
one experiment to another depending on the batch of pyrene-actin. it F-actin after high-speed centrifugation to sediment actin

However, the differences between C1 and C8 showed the same trendf.I ¢ h in Fi 6. The di iati tant
in different experiments. Therefore, the ratios of the rate of Cl-induced llaments are snown In Figure ©. 1he dissociation constants

polymerization to that of P-C1 from three different experiments were for C1 and P-C1 were 5 1 nM and 47+ 3 nM,
averaged to give the mean rate ratios showrstandard deviation. respectively (mean of two experimentsrange). Thus, there

was no significant difference in the binding affinity of the
at lower P-C1-to-actin ratios, the increase in fluorescence two isomers for F-actin.
was less than that induced by C1 (Figures 2B and 3). The MBP Can Bind Actin to Negatély Charged Lipid Vesicles
rate of polymerization induced by both isomers was faster and is Colocalized with Actin in OligodendrocytddBP
than that induced by F buffer, and phosphorylation of C1 binds tightly to acidic lipids through electrostatic interactions,
did not affect the rate significantly compared to C1 (Table as it does to actin. Our earlier sedimentation analys® (
1). An inflection was observed in the plot of fluorescence showed that membrane-bound C1 could also bind to mon-
vs mole ratio of Cl/actin at a mole ratio of about 0.5:1 omeric G and filamentous F-actin. Furthermore, EM shows
(Figure 3), consistent with previous reports on a mixture of that C1 bound to PC/PG 4:1 (mol/mol) large unilamellar lipid
MBP charge isomers showing that MBP induced maximum vesicles (LUVSs) binds F-actin bundles to the surface of the
polymerization at a MBP/actin mole ratio of 0.5:9, (L0). LUVs (Figure 4F,G). Similar results were seen in the
The further increase in fluorescence above this ratio, wherepresence of G buffer (not shown), indicating that C1 could
the solution became noticeably cloudy, may be due to light cause polymerization of G-actin and bundling of actin
scattering due to bundling of actin filamen® 21). Because  filaments while bound to lipid. Thus, it can simultaneously
MBP sticks to glass and plastic, the actiMBP ratios of bind to actin and to a negatively charged lipid surface,
the combined solutions were checked by analysis on slot blotssuggesting that it may be able to serve as a membrane actin-
and confirmed to be identical for each isomer at each of the binding protein.
data points in Figure 3. Although MBP is distributed homogeneously on the
Ca*-CaM causes depolymerization of actin polymerized cytosolic side of the membrane sheets produced by oligo-
by MBP (10), and it caused more rapid depolymerization of dendrocytes in culture and most of the MBP and actin in
actin in the presence of the less charged recombinant formoligodendrocytes are not colocalized, Figure 7 c,f shows that
of C8 than the more positively charged recombinantZ1). ( some MBP is colocalized with actin, particularly on the edge
Thus, we compared the rates ofC&aM-induced depo-  of the membrane sheets. Thus, MBP may be involved in
lymerization of actin polymerized by C1 and P-C1 (Figure binding actin to the membrane at these sites where membrane
2). There was no consistent difference in the rate of sheet extension occurs.
C&*-CaM-mediated depolymerization in the presence of Comparison of the Ability of C1 and P-C1 to Bind Actin
P-C1 compared to C1 over a number of experiments (notto LUVs.To determine the effect of phosphorylation of C1
shown). on its ability to bind actin to a negatively charged lipid
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|. ) r ; , : - mlb
Ficure 4: Electron micrographs of (A) F-actin in the presence of equimolar C1 in F-buffers-2amicrons; (B) F-actin in the presence
of equimolar P-C1 in F-buffer, bar 2 microns; (C) F-actin in F-buffer, ba= 100 nm; (D) as in (A) but higher magnification, bar100
nm; (E) as in (B) but higher magnification, bar 100 nm; (F) F-actin in the presence of equimolar C1 and PC/PG 4:1 LUVs; 1580
nm; (G) as in (F) but higher magnification, bar 100 nm.

