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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
isoforms of varying charge, including C8, in which six arginines are deiminated to the uncharged residue
citrulline. The deiminated form decreases with development, but is increased in patients with the
demyelinating disease multiple sclerosis. Here we investigate the effect of decreased net positive charge
of MBP on its interaction with actin in vitro by comparing a recombinant murine form, rmC1, of the
most highly charged unmodified isoform, C1, and a recombinant analogue of C8 in which six basic residues
are converted to glutamine, rmC8. The dissociation constant of the less charged isoform rmC8 for actin
was a little greater than that of rmC1, and rmC8 had somewhat reduced ability to polymerize actin and
bundle F-actin filaments than rmC1. Moreover, rmC8 was more readily dissociated from actii'by Ca
calmodulin than rmC1, and the ability of the deiminated isoform to bind actin to lipid bilayers was reduced.
These results indicate that electrostatic forces are the primary determinant of the interaction of MBP with
actin. The spin labeled side chains of a series of rmC1 and rmC8 variants containing single Cys substitutions
at seven sites throughout the sequence all became motionally restricted to a similar degree on binding
F-actin, indicating that the entire sequence is involved in interacting with actin filaments or is otherwise
structurally constrained in actin bundles. Thus, this posttranslational modification of MBP, which occurs
early in life and is increased in multiple sclerosis, 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  internodal myelin and is probably involved in adhesion of

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
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the cytosolic surfaces of the multilayered myelin sheath (
3). 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 occur in the radial component, a series of tight
junctions that pass through many layers of mye#n-6).
MBP in solution binds to F-actin in a 1:1 mole ratio and
induces the formation of ordered bundles of F-actin filaments
(7). It also binds to G-actin in solution at an MBP/actin mole
ratio of 1:2 and causes its polymerization into filaments under

1 Abbreviations: C1, naturally occurring, least modified, most
positively charged isoform of 18.5 kDa MBP; C8, naturally occurring,
least positively charged isoform of 18.5 kDa MBP with six Arg
deiminated to Cit; CaM, calmodulin; Cit, citrulline; LUVs, large
unilamellar vesicles; MARCKS, myristoylated alanine-rich C kinase
substrate; MBP, myelin basic protein; MRP, MARCKS-related protein;
OLs, oligodendrocytes; PC, phosphatidylcholine; PG, phosphatidyl-
glycerol; SAILS, small angle integrated light scattering; rmC1, His-
tagged recombinant form of murine C1; rmC8, His-tagged recombinant
analogue of murine C8 with 6 Arg/Lys replaced by GIn.
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that were mutated to Cys and spin-labeled indicated by gray boxes. The

basic residues in rmC1 that were converted to GIn to yield rmC8 are indicated with an arrow. ThaddeWas omitted for clarity.

Adapted with permission from ref6.

otherwise nonpolymerizing low ionic strength conditioBs (
9). The region 9+107 (murine sequence) near a triproline
repeat has similarities to synapsin, also an actin-binding
protein (0).

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
(11). This property may allow it to transmit extracellular
signals to the cytoskeletorl?). MBP also binds C#-
calmodulin (CaM) 13—15), resulting in dissociation of MBP
from actin bundles{) and in depolymerization of actin
filaments bound to MBP in solutior8). CaM-binding also
causes dissociation of the MBP and the MBP-actin complex
from lipid vesicles 11).

MBP (pl ~10) may interact with anionic actin primarily
through electrostatic interactions. The net positive charge o
MBP is modified in vivo by a number of posttranslational
modifications (6—18). The least modified, most highly
charged 18.5 kDa isoform, C1, was used in our previous
study. In the 18.5 kDa charge isoform called C8, six arginines
are enzymatically deiminated to citrulline, decreasing its net
positive charge from-19 to+13 at pH 7.4 19). C8 is thus
the least basic form of the protein. It has a diminished ability
to cause adhesion of lipid bilayers and is dissociated from
the lipid more easily than the least modified, most highly
charged isoform, C1, by salt9, 20). The amount of C8 in

f

myelin decreases during development but occurs in greaterd

amounts in patients with the demyelinating disease multiple
sclerosis (MS) 19, 21).

sites for spin labeling26). We also compare the abilities of
native C1 and C8 to bind actin filaments to lipid bilayers.

MATERIALS AND METHODS

Proteins The unmodified most highly charged recombi-
nant Leu-Glu-Histagged isoform of murine myelin basic
protein (MBP), rmC1, was prepared as descrilizg).(The
guasi-deiminated mutant of murine MBP (rmC8) was gener-
ated from rmC1 by sequential site-directed mutations (first
R25Q, then R33Q, K119Q, R127Q, R157Q, and finally
R168Q, murine sequence numbering) using the QuikChange
protocol (Stratagene, La Jolla, CA) as described previously
(22). The sequences are shown in Figure 1. MBP is highly
conserved between different specigg)( although there is
an R— K substitution at position 119 of murine MBP, one
of the Arg deiminated in human C8. A series of matching
Cys substitutions, S17C, S44C, S67C, H85C, S99C, S129C,
and S159C, was generated in each of rmC1 and rmC8 (Figure
1) for the purpose of site-directed spin labeling by the
sulfhydryl reactive spin label [1-oxyl-2,2,5,5-tetrametioyl-
pyrroline-3-methyl] methanethiosulfonate (MTS-SL) as des-
cribed @6). MTS-SL was purchased from Toronto Research
Chemicals (Toronto, ON). The recombinant proteins were
purified by NP*-NTA chromatography and dissolved in 10
mM Tris-HCI, pH 7.4, containing 10 mM NacCl. They were
iluted with G or F buffer as required. The MHNTA
agarose beads were obtained from Qiagen (Mississauga, ON).

For certain experiments, the natural forms of MBP were

Since naturally occurring C8 is scarce, we previous|y USEd.. The least modified, mOSt hlgh'y polsitively'charged 185
generated by site-directed mutagenesis a quasi-deiminatedDa isoform, C1, was purified from bovine brain MBP, and

form of murine MBP called rmC8, which was designed to
mimic the less cationic, natural form C8. It contains R/RQ
substitutions at the same deimination sites in human MBP
that predominate in chronic MS, and it has properties similar
to those of natural C&@). We produced and characterized
a recombinant murine 18.5 kDa MBP (rmC1), which is
unmodified posttranslationally (except for an LEtdg) @3),

for comparison with rmC8. The recombinant forms have been
shown by experimental and modeling studies to be excellent
analogues of the natural ones in most respedsa2—25),

the most modified, least positively charged isoform, C8, was
purified from human brain MBP as describelB( 28, 29).

