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ABSTRACT: The 18.5 kDa myelin basic protein (MBP), the most abundant splice isoform in human adult
myelin, is a multifunctional, intrinsically disordered protein that maintains compact assembly of the myelin
sheath in the central nervous system. Protein deimination and phosphorylation are two key posttranslational
modifications whose balance determines local myelin microdomain stability and function. It has previously
been shown that MBP in solution causes both polymerization of G-actin to F-actin and bundling of the
microfilaments, and binds them to a negatively charged membrane. However, the binding parameters, and the
roles of different possible interacting domains of membrane-associated MBP, have not yet been investigated.
Here, we compared the interaction of unmodified (rmC1) and pseudodeiminated (rmC8) recombinant murine
MBP (full-length charge variants), and of two terminal deletion variants (rmAC and rmAN), with actin in
the presence of DPC (dodecylphosphocholine) to mimic a membrane environment. Our results show that
although both charge variants polymerized and bundled actin, the maximal polymerization/bundling due to
rmC1 occurred at a lower molar ratio compared to rmCS8. In the presence of DPC, rmC1 appeared to be more
active than rmCS8 in its ability to polymerize and bundle actin, and the binding affinity of both charge variants
to G-actin became higher. Moreover, of the two deletion variants studied in the presence of DPC, the one
lacking the C-terminal domain (rmAC) was more active compared to the variant lacking the N-terminal
domain (rmAN) but exhibited weaker binding to actin. Thus, whereas the N-terminal domain of MBP can be
more important for the MBP’s actin polymerization activity and membrane-association, the C-terminal
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domain can regulate its interaction with actin.

The myelin basic protein (MBP)' family of proteins has been
known as central nervous system (CNS) self-antigens, which can
induce experimental autoimmune encephalomyelitis in mice,
amodel for the inflammatory component of demyelinating disea-
ses such as multiple sclerosis (MS) (/). The most studied candi-
date autoantigen in MS is the “classic” 18.5 kDa MBP isoform
that originates from transcription start site 3 of the gene (2).
This isoform is preponderant in the adult human CNS, where it
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maintains the compact multilamellar myelin assembly by adhe-
sion of the apposing cytoplasmic leaflets of the oligodendrocyte
membrane (3, 4).

The predominant 18.5 kDa isoform (from now on referred to
as MBP for simplicity) belongs to the class of intrinsically dis-
ordered proteins, many of which are multifunctional and partici-
pate in signal transduction (3, 6). Due to its intrinsically disordered
nature, the structural flexibility of MBP enables it to interact with
many different partners in the CNS, including with calcium-
activated calmodulin (Ca-CaM), actin, tubulin, SH3-binding
proteins, and divalent metal cations (7—11). Unmodified MBP
is an extremely positively charged protein (+19 at neutral pH)
and exists as a number of charge components or isomers due to a
wide variety of posttranslational modifications, such as methyl-
ation, phosphorylation, and deimination (/2). The “dynamic
molecular barcode” of these combinatorial modifications modu-
lates the interaction of MBP with the membrane and with other
ligands (13, 14).

Though originally MBP was considered to be simply a structural
component of myelin, many additional investigations have demon-
strated that MBP is a multifunctional protein. It has been shown
that MBP in vitro interacts with cytoskeletal proteins (7—9, 15—17).
Specifically, in solution, it causes polymerization of G-actin to
F-actin and bundling of the microfilaments. This function is
modulated by posttranslational modifications of MBP, primarily
phosphorylation and deimination, and reversed by binding of
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Ca-CaM (8, 16—18). Moreover, MBP has been shown to interact
simultaneously with actin and lipid vesicles, thus supporting its
suggested role in the organization of the actin cytoskeleton and in
tethering it to the inner leaflet of the oligodendrocyte mem-
brane (16). In oligodendrocytes cultured from the shiverer mouse
(which lacks MBP), actin filaments appeared to be disorganized,
and the cell processes were smaller than normal with a larger cell
body (19—21). Altogether, these diverse observations suggest
that the interaction of MBP with cytoskeletal proteins is crucial
for oligodendrocyte function.

The interaction of MBP with actin is mostly electrostatic and
has been shown to be inhibited by increasing salt concentration
and by two posttranslational modifications resulting in the de-
crease of the net positive charge of MBP (phosphorylation and
deimination) (8, 17, 18). Since MBP—lipid interaction involves
induced ordered secondary structure (primarily a-helical) (22—30)
and since different segments of the MBP polypeptide chain are
embedded in the lipid bilayer, it is expected that some of the posi-
tively charged residues of the membrane-associated protein will
be masked or less accessible for interactions with other partners.
Therefore, the interaction of MBP with actin is expected to be
different in aqueous solution and in a lipidic environment; parti-
cularly, the stoichiometry and the strength of binding can be altered.