surface, actin and C1 or P-C1 were added to PC/PG ora greater ability of C1 to aggregate the LUVs and cause their
PC/PI LUVs of varying ratio of neutral to acidic lipid. The sedimentation, and partly to increased actin binding to the
samples were centrifuged at high speed (109p0th a C1-LUVs with a decrease in the surface charge of the
discontinuous sucrose gradient to separate any-abtBP LUVs, as reported previously3y, 19). The actin-C1
complex unbound to lipid from a lipid-bound MBRactin complex in the absence of LUVs sediments to the bottom
complex and MBP-lipid or protein-free lipid vesicles. Bands  of the tube and can be seen as a pellet; 100% of the added
and different sucrose layers were collected, and the amountsrotein is recovered in this pellel9). In the presence of
of lipid, actin and MBP in each were determined by slot LUVs, there was very little CZactin complex not bound to
blot analysis as reported previoushio( 21). lipid vesicles at the bottom of the gradient. Some of the actin
Most of the C1 and actin were found bound to lipid found at low density for PC/PG 8:2 vesicles (Figure 8A)
vesicles in distinct opaque bands at different sucrose densi-may have been in solution and not bound to the-ClVs,
ties. In the absence of C1, actin does not sediment with theas found previously19), but it was not complexed to lipid-
lipid vesicles (9). The pattern of distribution on the sucrose free C1, as the actinC1 complex would have sedimented
gradient showed that the samples were heterogeneous (Figuré the bottom of the gradient.
8). However, more of the lipid and protein, both C1 and  The distribution pattern of P-C1 bound to PC/PI 8.5/1.5
actin, sedimented to higher densities as the amount of LUVs on the gradient was similar to C1 (Figure 8C).
charged lipid in the vesicles decreased. This is due partly toHowever, for LUVs containing more acidic lipid, the
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were found in a protein complex at the bottom of the tube.
Thus, P-C1 does not support binding of actin filaments to
lipid vesicles at mole percentages of acidic lipid of 17.5%
or greater, in contrast to C1. This is not due to a failure of
P-C1 to bind to the lipid vesicles. In the absence of actin,
all of the P-C1 was bound to PC/PG 8/2 LUVs and caused
their sedimentation to the 10% sucrose level, similar to C1
(not shown). However, it is possible that the binding affinity

of P-C1 for lipid is less than C1.

DISCUSSION

MBP binds to G-actin and causes its polymerization, and
it bundles actin filaments9( 10). Other highly basic
polycationic proteins such as histone, polyamines, fesselin,
and calponin§5—58) and peptides such as the basic effector
domain of MRP, similar to that of MARCKS, also increase
the rate of polymerization of actin and bundle actin filaments

duplicate analyses are shown. Five-parameter sigmoidal curves werd23: 59, 60), indicating that electrostatic interactions are a

fit to the data using SigmaPlot.

1.2
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Ficure 6: Binding of C1 (A) and P-C1 (B) to F-actin determined
from a sedimentation assay. Averagigange from an experiment
assayed in duplicate is shown. Data were fit assuming a single
binding site to the function given in Methods. The fit yieldetza

of 52.0 nM R=0.996) for C1 and 50.5 nMR = 0.950) for P-C1.

A repeat experiment gave similar results. The medanange of

the two experiments is given in the text.

distribution pattern of P-C1 on the gradient was distinctly
different from C1. In the case of PC/PI 8.25/1.75 LUVS,
only 40% of the actin was associated with P-C1-LUVs,
mostly in a band containing very little lipid at 40% sucrose
(Figure 8B). Another lipid-protein band found at the 20%
level contained more lipid and P-C1, but little actin. Most
of the actin (60%) and 22% of the P-C1 were found in a
protein complex with little lipid at the bottom of the tube.
The mole ratio of actinP-C1 in this complex is 1.1, a little
higher than the starting ratio. For PC/PG 8/2 LUVs, almost
none of the actin and only 15% of the P-C1 were associated
with lipid vesicles (Figure 8A). Most of the actin and P-C1

major determinant of actin polymerization and bundling
activity. A charge isomer of MBP, rmC8, in which the net
positive charge was decreased frert9 to+13 at pH 7.4
(due to Arg-to-GlIn substitution in the recombinant form to
mimic Arg deimination to Cit in the natural form) had a
somewhat lower affinity for F-actin, was dissociated faster
by Ca&*-CaM, and did not bundle F-actin as well as the more
highly charged isomer rmC2Y). In experiments with lipid-
bound actin and natural MBP charge isomers, C8 also did
not bind actin filaments to lipid bilayers as well as C1. In
contrast to rmC8, P-C1, with a reduction in net positive
charge of 2-4, had a similar binding affinity for actin in
the presence or in the absence of CaM. However, it
significantly decreased the rate of actin polymerization in
0.15 M KCI and did not bundle F-actin as tightly as C1,
even at a 1:1 mole ratio, while rmC8 behaved similarly to
rmC1 in these respects. EM showed that F-actin bundles in
the presence of rmC8 were similar to those in the presence
of rmC1 at a 1:1 mole ratio, although light scattering
measurements indicated that the ability of rmC8 to bundle
actin at lower MBP/actin mole ratios was decreased. The
ability of P-C1 to bind actin to LUVs relative to C1 was
also diminished more than that of C8. This suggests that
phosphorylation at the MAPK sites, Thr 94 and 97, decreased
the electrostatic interaction of C1 with actin even more than
the loss of six Arg at sites spread throughout the sequence,
residues 25, 33, 119, 127, 157, and 168. The greater effect
of phosphorylation at Thr 94 and 97 may be due to a
concentration of increased negative charge in one domain
of the protein. Phosphorylation of C1 inhibits actin polym-
erization and cross-linking of filaments with each other and
with a negatively charged lipid surface but does not inhibit
binding to F-actin. This is consistent with earlier studies
indicating that MBP has at least two actin-binding siteH (
Phosphorylation may interfere with only one of these, while
deimination, which is spread over the entire sequence, may
interfere with both but in a less severe way.