A murine recombinant form of the 21.5 kDa isoform of MBP
was a kind gift from J. P. Mueller, Pfizer, Groton, C30j.
Egg L-a-phosphatidylcholine (PC) was purchased from
Sigma (St. Louis, MO).L-a-Phosphatidylglycerol (PG;
prepared from egg PC) was obtained from Avanti Polar
Lipids, Inc. (Alabaster, AL). JH]-Cholesterol was from
Amersham (Baie d'Urfe, QC, Canada).

G-actin and pyrene-labeled actin were purchased from

and the recombinant forms are always comparable to eachCytoskeleton (Denver, CO) and stored lyophilized &C4

other.

The His tag should not be protonated at pH 8, as used in
this study, and the net charge of rmC1i49, whereas that
of rmC8 is +13, as for their natural counterparts. In the
present study, we compare the abilities of rmC1 and rmC8
to polymerize actin and to bundle actin filaments. We
examine the domains of MBP which interact with actin using
rmC1 and rmC8 mutants with Cys substitutions at different

CaM was purchased from Calbiochem (San Diego, CA).
NaATP (grade 1) was purchased from Sigma (St. Louis,
MO). Rabbit anti-actin antibody was purchased from Sigma
(St. Louis, MO), rabbit polyclonal anti-MBP antibody (E5),
IgG fraction, was a gift from Dr. E. Day3(), and goat anti-
rabbit IgG conjugated to HRP was purchased from Jackson
ImmunoResearch Labs (West Grove, PA). ECL Western
blotting reagents were from Amersham.
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Pyrene-Actin PolymerizatiorActin polymerization was buffer) was added to the cuvette, the sample was mixed
determined by monitoring the increase in fluorescence of quickly by inversion, and emission was read until reaching
pyrene-actin §2). A pyrene-actin solution was made in G a steady state. Then a »Q aliquot of 10 X F buffer was
buffer (5 mM Tris-HCI, pH 8.0, containing 0.2 mM NaTP, added, the sample was mixed by inversion, and emission
0.2 mM CacC}, 0.2 mM DTT, 0.001% TX-100)33) at a was read until the value had plateaued again. The G and F
concentration of 3 mg/8.1 mL G buffer and was left to stand buffers contained 0.2 mM Caglthus, the CaM was in the
at room temperature for 1 h. An aliquot was taken for protein Ca&"-bound form. The added mole ratio of actin/MBP/CaM
assay, and the remainder was centrifuged at 10900@ was 2.2:1:1.7. At the end of the experiment, aliquots were
Ti 70.1 rotor for 1 h at 4°C to remove any F-actin. Most of  lyophilized and the actin to MBP ratio in the samples was
the supernatant was carefully removed, and an aliquot wasanalyzed by slot blots.
taken for protein assay by the Bradford meth&d)( An Slot Blot AnalysisThe lyophilized aliquots or pellets after
aliquot (at least 274L) corresponding to 1009 (2.3 nmol) sedimentation were dissolved in 2% SDS, incubated at 37
actin was added to a 0.5 mL glass cuvette for each sample.°C for 15 min, sonicated 2 min at 3T, and incubated again
Sufficient G buffer to give a total volume of 0.45 mL was at 37 °C for 15 min. They were then diluted with Tris-
added; the sample was excited at 365 nm, and emissionbuffered saline (TBS), and the actin to MBP ratio in the pellet
measured at 407 nm for 5 min. For polymerization due to F was analyzed by slot blots by application of 1p0 of
buffer, a 50uL aliquot of a 10 X solution of F buffer (0.5  sample to a nitrocellulose membrane, presoaked in TBS, in
M KCI, 20 mM MgCl,, and 10 mM ATP in G buffer) was  a Bio-Dot SF microfiltration system with a 48-well slot
then added, the sample was mixed by inversion of the format (Bio-Rad Laboratories, Inc., Hercules, CA). The dried
cuvette, and emission was measured for 30 min. For membrane was blocked 1.5 h with 5% skim milk in TBS
measurement of the dependence of polymerization on theand incubated with anti-actin or anti-MBP Ab in 2.5% milk,
amount of C1, rmC1, and rmC8 in G buffer, aliquots followed by incubation with the HRP-conjugated anti-IgG.
containing 10Qg actin (2.3 nmol) were added to test tubes, The membrane was exposed to ECL reagents. Spot densities
additional G buffer (to give a total volume of 0.45 mL after were analyzed using a UVP image analyzer and compared
subsequent addition of the MBP solutions) was added to theto those of the standards in order to quantify the amount of
actin, and baseline emission was read for 5 min. Aliquots of each protein in the sample.
the MBP solutions were added to the G-actin in the test tubes, Turbidity MeasurementsAn increase in turbidity of the
the samples were incubated for 45 min at room temperature,F-actin suspension due to bundling of actin filaments by
and emission was read for 3 min. A &Q aliquot of 10 X rmC1 and rmC8 was measured from the light absorbance at
F buffer (5 mM Tris-HCI, pH 8 containing 2 mM Mggl 360 nm (Abseg) as describedd). A stock solution of 1 mg/

50 mM KCI, 0.2 mM CaCJ, 1 mM NgATP, 0.5 mM DTT, mL actin in G buffer was converted to F-actin in a 1.6 mL
0.001% TX-100) was then added to each sample, the samplegjlass cuvette by addition of 100 of G-actin to 75QuL of
were incubated for 30 min at room temperature, and emissionF buffer. The sample was mixed by inversion, and #bs
was read for 3 min. (The buffers contained 0.001% TX-100 was read at intervals in a Hitachi U3210 spectrometer to
to inhibit sticking of MBP to glass and plastic tubes as used establish a stable baseline reading. Aliquots of rmC1 or rmC8
by Vergees et al. 85) for the study of MARCKS-related  solutions corresponding to 48 and sufficient F buffer to
protein (MRP) with actir) Under similar conditions, at425 make the total volume 1 mL were added to the cuvette. The
°C, the critical concentration of muscle actin has been final concentration of actin was 1Q@y/mL, and the mole
reported as 3@g/mL (36). Dobrowolski et al. §) determined ratio of actin to MBP was 1:1. The sample was rapidly mixed
that, in the presence of MBP, the critical actin concentration by inversion and Abs, read immediately and at intervals
was close to zero. (initially every minute) for 25-60 min.