In this paper, we have studied the interaction parameters
(polymerization and bundling) of recombinant murine MBP
(rmMBP, first the unmodified rmC1 variant) and actin in the
presence of dodecylphosphocholine (DPC) micelles (detergent
with critical micelle concentration of 1 mM) as a membrane-
mimetic condition that can be studied using solution spectros-
copic approaches (27). In previous studies, it has been shown
that one molecule of full-length MBP interacts with 200 mole-
cules of DPC (22, 31). Since one DPC micelle contains 40—60
detergent molecules, this means that each MBP binds about four
DPC micelles. Moreover, in the same study the investigators
showed that several MBP-derived peptides bound at least 100
DPC molecules or two micelles (37). These early studies were
performed on MBP purified from brain and comprising hetero-
geneous mixtures of many posttranslationally modified compo-
nents. In the present study, we use well-defined recombinant
MBP variants, starting with the unmodified 18.5 kDa rmCl
protein. We have also determined the effects of charge loss in
MBP (using pseudodeiminated rmMBP variant, rmC8, where
five Arg and one Lys were substituted by Gln) (32), and deletion
of either the N-terminal or the C-terminal domain (rmAN and
rmAC, respectively) (33), on the actin-binding affinity and sto-
ichiometry in the presence of DPC. Our results show that, in the
presence of DPC, rmC1 appeared to be more active than rmC8 in
its ability to polymerize and bundle actin, and their binding to
G-actin became more specific with higher affinity. Of the two
terminal deletion variants, the rmAC protein lacking the C-terminal
domain was more active than the rmAN variant lacking the
N-terminal domain, which, however, exhibited higher affinity to
actin. We conclude that, whereas the N-terminal domain plays a
more significant role in the actin polymerization and bundling
activity of MBP, the C-terminal domain could be more important
in the regulation of that activity.

MATERIALS AND METHODS

Materials. Electrophoresis grade acrylamide, ultrapure Tris
base, and ultrapure Na,EDTA were purchased from ICN Bio-
medicals (Costa Mesa, CA). Other chemicals were of reagent
grade and were acquired from either Fisher Scientific (Unionville,
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FIGURE 1: Sequences of rmMBP variants. The recombinant murine
rmMBP-CI charge variant (rmC1) has an LE linker and Hise tag at
the C-terminus of the protein. Residues denoted with white letters
“R”and “K” in the black square indicate the positions where the five
R and one K in rmC1 were point-substituted by Q to create pseudo-
deiminated rmMBP (rmCS8) (32). Parts of the sequence highlighted
with gray color and underlined indicate the polypeptide sequences of
rmAC and rmAN variants, respectively (33). The rmAN variant
has an N-terminal Met and LE Hisg tag. In the rmAC variant, the
N-terminal Met is missing, and another point mutation of G105W
was introduced (marked with an asterisk), and a Hiss tag was added
at the C-terminus.

Ontario, Canada) or Sigma-Aldrich (Oakville, Ontario, Canada).
The Ni**-NTA (nitrilotriacetic acid) agarose beads were pur-
chased from Qiagen (Mississauga, Ontario, Canada). For uniform
labeling of proteins for NMR spectroscopy, the stable isotopic
compounds D,0, "NH,CI, and ["*Cg]glucose were obtained
from Cambridge Isotope Laboratories (Andover, MA).

Expression and Purification of rmM BP. The unmodified
18.5 kDa recombinant murine MBP isoform (rmC1), its pseudo-
deiminated form (rmC8, where five Arg and one Lys were sub-
stituted by Gln to mimic citrulline), and two deletion variants
(rmAC and rmAN) (Figure 1) were expressed in Escherichia coli
BL21-CodonPlus(DE3)-RP cells (Stratagene, La Jolla, CA)
and purified by nickel-affinity chromatography, followed by
ion-exchange chromatography to remove minor contaminating
material, as previously described (32—34). Protein eluate from the
column was dialyzed (using tubing with M, cutoff 6000—8000 Da
for full-length proteins and 3500 Da for the deletion variants)
twice against 2 L of buffer (50 mM Tris-HCI, pH 7.4, 250 mM
NaCl), twice against 2 L of 100 mM NaCl, and finally four times
against 2 L of ddH,O. Protein concentration was determined by
measuring the absorbance at 280 nm, using the extinction coeffi-
cients ¢ = 0.667Lg 'em ', e=0672Lg 'em™, e =0.674L
g_l em L ande=0.885L g_1 em™ ! for rmC1, rmC8, rmAC, and
rmAN, respectively (as calculated by SwissProt for protein in 6.0 M
guanidine hydrochloride, 0.02 M phosphate buffer, pH 6.5, Table 1).
Purity of the protein preparations was routinely assayed by
SDS—polyacrylamide gel electrophoresis (SDS—PAGE) (35).