The reduced ability of P-C1 and C8 to bind actin to
negatively charged lipid surface could be partly due to a
lower affinity of P-C1 and C8 for the lipid than C1, since
some P-C1 and C8 also dissociated with the actin. Although
C1, P-C1, and C8 were entirely bound to vesicles with at
least 20 mol % acidic lipid in the absence of actin, their
binding affinity to lipid has not been measured. C8 and other
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Ficure 7: Confocal microscope images of cultured oligodendrocytes fixed, permeabilized, and costained with mouse anti-MBP Ab and
Cy™2-conjugated-anti-mouse 1gG (green) (a, d) and rhodamine-conjugated phalloidin (binds to F-actin) (b, €). Panel (c) is the merged
image of a and b, and (f) is the merged image of d and e. Several cells are presehfliwd representative images are shown. Colocalization

of MBP and actin is seen at the edges of the membrane sheets as well as on veins. Sea?® par in each case.

natural charge isomers of MBP, and C1 phosphorylated ata Colocalization studies by immunohistochemistry in im-
different site by rabbit muscle protein kinase have a reduced mature cultured OLs indicated that MBP is closely associated
ability to aggregate lipid vesicled 9, 36, 37). A higher net with microtubules and actin microfilament§2). Here we
negative surface charge of the bilayer in the presence of theshow that some MBP is also colocalized with actin at the
less positively charged P-C1 and C8 would also contribute edge of membrane sheets of OLs where it might bind actin
to reduced actin binding since a more negatively chargedto the membrane and participate in membrane sheet exten-
surface repels the actin under conditions in which the actin sion. MBP might also bind actin to microtubules.Shierer
remains bound to lipid-associated C1. An increase in the netmouse OLs, which lack MBP, actin microfilaments are not
negative surface charge of the lipid bilayer due to an increasecolocalized with microtubular structures as they are in the
in the ratio of negatively charged to neutral lipid repels actin, wild-type OLs 63). Compact myelin also contains MBP,
while C1 remains bound to the lipid ). In the case of the  actin, and tubulin18, 64, 65). They may be associated with
MARCKS effector domain, theoretical calculations showed the radial component, a series of tight junctions that passes
that the electrostatic potential was quite positive above the through many layers of compact myelin. They can be isolated

peptide, even when bound to acidic lipiddL). A similar in a low density, glycosphingolipid/cholesterol-enriched
effect for MBP would allow it to bind actin while simulta-  Triton X-100 insoluble fraction from myelind-6, 62, 66),
neously binding to the lipid negative surface charge. and electron microscopy has shown that this residue from

Although the primary function of MBP seems to be to myelin resembles the radial compone#jt (A similar Triton
cause adhesion between the cytosolic surfaces of myelin, itX-100 insoluble fraction from oligodendrocytes resembles
may have other functions as well. Polycationic proteins such intact cytoskeletonf2). Thus, MBP-containing membrane
as MBP can interact with a number of polyanionic proteins domains associated with the cytoskeleton may be present in
and surfaces such as cytosolic membrane phospholipidspoth myelin and oligodendrocytes.
actin, microtubules, and polynucleotidds). In addition to Phosphorylation of MBP can regulate its ability to bind
actin, MBP can also bind to microtubules in vitr@2j. actin filaments to the lipid membrane. This is an additional
Isoforms of MBP containing the segment encoded by exon regulatory mechanism in addition to those of?G&aM
Il have been found to also localize in the nucleus, where binding, increase in membrane surface charge, and deimi-
they may bind to polynucleotides, whereas the isoforms nation reported earlied @, 21). Phosphorylation of a number
lacking this segment mainly bind to the cytosolic surface of of membrane actin-binding proteins such as MARCKS,
the membranel). Such a variety of interactions may play myosin Il, annexin Il (calpactin 1), and synapsin regulates
a physiological role, especially for a protein as abundant in their interaction with the cytoskeleton and the membr&de (
OLs and myelin as MBP. 67—70). Both oligodendrocytes and myelin contain several
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kinases that can phosphorylate MBP on Ser and Thr and
phosphatases that can mediate rapid turnover of phosphate
groups (reviewed in re¥1). Turnover was highest in the
most mature myelin12). We have shown that the p42/p44
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MAPK in myelin is active and phosphorylates exogenous
MBP (66) and endogenous MBP present in a complex with
other myelin proteins and MAPK7B3, W. Min and J. M.
Boggs, unpublished). Thus, mechanisms are present in both
oligodendrocytes and myelin to regulate the interaction of
MBP with actin by phosphorylation.
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