An amount of rmC1 and rmC8, 18 (1.03 nmol), giving Small Angle Integrated Light Scattering (SAILShe
less than maximal polymerization was chosen for determi- bundling of F-actin by MBP was further monitored using a
nation of the rate of polymerization of 1Q@y (2.3 nmol) small angle integrated light scattering (SAILS) apparatus
actin in the presence and absence of 0.15 M KCI, and for constructed in-house37). The incident beami(= 632.8
determination of the effect of CaM on the rate of depolym- nm) was produced by a 17 mW, vertically polarized,
erization. For determination of the effect of 0.15 M KCI, helium—neon continuous wave laser (Research Electro
aliquots of a 1.5 M KCI solution were added to the rmC1 Optics Inc., Boulder, CO). Samples were loaded inxa 3
and rmC8 solutions, such that the final concentration of KCI mm quartz cuvette (Hellma Canada, Concord, ON, Canada)
in the cuvette, after addition of the rmC1 and rmC8 solutions through which the beam was directed by a coated antire-
to the actin solution, would be 0.15 M. An aliquot containing flection lens (Newport Corp., Mississauga, ON) positioned
100ug actin (2.3 nmol) was added to a cuvette with sufficient slightly in front of the laser. An iris diaphragm collimated
G buffer to give a total volume of 0.5 mL, after addition of the beam and prevented reflected light from contacting the
the rmC1 or rmC8 solutions. The baseline emission of the sample. A diffusing plate (Oriel Corporation, Stratford, CT)
G-actin solution was read for 5 min, and the rmC1 or rmC8 was positioned 40 cm behind the sample to detect the
solution was added. The sample was mixed quickly by scattered light. Two-dimensional images of the scattered light
inversion, and emission was read every min until a steady were taken by a charged couple device (CCD) camera
state level was reached. For determination of the effect of (Princeton Instruments Inc., Trenton, NJ) with a wide-angle
CaM, the polymerization induced by rmC1 and rmC8 was lens (Nikon, Japan), situated 53 cm behind the diffusing plate.
measured similarly except that the total volume of the actin  The diffusing plate detected light scattered by-832.8
rmC1/rmC8 solution was kept at 0.42 mL. After reaching a from the incident beam line. The software program WinView
steady-state level, 30 of a CaM solution (1 mg/mL in G 1.2A (Princeton Instruments Inc., Trenton, NJ) was used to



Charge Modulates Interaction of MBP with Actin

collect and process images. Data were corrected for buffer

scattering, refraction of the beam within the sample, and
footprint effects on the diffusing screen. Scattering is
represented as a function of the scattering vegtwhereq

= (4zn/A)sin(0/2). Here,n = 1.33,4 = 632.8 nm, and =
8.8-32.8.

F-actin was prepared by adding KCIl and Mgfebm stock
solutions to final concentrations of 50 mM and 2 mM,
respectively, to G-actin in G buffer (final actin concentration
10 uM). This stock solution was used to make samples of 5
uM F-actin to which rmC1 or rmC8 was added to produce
final molar ratios of 1:4 or 1:10 MBP/actin. These samples
were incubated at room temperaturg fo h before data
collection and were also allowed to reequilibrate for 5 min
after transfer to the cuvette.

Electron MicroscopyActin polymerized in F buffer, or
actin-C1, actin-rmC1, and actin-rmC8 complexes in F buffer
were used for electron microscopy without centrifugation.
A5 uL droplet of each sample was pipetted onto a Formvar-

coated grid and negatively stained with 2% uranyl acetate.

Biochemistry, Vol. 44, No. 9, 2008527

Preparation of Large Unilamellar Vesiclegliquots of
chloroform/methanol 2:1 solutions of the lipids were com-
bined in the desired mole raticH]-Cholesterol was added
to give a specific activity of 200000 cpm/X0nol of lipid.

The solvent was evaporated under a stream of nitrogen with
the tube maintained at room temperature in a water bath,
and the lipid film was evacuated in a lyophilizer for 2 h.
The dry lipid film was dissolved in £2 mL of benzene,
frozen, and lyophilized overnight. The lipid (@0 xmol)

was hydrated in 50Q:L of modified F buffer, with the
divalent cations omitted. Multilamellar vesicles were pre-
pared by freeze thawing five times using a dry ice/acetone
bath followed by a 40C water bath and dispersing the lipid
by vigorous vortex mixing. They were extruded through 0.1

um pore filters to give large unilamellar vesicles (LUVS),

as described20). LUVs were diluted in modified F buffer
to a final concentration of 1.5 mg or 1.98n0l/100uL.
Determination of Interaction of Actin and MBP Isoforms
with LUVs The natural C1, C8, and the recombinant 21.5
kDa isoforms of MBP were dissolved in modified G buffer

The samples were analyzed in a JEM 1230 transmissionat a concentration of 100g/100uL. An amount of 10Qug

electron microscope (JEOL USA, Inc.) operated at 80 kV.
Digital images of 1024« 1024 pixels were acquired with a
CCD camera (AMT Advantage HR camera system, AMT)
attached to the microscope.

Actin-MBP Sedimentation Assayhe affinities of rmC1
and rmC8 for F-actin were measured using centrifugation
conditions that pellet F-actin plus bound MBP but not free
MBP. Aliquots of rmC1 and rmC8 corresponding to about
0.38 nmol of MBP were added to varying concentrations of
actin from 0.16 to 4uM in a total volume of 1 mL of F

(5.4 nmol) of MBP was added to 106L of LUVSs in
Eppendorf microcentrifuge tubes followed by an aliquot of
G-actin solution containing 240g of G-actin (5.4 nmol).
The sample was incubated at room temperature for 30 min
to allow interaction of the proteins before addition of F
buffer. Then sufficient F buffer (containing divalent cations;
a minimum of 70QuL) 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 temperature.