Purification of Actin from Chicken Muscle. Chicken
muscle acetone powder was prepared, and actin was extracted
from 8 g of it at a time as described in detail elsewhere (36). The
purity of actin was checked using MALDI-TOF mass spectro-
metry, supported by SDS—PAGE, and it was clear that no
further purification steps were required. Protein concentration
was determined by measuring the absorbance at 280 nm, using
the extinction coefficient ¢ = 0.62 L g~' cm ™. Actin that was
suspended in G buffer (2 mM Tris, pH 8.0, 0.2 mM ATP, 0.2 mM
CaCl,, and 0.2 mM 2-mercaptoethanol) was aliquoted into
1.5 mL microfuge tubes, flash-frozen in liquid nitrogen, and
stored at —80 °C. The pyrene labeling of actin was performed as
previously published (37).
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Table 1: Calculated Physicochemical Parameters of rmMBP Charge and
Deletion Variants”

no. of theoretical
variant M, Da  residues  pl/net charge  calcd exg0, L g™ cm™!
rmCl 19421.5 176 11.00/419 0.667
rmC8 19281.2 176 10.35/+13 0.672
rmAN 134018 121 10.47/+11 0.885
rmAC 12582.9 111 11.39/+12 0.674

“The parameters were calculated for the MBP variants based on amino
acid sequence using the ProtParam software tool available at the website
http://expasy.ch.

Actin Polymerization Assay. Actin polymerization was follo-
wed by measuring an increase in fluorescence intensity of pyrene-
labeled actin employing an automated microplate fluorescence
reader (Polarstar Omega; BMG Labtech GmbH, Offenburg,
Germany), using a 367-10 nm filter for the excitation channel and
a 405-10 nm filter for the emission channel. The stock of 50 uM
G-actin was prepared in G buffer by mixing pyrene-labeled actin
with unlabeled actin to a final labeled proportion of 5%, and
10 uL of actin was added to each well followed by an additional
volume of G buffer, calculated to give a final volume of 100 uL
after addition of rmMBP. Stocks of rmMBP variants (rmCl,
rmC8, rmAC, and rmAN) were also prepared in G buffer at
a concentration of 25 uM, and different volumes were auto-
matically injected across the half-area 96-well plate to reach the
final volume of 100 uL in each well. Thus, the concentration of
rmMBP ranged from 0.5 to 22.5 uM, or from 1:0.1 to 1:4.5
[actin]:[rmMBP] molar ratio. The plate was shaken for 30 s, and
the emission intensity was measured for 30 min at 27 °C. Since
maximal fluorescence intensity was always observed after 5 min,
this time point was used for the comparison of all titration curves.
In the experiments where the effect of DPC on MBP-induced
actin polymerization was studied, stocks of rmC1, rmC8, rmAC,
and rmAN were prepared at a concentration of 25 uM in the G
buffer, supplemented with 20 mM DPC.

Actin Bundling and Actin—rmM BP Binding. To test the
bundling and binding of rmMBPs with G- or F-actin, varying
concentrations of rmCI, rmC8, rmAC, or rmAN (from 0.5 to
22.5 uM) were added to 5 uM G- or F-actin in a total volume
of 100 uL, in the presence or absence of 20 mM DPC. In the
experiments in which F-actin was used, G-actin was first poly-
merized into F-actin by addition of KCl to a final concentration
of 50 mM, along with | mM EGTA and 2 mM MgCl,. The sam-
ples were incubated at room temperature for 30 min, followed by
centrifugation at 18000g for 2 h. Under these conditions, only
rmMBP bound to highly bundled actin precipitated, but free
rmMBP or unbundled actin stayed in the supernatant. The
supernatants were transferred to separate tubes, and 80 uL was
mixed with 20 4L of 5x sample buffer (60 mM Tris-HCI, pH 6.8,
25% glycerol, 2% SDS, 14.4 mM f-mercaptoethanol, and 0.1%
bromophenol blue). The pellets were resuspended in 25 uL of 5x
sample buffer and topped up with water to a final volume of
125 uL. Samples (30 L) from both pellets and supernatants
were analyzed for the presence of rmMBP and actin by 14% dis-
continuous SDS—PAGE (35). Following the electrophoresis, gels
were stained for 2 h (10% (v/v) acetic acid, 45% (v/v) methanol,
and 0.1% (w/v) Coomassie Blue R-250) and destained (10% (v/v)
acetic acid and 10% (v/v) methanol) overnight. The bands corres-
ponding to actin monomers or to rmMBP, and sections from the
clear part of the same gel (to remove the effect of the background),
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were excised using a homemade cutting device (8 x 10 mm?). The
stain was extracted from bands (and clear sections) using 1 mL of
the extraction solution (3% (w/v) SDS, 50% (v/v) 2-propanol)
per band, and the absorbance was measured at 595 nm (38). The
amount of rmC1, rmC8, rmAC, rmAN, and actin in the bands
was calculated on the basis of a standard curve obtained by
loading known amounts of the above proteins on the same gel.
To present actin bundling, we plotted the percentage of bund-
led actin (fraction of actin determined in the pellet out of the total
amount added to the reaction mixture) vs the molar ratio of
rmMBP/actin in the reaction. To analyze the binding of rmMBP
to actin, the fractional saturation of actin ([MBP]pouna/[actin] o)
was plotted vs the total rmMBP concentration ((MBP]y), and
the dissociation constants (Ky) were obtained using nonlinear
curve fitting with weighted regression to a quadratic equation
(Origin Pro 8; OriginLab Corp., Northampton, MA):

[MBP]bound/ [aCtin}total = (([MBP]total + n[aCtin]total + Kd)
. 2
= (([MBP],,; +nfactin] ., + Ka)
— 4n[MBP],,., [actin] 1olal)0A5)/ 2[actin] iy (1)

where [MBP],y 18 the concentration of rmC1, rmC8, rmAC, or
rmAN added to the reaction, [actin] is the total actin con-
centration, and n is the number of rmMBP molecules bound to an
actin molecule (39).

Phosphorus Assay. To test the amount of DPC bound to
each of the rmMBP variants upon interaction with actin, two
different concentrations of rmC1, rmC8, rmAC, or rmAN (from
5and 22.5 uM) were added to 5 uM G-actin in a total volume of
100 uL, in the presence of 20 mM DPC. The samples were
incubated at room temperature for 30 min, followed by centri-
fugation at 18000g for 2 h. Since the only source of phosphorus
was from DPC, the pellets were resuspended in 100 L of 0.4%
SDS and subjected to phosphorus detection using Micro-Bartlett
phosphorus assay (40).

Transmission Electron Microscopy (TEM). Transmission
electron microscopy was used to examine the morphology of the
rmMBP—actin assemblies. Samples were prepared as previously
described (41). Briefly, each rmMBP variant was allowed to
interact with G-actin at a 4.5 to 1 molar ratio (rmMBP variant to
actin) in the G buffer. The samples were negatively stained with
uranyl acetate, air-dried, and examined using a Philips CM10
transmission electron microscope.

Solid-State NM R Spectroscopy. For all samples to be stu-
died by solid-state NMR spectroscopy, G-actin was first poly-
merized into F-actin using 50 mM KCI, 1 mM EGTA, and 2mM
MgCl,. Freeze-dried uniformly *C,'*N-labeled rmMBP variants
were dissolved in G buffer containing 50 mM KCI, I mM EGTA,
and 2 mM MgCl,. When needed, rmMBP samples were mixed
with DPC to a final DPC concentration of 20 mM and incubated
for 30 min at 42 °C. Both protein solutions were then mixed at a
2 to 1 rmMBP to actin molar ratio, incubated at room tempera-
ture for 1 h, and then centrifuged at 18000g for 90 min to collect
the rmMBP—actin bundles. The pellets were then center-packed
in a regular 3.2 mm magic-angle spinning rotor for NMR mea-
surements. Eight different samples were prepared according to
this method using four different forms of rmMBP: the rmC1 and
rmC8 charge components and the N-terminal deletion (rmAN)
and C-terminal deletion (rmAC) variants. In four of the sam-
ples, unbound rmMBP interacted with F-actin, whereas in the
other four samples, DPC-bound rmMBP interacted with F-actin.

total
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F1GURE 2: Dependence of fluorescence enhancement caused by actin polymerization on the molar ratio of rmMBP variant to actin. All reactions
were carried out in G buffer at 27 °C and contained 5 uM G-actin with various concentrations of rmMBP variant in the presence or absence
of DPC micelles. (A) Actin polymerization caused by rmC1 alone. (B) Actin polymerization caused by rmClI in the presence of DPC micelles.
(C) Actin polymerization caused by rmC8 alone. (D) Actin polymerization caused by rmCS8 in the presence of DPC micelles. Shown in each panel
is a representative result out of three independent experiments. The data points in the representative experiment are presented as mean =+ standard
deviation of three readings of the same sample. Data points are expressed as a percentage of the maximal fluorescence intensity observed in the
control experiment in which actin polymerization was induced by F buffer (50 mM KCIl, 1 mM EGTA, and 2 mM MgCl,) alone. Note: In the
control experiments with DPC alone at concentrations in the range of 1—20 mM, no actin polymerization was observed.

All samples were prepared at the same molar ratio but with a
varying final rmMBP content in the NMR sample.

All NMR measurements were performed on a Bruker Avance
IIT spectrometer (Bruker BioSpin, Germany), operating at 600.130
MHz proton frequency and equipped with a Bruker triple-
resonance 'H—""C—"°N 3.2 mm E-Free magic-angle spinning
probe (41). We collected one-dimensional '*C cross-polarization
(CP) and two-dimensional '*C—"3C dipolar-assisted rotational
resonance (DARR) correlation spectra for all eight samples
at two different temperatures, namely, +2 and —13 °C, and at
a spinning frequency of 12 kHz.