The samples were centrifuged at 11§030r 15 min at 4

buffer in ultracentrifuge tubes. The samples were incubated °C in an Eppendorf bench centrifuge. The supernatant was

at room temperature for 2 h. They were centrifuged at
10000@ for 2 h at 4°C in a Ti 70.1 rotor in a Beckman

removed, and aliquots were taken for countingd]f
cholesterol, for protein assay, and for running on gels and/

Optima L-90K ultracentrifuge. The supernatants were re- or slot blots. Aliquots for gel electrophoresis were lyophilized
moved and the pellets were analyzed for MBP and actin by and taken up in NuPage sample buffer. The pellets were
slot blots as described above. The concentrations of the rmClredispersed gently in 1 mL of F buffer and placed on a
and rmC8 stock solutions were also checked by slot blots. discontinuous sucrose density gradient in order to separate

The fractions of bound rmC1 and rm{s8,, were calculated
and the data were fit to the functiodh = MBP; x F, + Kq4

x Fu/(1 — Fy) according to Yarmola et al38), where MBR

is the total rmC1 or rmC8 concentration aAdis the total
actin concentration. A similar experiment was carried out
with C1, rmC1, and rmC8 using G buffer and 10 times higher
MBP and actin concentrations.

EPR Spectroscopy-or addition to spin-labeled MBP
samples, actin was dissolved in G buffer without DTT,
containing 0.001% TX-100. Aliquots containing 130 of
actin/200uL were added to 50g/50uL of each spin-labeled
MBP sample in G buffer. The mole ratio of actin to MBP
was 1.09:1. After 30 min at room temperature, 280 of
2X F buffer (without DTT) was added. The samples were
mixed gently and incubated for 30 min at room temperature.
They were centrifuged 15 min in an Eppendorf bench
centrifuge at 900§, the supernatant was removed, and the
pellet was washed once with F buffer. The pellet containing
the F-actin-MBP complex was loaded into a & capillary

lipid-free actin-MBP complexes from lipid-bound MBP

actin complexes. The gradient was prepared by layering 1
mL each of 40% sucrose, 20% sucrose, 15% sucrose, and
10% sucrose, each made up in F buffer, in 5 mL Beckman
Ultra-Clear ultracentrifuge tubes. The samples were centri-
fuged at 10900@ for 18 h at 4°C in a SW 55Ti rotor in a
Beckman Optima L-90K ultracentrifuge. The lipid without
protein sedimented in a hazy band on top of the 10% layer,
whereas the lipid with protein sedimented as sharp bands
which could be clearly seen by eye. The position and
appearance of the band was noted, each sucrose layer was
collected, and the bands were collected separately. After
removal of most of the 40% layer, the bottom of the tube
was washed out with 4.5 mL of F buffer to collect any pellet
at the bottom, and transferred to 13.5 mL Nalgene polycar-
bonate (Ultrabottles) tubes. The bands were also transferred
to 13.5 mL Nalgene polycarbonate tubes and diluted with
10 mL of F buffer. The tubes containing the washed out
pellet from the bottom of the tube and the diluted band

tube for EPR measurement. The EPR spectra were recordeanaterial were centrifuged at 8509 a 70.1 Ti rotor for
in a Bruker ECS 106 spectrometer at room temperature usingl.5 h at 4°C. The supernatant was removed, and aliquots

a microwave power of 10.0 mW, and a modulation amplitude

were taken forJH] counting and protein assay. The pellet

of 1.0 G. The supernatant was assayed for protein and foundwas redispersed in 0.5 mL of water, and aliquots were taken

to contain little protein, but had some detectable EPR signal.

for counting, for protein assay, and for running on gels and/
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Ficure 2: Time dependence of the increase in fluorescence in
arbitrary units (AU) due to polymerization of pyrene-actin induced
by F buffer (solid circles) and by recombinant rmC8 (solid triangles)
in G buffer. F buffer or rmC8 was added at 5 min as indicated by

Ficure 3: Dependence of increase in fluorescence (expressed as
% of maximum value in each case), due to actin polymerization,
on the mole ratio of MBP isoform to actin in G buffer, C1 (closed

circles, solid line); rmC1 (open circles, solid line); and rmC8 (closed
inverted triangles, dashed line). Each sample contained 2.3 nmol
of pyrene-actin. Curves were fit to the data by nonlinear regression
using a sigmoid 5-parameter equation by SigmaPlot. The average
+ range from two experiments is shown for C1 and for one data
point each for rmC1 and rmC8.

the arrow.

or slot blots. Aliquots of the sucrose layers without bands
were counted for3H] and assayed for protein.

Protein was assayed by the Peterson metB8d Samples
were run on NuPage 10% Bis-Tris gels (Novex, San Diego, y|asic, the actin/MBP ratios of the combined solutions were
CA) with known amounts of actin and MBP standards. checked by analysis on slot blots and confirmed to be
Coomassie blue-stained gels were analyzed using a UVPiqentical for each isoform at each of the data points in Figure
image analyzer, and band areas were compared to those 0§ The differences in the curves between rmC1 and C1 may
_the standards in order to quantitate the amount of gach proteirbe due to the contribution of the hexahistidine tag [CMD
in the sample. An amount of 0229 of each protein could  jj| et al., unpublished observations]. Generally, however,
be easily detected on the gels. Slot blots were carried out ashe recombinant rmC1 and natural C1 isoforms have behaved
described above. analogously in many studies, indicating that the former is a
good mimic of the latter32, 23, 15). The polymerization
curves in Figure 3 for rmC21 and rmC8 can be compared,
however, and show that, at low to intermediate molar ratios,
the most highly charged isoform is somewhat more effective
at polymerizing actin than the quasi-deiminated form.