RESULTS

Actin Polymerization Effected by rmCI1, rmC8, rmAC,
and rmAN. In addition to the most-studied function of MBP,
which is to maintain the structural stability of the myelin sheath
by adhesion of the cytoplasmic leaflets of the oligodendrocyte
membrane (42—45), it is also known that MBP in solution causes
polymerization of G-actin to F-actin and bundling of the micro-
filaments (8, 16—18, 46—48). However, the mechanism of inter-
action, and the potentially different roles of the various interacting
domains of MBP when membrane-associated, remains unclear.
In this paper, we present a detailed comparison of the interaction
of actin with two different charge components and with two
different MBP segments, in the presence or absence of DPC, used
to mimic the natural lipidic environment of the protein. Although
DPC is a zwitterionic lysolipid, it is expected to interact with specific

segments of MBP and induce local, ordered secondary struc-
ture (22, 31). Although the extent of insertion of the basic protein
into the phospholipid membrane depends on its composition and
lateral pressure (49, 50), the use of a nonaggregating, monolayer
system such as DPC micelles allows the use of solution fluor-
escence techniques to measure actin polymerization. Vesicles
comprising negatively charged lipids will be aggregated by any
of the rmMBP variants used (27, 51), necessitating the use here of
lysolipid micelles which do not aggregate. For this present study,
we have used the full-length, unmodified recombinant murine
18.5 kDa MBP (rmC1), its pseudodeiminated form (rmC8), and
two deletion variants, rmAC and rmAN (Figure 1) for C- and
N-terminal deletions of rmC1, respectively (32, 33).

The increase in the fluorescence intensity of the pyrene-labeled
actin was first used as a measure of actin polymerization caused
by rmMBP. In this series of experiments, salt-induced polymeri-
zation served as a control for the quality of the actin preparation,
and its achieved maximal fluorescence intensity was set to 100%
for the purpose of normalization. Data for all four rmMBP vari-
ants are presented in Figures 2 (charge variants) and 3 (deletion
variants). Each pair will be discussed in turn.

We first followed the rate of G-actin polymerization induced
by different concentrations of rmC1 and rmC8 (data not shown)
and found that the maximal fluorescence intensity was always
observed after about 5 min. As shown in Figure 2, increasing con-
centrations of rmC1 (Figure 2A,B) and rmC8 (Figure 2C,D)
caused an enhancement in fluorescence intensity, with the titration
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FiGuRrE 3: Dependence of fluorescence enhancement caused by actin polymerization on the molar ratio of rmMBP truncated variant to actin. All
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absence of DPC micelles. (A) Actin polymerization caused by rmAC alone. (B) Actin polymerization caused by rmAC in the presence of DPC
micelles. (C) Actin polymerization caused by rmAN alone. (D) Actin polymerization caused by rmAN in the presence of DPC micelles. Shown in
each panel is a representative (out of three independent experiments) result (mean =+ standard deviation of three readings of the same sample),
where data points are expressed as a percentage of the maximal fluorescence intensity observed in the control experiment in which actin
polymerization was induced by F buffer alone. Note: In the control experiments with DPC alone at concentrations in the range of 1—20 mM,

no actin polymerization was observed.

curve having a sigmoidal shape. Both isoforms caused the same
fluorescence intensity level at a saturation point that was re-
corded at a molar ratio of rmMBP to actin of ~0.5 for the rmCl
component and closer to 1 for the rmC8 component. However, at
all given concentrations of full-length rmMBP, the initial rate
of actin polymerization was faster in the case of rmC1 (data not
shown), and at low molar ratios, rmC1 was more active than
rmC8 (Figure 2).

It has previously been demonstrated that electrostatic attrac-
tion was the major factor affecting the association of MBP with
actin (17, 18) and that MBP could bind actin filaments to the
surface of negatively charged lipid vesicles (16, 17), suggesting the
protein’s potential to anchor actin to the oligodendrocyte mem-
brane in vivo. In this study, we used DPC, a lysolipid with a net
neutral charge and a critical micelle concentration of 1 mM, as a
membrane-mimic. (As previously indicated, MBP interacts with
and aggregates phospholipid vesicles, thus precluding any solu-
tion spectroscopic approach.) In the presence of DPC, the diffe-
rences between rmCl and rmCS in their ability to polymerize
G-actin became more obvious. Particularly, to reach the maximal
fluorescence intensity level required ~3 times more rmC8 than
rmCl in the presence of DPC (Figure 2), and the maximal level
was lower in the case of rmC8 (Figure 4). Since no major diffe-
rences were observed for actin polymerization by rmCl in the
absence or presence of DPC, this result suggests that the actin-
interacting domains in the MBP polypeptide chain are available
even in a lipidic environment and confirms that the interaction