Dobrowolski et al. 8) previously showed that €&CaM
caused depolymerization of actin polymerized by a mixture
of MBP isoforms. Thus, we compared the rates of'Ca
or dimethylated Arg 104 (murine sequence; human is CaM-induced depolymerization of actin polymerized by
Arg107, bovine is 106)41). There are also some minor rmC1 and rmC8. Cd-CaM caused depolymerization of actin
sequence differences between murine and bovine MBP within the presence of rmC8 (Figure 4B) noticeably faster than
conserved replacement27j. However, the sequences of inthe presence of rmC1 (Figure 4A), indicating that it caused
rmC1 and rmC8 are identical except for the replacement of dissociation of rmC8 from actin more readily than the more
6 Arg(Lys) residues with GIn to mimic deimination of 6 Arg  positively charged rmC1. The initial rate of €aCaM-
to Cit in human C8 (Figure 1), and thus can be used to mediated depolymerization in the presence of rmC8 was two
determine the effect of a decrease in net positive charge bytimes greater than in the presence of rmC1 (Table 1). The
6 on the ability of MBP to polymerize actin. In this paper, addition of F buffer after Ca-CaM-induced depolymeri-
MBP is used as a general term for all isoforms of the protein, zation caused repolymerization to similar extents for both
while C1, C8, rmC1, and rmC8 refer to specific natural and rmC1 and rmC8 samples, indicating that CaM was not
recombinant 18.5 kDa charge isoforms. The isoforms C1, interfering directly with polymerization.
rmC1, and rmC8 caused a rapid increase in fluorescence of An increase in ionic strength should inhibit the electrostatic
pyrene-actin in G buffer (shown for rmC8 in Figure 2), interaction between MBP and actin and decrease the rate of
indicating that they caused polymerization of actin. The polymerization. The presence of 0.15 M KCI significantly
fluorescence increase became nearly maximal at a mole raticslowed the rate of polymerization induced by both isoforms.
of each isoform to actin of about 0.5:1 (Figure 3), consistent This allowed comparison of the rate of polymerization by
with previous reports on a mixture of MBP charge isoforms rmC1 and rmC8 under these conditions. Both isoforms
(7, 8), and equivalent to that induced by F buffer (containing induced polymerization at a similar rate (Figure 4C,D,
2 mM MgCl, and 50 mM KCI) (Figure 2). The rate of respectively, Table 1). Measurement of the turbidity of the
polymerization induced by MBP was faster than that induced actin—MBP solutions from the absorbance at 360 nm (not
by F buffer (Figure 2). Because MBP sticks to glass and shown) suggested that both rmC1 and rmC8 caused bundling

RESULTS

Comparison of the Ability of C1, rmC1, and rmC8 To
Cause Actin Polymerization and Filament Bundling.
addition to having a Leu-Glu-Higag, rmC1 and rmC8 differ
from native C1 and C8 in lacking two posttranslational
modifications, an N-terminal acyl chain of-20 carbons in
length, with 4-6 carbons predominatinglQ) and a mono-
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~ / Table 1: Rate of Actin Polymerization and CaM-Mediated

?( 4 A Depolymerization in the Presence of rmCl Relative to rC8

Q 4 rate rate ratio

2. rmC1 rmC8  rmC1/rmC8 n

8 2 1 actin depolymerizationin 4.1+ 0.4 8.8+0.02 0.54+-0.08 2

4 \ presence of CaM

o 11 actin polymerization in 25+01 24+01 1.02£0.06 3

= 0 G buffer+ 0.15 M KCI

b " T " " @ Absolute rates varied from one experiment to another depending
0 40 80 120 160 on the batch of pyrene-actin. However, the relative differences between

5 rmC1 and rmC8 were similar in different experiments. Therefore, the

—~ / rates from a representative experiment are shown and ratios of the rate

<D( 44 B of rmCl-induced depolymerization or polymerization to that of rmC8

~ from n different experiments were averaged to give the mean rate ratios

8 34 shown, &+ standard deviationn(= 3) or range (i = 2).°Rate in

c fluorescence units/min for a representative experiment determined by

8 2 fit of the first 3—4 data points to a straight line using SigmaPlot. Slope

i \ + standard error of the linear regression is shown.

[
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Ficure 4: (A, B) Time dependence of the increase in quorescence
in arbitrary units (AU) due to polymerization of 2.3 nmol of pyrene-
actin induced by 1 nmol of MBP isoform and decrease in
fluorescence due to depolymerization following dissociation of MBP
isoform by 1.8 nmol of CaM for (A) rmC1 and (B) rmC8. CaM
was added at the plateau at the time indicated by the first arrow. F
buffer was added at the time indicated by the second arrow. (C, D) f T
Time dependence of the increase in fluorescence due to polymer-" ' )
ization of 2.3 nmol of pyrene-actin induced by 1 nmol of MBP FIGURE 5: Electron mlcrographs of (a) F-actin obtained by
isoform in the presence of 0.15 M KCl for (C) rmC1 and (D) rmC8. polymerization of G-actin in F buffer; (b) F-actin at higher
In all cases, rmC1 and rmC8 were added at the point of sharp magnification; (c) F-actin in the presence of equimolar rmC1 in F
increase in fluorescence at around 5 min. buffer; (d) F-actin in the presence of equimolar rmC1 in F buffer,
higher magnification; (e) F-actin in the presence of equimolar rmC8
in F buffer at low magnification; (f) F-actin in the presence of
of actin filaments, as found by Barylko and Dobrowolski €equimolar rmC8 in F buffer, higher magnification. Bar indicates

(7) using a mixture of MBP isoforms. This idea was 200 M (&), «m (c, €), 100 nm (b, d, ).

confirmed by electron microscopy using equimolar ratios of whereas undecorated F-actin filaments wete7% nm in
MBP to actin (Figure 5). The bundles in the presence of diameter.

rmC1 and rmC8 appear similar to those caused by C1 (not Small angle integrated light scattering (SAILS) was used
shown for C1) and by a mixture of MBP isoforms reported to quantify the extent of actin bundling effected by rmC1
previously 7). They were generally 3645 nm in diameter, and rmC8. This method has the advantage that it requires
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Ficure 6: Small angle integrated light scattering (SAILS) assay [Total actin](uM)
of the actin-bundling activity of rmC1 (circles) and rmC8 (squares). : B
MBP was added to solutions ofiBVl F-actin to final molar ratios
of 1:10 (open symbols) and 1:4 (closed symbols) MBP:actin, and
the sample was allowed to equilibrate fioh prior to data collection. © 101
Scattering due to F-actin alone is shown for comparison (triangles). LE,
Data are represented as a function of g, where q is equal to the&
magnitude of the momentum transfer vector gnd (4rn/A) sin- T 081
(6/2). Theseq values correspond to scattering angl@sdf 8.8— 3
32.8. £
S 06 -
no dyes, labels, or fixatives and provides a global picture of ‘é
sample properties, rather than the localized information &
obtainable by EM. Scattering from solutions of either G-actin 041
or MBP alone (not shown) did not displaydependent
scattering as expected, as the length scales probed in this g2

experiment (2/q) were much larger than MBP or actin 0 1 2 3 4 5
monomers. Polymerized actin exhibitgedependent scat- [Total actin](uM)

tering (Figure 6), as expected, as the filament length should Fisure 7: Binding of rmC1 (A) and rmC8 (B) to F-actin
exceed the minimum observable length scales. The add't'ondeterminéd from a sedimentation assay. Avergange from an

of rmC1 or rmC8 to F-actin resulted in increased light experiment assayed in duplicate is shown. Data were fit assuming
scattering (Figure 6). Light scattering induced by rmC1 was a single binding site to the function given in Materials and Methods.
greater than that induced by the less cationic rmC8 at MBP/ The fit yielded ak4 of 36.3 nM R = 0.997) for rmC1 and 44.5 nM
actin ratios of 1:10 and 1:4 although the difference appeared(R = 0.995) for rmC8.
to be more marked at a 1:10 ratio. different sites using variants with Cys substitutions. The
Actin—MBP Binding AssayRepresentative equilibrium  spectrum shown in Figure 8B contains a minor sharp
binding curves from a sedimentation assay of rmC1 and component resembling that of spin-labeled MBP in solution
rmC8 with F-actin are shown in Figure 7. The dissociation (Figure 8A), and a major broad component with large
constants for rmC1 and rmC8 were 36.3 nM and 44.5 nM, hyperfine splitting (indicated by an arrow in Figure 8B). The
respectively. In a separate experiment using G-actin, theimmobilized component is due to a larger population of the
natural isoform C1 was included for comparison with the spin-labeled MBP whose spin-labeled side chain is in contact
recombinant ones. C1 and qC1 bound with dissociation with, and probably trapped between, actin monomers in actin
constants of 32.9 nM and 33.2 nM, respectively. However, filaments or between actin filaments in the actin bundles.
this assay requires that the MBP also polymerize and bundleThe mobile component reflects a smaller population, which
the G-actin so that the complex sediments. The rmC8 andis most likely unbound spin-labeled MBP. There was little
actin did not sediment at all actin/rmC8 ratios, probably due protein in the supernatant by a protein assay, but there was
to the decreased ability of rmC8 to bundle actin. Thus, its some EPR signal. Washing the pellet did not remove it
dissociation constant could not be measured by this methodcompletely (Figure 8C), suggesting that it is due to unbound
when using G-actin. spin-labeled MBP in equilibrium with bound spin-labeled
Interaction of Actin with Different Regions of rmC1 and MBP. The separation of the low-field broad peak from the
rmC8. Although MBP was shown to bind to F-actinina 1:1 center peak was 289 G for all spin-labeled Cys at residues
mole ratio, it caused the maximum increase in pyrene-actin 17, 44, 67, 85, 99, 129, and 159 in both rmC1 and rmC8 on
fluorescence at an MBP:actin mole ratio of 0.5:1, suggesting binding to F-actin. This hyperfine splitting value increases
that one molecule of MBP has two binding sites for actin with decrease in mobility. Its similar value for all variants
(7, 8 and Figure 3). Proteolytic fragments of MBP from the indicates a similar degree of immobilization for all residues,
N-terminal half and the C-terminal half both bound to actin despite the fact that some of them in rmC8 (129 and 159)
(8, 9). To determine more precisely which regions of MBP are each separated from anRQ substitution by only one
bind to actin, we investigated the effect of F-actin binding residue. In contrast, there was more variation in the degree
on the EPR spectrum of rmC1 and rmC8 spin labeled at of motional restriction when rmC1 and rmC8 spin-labeled
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Table 2: Actin and MBP Isoforms Associated with Lipid Vesiéles

>

% added protein,ctin/MBP
% added MBP o4 5qdeq at bottom of (m/m)

_ k_Jound_to actinin Sucrose density phound to
lipid vesicles super- gradient lipid
MBP isoform no actin with actinnatan® actin MBP vesicle§®

185kpacCl 95 100 27 0 0 08009
L 185kDaC8 91 95 16 13 5 04
215kDaMBP 95 100 47 o o 07

apPC/PG 4:1 (m/m) LUVs. Initial mole ratio of actin/MBP isoform
was 1:1.° After low-speed centrifugation in an Eppendorf centrifuge.
¢ After high-speed ultracentrifugation of the low-speed pellet on a
sucrose density gradieritTwo lipid protein bands were recovered from
the sucrose density gradient partway into the 10% layer and on top of
the 15% layer for C1. One band was recovered for C8 and the 21.5
kDa isoform halfway into the 10% layer in each case.

w

O

protein remaining in the supernatant was determined by a
protein assay, and the relative amounts of MBP and actin
were determined by separation on gels and comparison of
band densities with standards as reported previously; (
, , , i , , as well as by slot blots. The pellets were then resuspended
3300 3320 3340 3360 3380 3400 in F buffer and ultracentrifuged at high speed (109§)Gth
Magnetic Field (Gauss) a discontinuous sucrose gradient in order to separate any
FiGURE 8: EPR spectra of spin-labeled rmEC85 (A) in F buffer actinr—MBP complex unbound to lipid from a lipid-bound
and (B) bound to an equimolar amount of F-actin in F buffer (pellet MBP—actin complex and MBPlipid or protein-free lipid
before washing), and (C) pellet after washing with F buffer. The yegjcles. Bands and different sucrose layers were collected

spectrum in part A is characteristic of rapid isotropic motion. All . . .
of the spin-labeled MBPs in F buffer gave spectra virtually identical &1d the amounts of lipid, actin, and MBP in each were