150

125 —

100 4

rmC1l rmC8 rmAC rmAN rmC1 rmC8 rmAC rmAN
+DPC +DPC +DPC +DPC

Fluorescence intensity, % of max salt induced

FIGURE 4: Polymerization of G-actin by different forms of rmMBP
(full-length charge components rmC1 and rmC8, deletion variants
rmAC and rmAN). All reactions contained 5 uM G-actin in G buffer,
and polymerization was induced by different variants of rmMBP at a
molar ratio of 1 to 2 (actin to rmMBP). The results are presented as an
average value for triplicate samples + standard deviation.

between MBP and actin can occur when MBP is bound to the oligo-
dendrocyte membrane.

Thus, in our next set of experiments we tried to identify those
interaction domains in MBP more precisely. It was previously shown
by others that peptides derived from preparations of 18.5 kDa
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tions of rmM BP charge variants in the presence or absence of DPC. Following a 30 min incubation, bundled actin was pelleted by centrifugation at
18000g for 30 min. Pellet and supernatant were subjected to SDS—PAGE analysis for actin detection (for details see Materials and Methods). The
total amount of actin added to the reactions was set as 100%. (A) G-Actin polymerization and bundling caused by rmCl1. (B) F-Actin bundling
caused by rmCl. (C) G-Actin polymerization and bundling caused by rmC8. (D) F-Actin bundling caused by rmC8. Note: In the control
experiments with DPC alone at concentrations in the range of 1—20 mM, no actin bundling was observed.

MBP purified from brain, specifically the 1—43 and 96—168 seg-
ments, exhibited a very strong actin-polymerization activity (48).
Therefore, here, we used two recombinant deletion variants of
rmCl, one comprising the N-terminal two-thirds of the sequence
(A1-G105W-Hise) and another missing the N-terminal one-third
of the sequence (M0-D57-R168-Leu-Glu-Hisg). These proteins
are referred to as rmAC and rmAN, respectively. The results
presented in Figure 3 show that both deletion variants were able
to cause actin polymerization, although rmAN caused less overall
polymerization at lower molar ratios of rmMBP to actin. The
maximal level of polymerization was observed at a molar ratio of
1.5 in the case of the rmAC variant and at higher than 2 for the
rmAN protein. At a molar ratio of 2 where actin polymerization
was maximal, both deletion variants yielded an overall lower
degree of polymerization than rmC1 (Figure 4), with rmAC being
slightly higher than rmAN, suggesting that the interaction
domains are located along the whole 18.5 kDa MBP sequence.
This result agrees with our previous study where, using magic-
angle spinning solid-state NMR spectroscopy, we showed that
the potential interacting fragments can be scattered along the
whole rmC1 sequence and can undergo ordered secondary struc-
ture changes upon interaction with actin (4). However, the
comparison of the polymerizing activity of the deletion variants
at the same rmMBP/actin molar ratio of 2 in the presence of DPC
shows a reduction in the activity of the rmAN variant, whereas
rmAC exhibited the same activity (Figure 4), signifying the more
important role of the N-terminal part of lipid-associated MBP in
the polymerization of G-actin.

Actin Microfilament Bundling Effected by rmC1, rmC8,
rmAC, and rmAN. MBP has also been shown to assemble
filamentous actin (F-actin) into bundles in vitro (8, 17, 18, 46, 47).
In this study, using a sedimentation assay followed by poly-
acrylamide gel electrophoretic analysis, we compared the ability
of rmCl1, rmC8, rmAN, and rmAC to bundle F-actin in the
presence and absence of DPC. (Unbundled F-actin cannot be
pelleted at low centrifugation speed, and DPC alone had no effect
whatsoever.) We used both G-actin and preformed F-actin (salt-
polymerized) as starting material to compare the bundling ability
of the different rmMBP variants. It was observed that, in the pre-
sence of DPC, more rmMBP was required to bundle actin when it
was added to G-actin than to F-actin (compare Figure 5, panels
A and C, with Figure 5, panels B and D, respectively), because
two separate processes were involved, first polymerization and
then bundling. Although rmC1 appeared to be more active than
rmC8, when we used G-actin as the starting material, both vari-
ants exhibited a similar bundling activity in the case of F-actin,
and both were capable of bundling 100% of the actin available.
In the experiment where rmMBP was added to G-actin in the
absence of DPC, the maximal bundling was observed at an rmMBP
to actin ratio of ~0.6 for rmC1 and 1 for rmCS8.