to that in part A and similar to those in parts B and C when bound determined. _

to F-actin. F-actin caused motional restriction of the spin labeled  In the absence of actin, most of the C1 and C8 were bound
side chain of MBP resulting in the broad spectral component whose tg the LUVs (Table 2). In the presence of actin, none of the
low-field pea}k is indicated by an arrow in part B. The sharp spectral C1 or C8 was found in the supernatant, but further analysis
component is due to unbound spin-labeled rmC1 and can be partly h dth Ith h all of the C1 ’b d to LUV
removed by washing, giving the spectrum shown in part C. The showed that although all of the was bound to S, not
fraction of spin label giving rise to the broad spectral component all of the C8 was bound to LUVs. In the presence of C1,
in parts B and C is significantly greater than that giving rise to the 27% of the actin remained in the supernatant (Table 2).
sharp component, since the area of the peak is proportional to theyjtracentrifugation of the pellet on a sucrose density gradient

amount of spin label contributing to the peak. Since the high-field ;
broad peak was of lower intensity, the hyperfine splitting values showed that the actifC1 complex was bound to the LUVs

were obtained from spectra of washed pellets, such as that showrl tWO opague lipie-protein bands partway into the 10%
in part C, by measuring the separation of the broad low-field peak sucrose layer and on top of the 15% sucrose layer. In the
(at the point of maxium intensity) from the center peak at the point absence of MBP, actin does not sediment with the lipid
S oo o o e ey SIS i vesicles . Thus acin i bound 1o the pic-bound C1
significant motior?al restriction of all of the spin-labeled side chains? Althoqgh t_he lipid/ protel_n ratio of the two bands d|ffere_d,
guantification of the actin and C1 in the bands by densito-
on different residues were bound to lipid vesicles or to CaM metry of Coomassie blue-stained gels or by slot blots
(26, 24). This supports the conclusion that the immobilization indicated a similar actin/C1 mole ratio, 0.8:1 in the lower
of spin-labeled residues by F-actin is due to restriction of density band and 0.9:1 in the higher density band, close to
MBP side chain motion within the bundles. the starting ratio of 1:1 (Table 2). No protein was found at
Comparison of the Ability of C8 and C1 To Bind Actin to the bottom of the tube, indicating that there was no actin
LUVs. Our earlier sedimentation analysiklf showed that C1 complex not bound to lipid. The actiC1 complex in
C1 bound to PC/PG 4:1 (mol/mol) large unilamellar lipid the absence of LUVs sediments to the bottom of the tube
vesicles (LUVs) binds F-actin bundles to the surface of the and can be seen as a pellet; 100% of the added protein is
LUVs. To determine if a decrease in the net positive charge recovered in this pelleti(l).
of C1 decreases its ability to bind actin to negatively charged In the presence of C8, although only 16% actin remained
PC/PG 4:1 LUVs, the naturally occurring, less charged in the supernatant, another 13% was found at the bottom of
deiminated C8 form of MBP was compared to the C1 form. the sucrose density gradient complexed to a small amount
The interaction of actin with membrane-bound C1 and C8 of C8 (Table 2). An opaque lipidprotein band which
was determined from cosedimentation of actin and C1/C8 sedimented halfway into the 10% sucrose layer contained
with the LUVs. The samples were first centrifuged for 15 84% of the added C8 and 30% of the actin. The remaining
min at 1180@, a low speed at which uncomplexed MBP, actin may have been distributed throughout the gradient due
G-actin, and F-actin did not sediment and could thus be to dissociation during centrifugation. The actin/C8 mole ratio
separated from the MBPF-actin complex and protein-bound in the protein-LUVs complex was 0.4:1, significantly less
LUVs (11). The latter can be sedimented at this low speed than the starting ratio. Thus, C8 could also bind F-actin to
in the high-salt F buffer usedll). The total amount of  LUVSs, but not as much as C1 did. Actin binding caused
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dissociation of some C8 from the LUVs resulting in some peptide, even when bound to acidic lipidsQ). A similar
lipid-free C8-actin complex. This dissociation did not occur effect for MBP would allow it to bind actin while simulta-

for C1, even for LUVs containing only 10% acidic lipid, neously binding to the lipid negative surface charge. How-
which bind less C1 than LUVs containing 15% or more ever, an increase in the net negative surface charge of the
acidic lipid (11). lipid bilayer due to an increase in the ratio of negatively

Contribution of Exon Il in 21.5 kDa Isoform of MBP to  charged to neutral lipid1(1) repels actin, but C1 remains
Actin Binding.MBP also occurs as size isoforms from 14 to bound to the lipid. Reduction of the net positive charge of
21.5 kDa. The 21.5 kDa isoform contains an additional C8 would also increase the net negative surface charge of
pepnde segment encoded by exon I, which is absent in thethe C8-I|p|d bilayer and repel actin. ThUS, the reduction of
18.5 kDa form. Since there is some similarity between the net positive charge of C8 reduces its ability to bind
exon Il segment (5984) of the 21.5 kDa isoform of MBP ~ Simultaneously to negatively charged lipid and negatively
and the actin-binding protein synapsit0), in addition to ~ charged actin.
that in the 93107 triproline region (126136 of 21.5 kDa However, despite its reduction in net charge by 6, rmC8
sequence), we also determined the ability of recombinantwas still able to polymerize and bundle actin and to bind it
21.5 kDa MBP to bind actin to LUVs. The domain encoded to lipid vesicles, although it was somewhat less efficient in
by exon |l has a grea‘[er linear positi\/e Charge density than these functions than rmC1, particularly at low rmCS8 to actin
the rest of the protein. However, its binding of actin to the ratios. This may be due to its greater dissociation constant
LUVs was similar to or a little less than that of 18.5 kDa for actin. The rates of polymerization by rmC1 and rmC8 in
C1. In the single lipig-protein band recovered from the the presence of 0.15 M KCI were similar. At a roughly
bottom of the 10% sucrose level of the sucrose density €quimolar ratio of actin to MBP, electron microscopy
gradient, the actin/MBP mole ratio was 0.7:1 (Table 2). The indicated that actin bundles of similar structure were induced
unbound actin was found in the low-speed supernatant, anddy both rmC1 and rmC8, and spin-labeled residues on rmC8,
there was no protein at the bottom of the gradient. In a lacking 6 basic residues, were immobilized similarly to those
separate study, the 21.5 kDa isoform has been found toin rmC1. The domain of 21.5 kDa MBP encoded by exon
polymerize and bundle actin somewnhat less efficiently than I, which also has similarities to synapsin and has a higher

the 18.5 kDa isoform (rmC1)4Q). linear charge density than the rest of the protein, does not
seem to contribute to actin binding, since the exon211.5
DISCUSSION kDa isoform of MBP bound actin to the lipid bilayer less

well than the 18.5 kDa form lacking this exon ll-encoded

MBP binds to G-actin and causes its polymerization, and sequence. It also polymerized and bundled actin somewhat
it bundles actin filaments7( 8). Other highly basic polyca-  |ess efficiently than the 18.5 kDa isoforn4d). The
tionic proteins such as histone, polyamines, fesselin, andcomparable rate of polymerization induced by rmC8 and
calponin @#3—46) and peptides such as the basic effector similar degree of interaction of actin with spin-labeled
domain of MRP, similar to that of MARCKS, also increase residues of rmC8 despite its reduced electrostatic interactions
the rate of polymerization of actin and bundle actin filaments suggests that hydrophobic and/or hydrogen bonding interac-
(38, 47, 48), indicating that electrostatic interactions are a tions may also contribute to actin b|nd|ng by MBP. Pheny|-
major determinant of actin polymerization and bundling alanyl residues in the MARCKS/MRP effector domain were
activity. Therefore, it was expected that a less charged found to contribute to its actin-binding affinitg®) and rate
isoform of MBP might not bind, polymerize, and bundle actin of E-actin nucleation47), and MBP contains two sets of

as well as the most positively charged isoform. Inhibition phe-Phe pairs at positions 423 and 86-87 (murine
of polymerization by rmC1 and rmC8 in the presence of 0.15 sequence numbering, Figure 1).

M KCI confirmed that electrostatic interactions contribute  Egarlier studies indicated that MBP had two actin-binding
to actin binding by MBP. Furthermore, CaM caused more sjtes, one in the N-terminal and another in the C-terminal
I’apid dissociation of rmC8 from actin than rmC1. CaM has portion @) However, we show that Spin labels bound to
been found to bind to both rmC1 and rmC8 in a’Ga  Cys at different positions throughout the sequence of rmC1
dependent way and with similar or slightly diminished and rmC8 were immobilized to a similar extent by actin
affinity for rmC8 relative to rmC1; however, rmC1 has only pinding. This result suggests that the entire molecule is
one CaM binding site whereas rmC8 may have an additionaljnyolved in binding to two actin monomers or cross-linking
site (15, 49). Thus, the greater ability of CaM to cause actin filaments, and thus is structurally constrained, in
dissociation of rmC8 may be due to greater binding or greater contrast to its flexibility in solution. Basic residues are
accessibility of a binding site of rmC8 to CaM, or to the distributed throughout the sequence and may serve to anchor
lower affinity of rmC8 for actin. the entire molecule to actin. MBP is an intrinsically
In experiments with lipid-bound actin and natural MBP unstructured proteirb—54), similar to MARCKS and other
charge isoforms, C8 also did not bind actin filaments to lipid regulatory proteins in cells, giving it sufficient flexibility to
bilayers as well as C1. This could be partly due to a lower bind to a charged surface over its entire length and to acquire
affinity of C8 for the lipid than C1, since some C8 also whatever local conformation is necessary to optimize binding
dissociated with the actin, and partly due to a higher net to several different targets. Unlike MBP, however, intact
negative surface charge of the bilayer in the presence of C8, MARCKS does not bind to G-actin or induce polymerization
which repels the actin under conditions where the actin of actin although it binds to F-actin and bundles actin
remains bound to lipid-bound C1. In the case of the filaments §5), whereas intact MRP did not cause bundling
MARCKS effector domain, theoretical calculations showed although it binds to F-actirbg). This difference in behavior
that the electrostatic potential was quite positive above the of the intact proteins from the effector domain is probably
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due to the fact that the sequence of MRP and MARCKS
outside the effector domain is highly acidic.

Jones et al.§7) 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. Polycationic proteins such as MBP can
interact with a number of polyanionic proteins and surfaces
such as cytosolic membrane phospholipids, actin, microtu-
bules, and polynucleotides. Myelin basic protein can also
bind to microtubules in vitro §8). Isoforms of MBP
containing the segment encoded by exon Il have been found
to also localize in the nucleus, where they may bind to
polynucleotides, whereas the isoforms lacking this segment
mainly bind to the cytosolic surface of the membra88) (
Such a variety of interactions may play a physiological role,
especially for a protein as abundant in OLs and myelin as
MBP.

Colocalization studies by immunohistochemistry in im-
mature cultured oligodendrocytes (OLs) indicate that MBP
is closely associated with microtubules and actin microfila-
ments 60). MBP might also bind actin to microtubules. In
Shiverer mouse OLs which lack MBP, actin microfilaments
are not colocalized with microtubular structures as they are
in the wild-type OLs 61). Since MBP can bind actin to the
lipid bilayer, it may also be able to bind F-actin to the
cytosolic side of the plasma membrane of the oligodendro-
cyte or to the cytosolic side of myelin. The radial component
found in compact myelin contains tubulin, actin, MBP,
CNPase, and glycosphingolipidd—6). Although the pri-
mary function of MBP seems to be to cause adhesion
between the cytosolic surfaces of myelin, it may have other
functions as well. Indeed, many cytoskeletal proteins are
multifunctional 62). MBP may also play a role in signaling
in oligodendrocytes and myelin. Anti-galactosylceramide
antibody mediates signals which cause depolymerization of
the cytoskeleton and other signal transduction events in
cultured OLs. MBP is required for these effects, suggesting
that it is involved in transduction of the signdl3).

CONCLUSIONS

The results presented here show that deimination of MBP,
which occurs during development or in MS, could modulate
this protein’s ability to polymerize actin and to bind it to
the lipid bilayer, and increase its susceptibility to CaM-
mediated dissociation from actin. Ongoing studies in our
laboratory with phosphorylated MBP indicate that this
posttranslational modification has a similar effe@8)( and
a synergy between several different kinds of posttranslational
modifications, as well as lipid- and CaM-binding, might be
operative in vivo.
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