When actin was initially polymerized with salt and then bund-
led by adding rmMBP in the absence of DPC, the maximal bund-
ling level was achieved at rmMBP/actin ratios of ~0.7 and 0.8 for
rmC1 and rmCS8, respectively. Moreover, in the presence of DPC,
the ability of rmC1 to bundle actin starting from G-actin was
significantly decreased but appeared to be slightly higher when
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FIGURE 6: Effects of DPC micelles on the bundling of actin by the rmAN and rmAC deletion variants of rmMBP. All reactions were prepared in
G bufferat 27 °C and contained 5 uM G-actin or preformed F-actin (polymerized by salt) with various concentrations of rmM BP deletion variants
in the presence or absence of DPC micelles. Following a 30 min incubation, bundled actin was pelleted by centrifugation at 18000g for 30 min.
Pellet and supernatant were subjected to SDS—PAGE analysis for actin detection (for details see Materials and Methods). The total amount of
actin added to the reactions was set as 100%. (A) G-Actin polymerization and bundling caused by rmAN. (B) F-Actin bundling caused by rmAN.
(C) G-Actin polymerization and bundling caused by rmAC. (D) F-Actin bundling caused by rmAC. Note: In the control experiments with DPC
alone at concentrations in the range of 1—20 mM, no actin bundling was observed.

the starting material was F-actin. In the case of rmC8-induced
actin bundling in the presence of DPC, the activity was decreased
to a certain extent, regardless of whether the starting material was
G- and F-actin. Thus, in contrast to the differences observed in
the maximal polymerization ability of rmC1 and rmCS in the pre-
sence of DPC (Figure 4), both charge components bundled 100%
of the actin, though a lower concentration of the more cationic
rmC1 was required.

In the same way, the bundling ability of the rmMBP deletion
variants was assayed (Figure 6). Interestingly, we did not find
any effect of DPC on the actin bundling induced by either rmAC
or rmAN. Although the latter form exhibited slightly decreased
activity at low rmMBP/actin ratios, with a more pronounced
initial lag phase, both variants bundled 100% of the actin. There-
fore, in agreement with the results on actin polymerization caused
by the rmMBP deletion variants, bundling of actin also seems to
depend on a specific domain in the MBP sequence, particularly
the N-terminal domain that has a slightly higher bundling ability
at low rmMBP/actin molar ratios (Figure 6A,C).

Additionally, using transmission electron microscopy, we
compared the morphology of actin bundles assembled by differ-
ent rmMBP variants (examples are presented in Figure S1 in the
Supporting Information). At all molar ratios, in either the pre-
sence or absence of DPC, bundles were observed in the reaction
mixtures with all rmMBP variants. Only actin bundled by rmC8
appeared to be slightly different: the bundles were thinner and
less compact than others. Also, the presence of DPC micelles did
not affect the morphology of actin bundles.

Binding of rmMBP Variants to G- and F-Actin. In the
present study, we have revisited the mechanism of MBP binding
to G- and F-actin (8, 16—18, 41, 48) and have investigated the
effect of DPC (nonaggregating membrane mimic) on this bind-
ing. Using the sedimentation assay described above (an example
is presented in Figure S2 in the Supporting Information), we
compared and characterized the binding parameters of different
rmMBP variants with actin (Table 2). Since it was not possible to
detect directly the amount of free (unbound) rmMBP in the bind-
ing assay, all of our results are presented as a fractional saturation
(see Materials and Methods). According to our experimental
design, we used actin as a receptor and each rmMBP variant as a
ligand. Since microgram amounts of proteins are required for gel-
based analysis of the sedimentation assay, the concentration of
actin (“receptor”) in the binding experiments was much higher
(5 uM) than the anticipated K4 (nanomolar range). Under these
conditions, the dissociation constant cannot be detected pre-
cisely, but the stoichiometry of binding can be measured accu-
rately. Thus, we present the Ky values obtained from different
binding experiments in Table 2, but mostly we compared the bind-
ing of the different rmMBP variants to actin qualitatively rather
than quantitatively.

Another important question for investigation was to detect if
DPC micelles stay bound to rmMBP variants upon interaction
with actin. Since the only source of phosphorus in our experi-
ments was DPC, we quantified its amount in the actin—rmMBP
complexes obtained following the sedimentation assay using a phos-
phorus assay (see Materials and Methods section). Surprisingly,
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Table 2: Parameters of Binding of rmMBP Variants to Actin”

rmAN

rmAC

rmC8

rmCl1

-DPC

+DPC

—-DPC

+DPC

—DPC

+DPC

—DPC

+DPC

2552 £ 135 939457

2524+24 105+1.8

1552+ 137 91.7+6.5

1.92 +0.08

101.2 £5.88 276.3 £ 6.0

ND 52.6+4.5
1.27 £ 0.04

60.6 £68 653+92 224426 959438

143+2.7
1.32+£0.04 0.99 £ 0.02 2.06 £ 0.05

KinM 7.6 +2.3

n

1.38+0.03 1.324+0.02 1.72£0.08 1.49 +0.04

1.40 £ 0.03 1.47 £ 0.05

1.46 + 0.04

1.17+£0.02 ND

1.40 £+ 0.04

1.56 + 0.06

“Binding parameters were determined from the experiments presented in Figures 7 and 8. Here, “G” and “F” refer to G-actin and F-actin, respectively, and “ND” means “not determined”. Results are presented as value +

standard error based on a nonlinear least-squares fitting algorithm using weighted regression to eq 1.

Bamm et al.

we found that the DPC/rmMBP (all variants) ratio was ~40 deter-
gent molecules per 1 protein, or 1 micelle per rmMBP variant.
This ratio stayed constant with no influence from the initial
rmMBP/actin ratios in the reaction mixtures.

The comparison of binding of rmC1 and rmC8 variants to
G- and F-actin is shown in Figure 7. In general, both rmC8 and
rmC1 bound to actin under all conditions investigated, but the
stoichiometry and affinity of the binding were different. In the
case of rmC1 binding to actin in the presence of DPC, the sto-
ichiometry of binding decreased, approaching unity, regardless of
whether the starting material was G- or F-actin (Figure 7A,B).
Additionally, when preformed F-actin (salt-polymerized) was the
starting material, it can be seen from the slope and curvature of
the curves presented in Figure 7B that the affinity of binding
increased in the presence of DPC. However, in the experiment
using G-actin as the starting material, the binding of rmC8
could not be assessed in the absence of DPC (Figure 7C), due to
continuous adsorption of more and more of the less cationic
rmMBP molecules to the actin. That binding process never rea-
ched saturation, even at high rmC8/actin molar ratios (up to 4.5).
On the other hand, in the presence of DPC, the binding became
more specific with the stoichiometry being 1.4 molecules of rmC8
per 1 molecule of actin. One possible explanation for this result
could be that, even though rmC8 was shown to polymerize and
bundle 100% of actin (Figure 5C), the morphology of those
filaments and bundles could be different; e.g., actin filaments
could be of different length and packed more loosely, thus
providing more binding sites for rmC8 in the absence of micelles.
This suggestion comes in agreement with our previous report
where, using small angle integrated light scattering, actin bundles
induced by rmCl1 scattered more light than those induced by
rmC8 (7). Here, the results of transmission electron microscopy
confirmed that even in the presence of DPC micelles, where
binding of rmC8 could be assessed, actin bundles appeared to be
packed more loosely than ones assembled by rmCl (compare
panels A and B in Figure S1 of the Supporting Information).
Moreover, the binding of rmC8 appeared to be very different
when actin was first polymerized by salt to form F-actin and then
interacted with rmMBP. As can be seen from the results pre-
sented in Figure 7D, in the presence of DPC, fewer rmC8 mole-
cules could bind actin, but the binding could be assessed even in
the abscnce of DPC.

Earlier studies have suggested that there were two binding
domains for actin in the MBP molecule, one located at the amino
and another at the carboxy terminus (48). Thus, next we assessed
the binding of two deletion variants of MBP to G- and F-actin in
the presence of DPC (Figure 8). Indeed, both deletion variants
bound to actin, and the binding parameters are presented in
Table 2. Again, the effect of DPC mostly was exhibited in the
decreased stoichiometry of binding and, in the case of the rmAN
variant, also in increased affinity (based on the curvature of
curves presented in Figure 8A,B). Of the two deletion variants
tested in the membrane-mimetic environment, the binding of
rmAN (lacking the N-terminal region of the MBP sequence)
appeared to be more comparable to the binding of the full-length
rmCl.

Solid-State NMR Spectroscopy. We have previously stu-
died the association of full-length rmC1 with F-actin (in the
absence of lipids) by Fourier transform infrared and magic-angle
spinning solid-state NMR spectroscopy, in which we demon-
strated induced, ordered secondary structure in both protein
partners (41). Here, similar solid-state NMR experiments were
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carried out on different rmMBP variants in the presence and
absence of DPC. In general, the temperature dependence of both
one- and two-dimensional spectra of all samples showed similar
behavior as in our previously studied system of rmC1—F-actin
without lipid (data not shown) (4/). The signal-to-noise ratio of
most of the peaks increased at the expense of line width as the
temperature decreased (data not shown). This behavior was attri-
buted to the existence of more than one structural state of rmMBP
at lower temperature, due to the polymorphic nature of the
interaction between rmMBP and actin (47).

Moreover, the resonance dispersion in two-dimensional spec-
tra (Figure 9) showed a similar trend as the lipid-free rmC1—
F-actin system studied before, indicating that all different rmMBP
variants underwent similar, induced secondary structure changes
as was reported earlier (41, 51). For example, Figure 9 shows two
BC—"3C correlation spectra for two of the samples under
consideration: DPC-bound rmC1 and DPC-bound rmAC with
F-actin. In Figure 9A, the resolved fingerprints of some amino
acids, namely, Thr and Ala, are identical to those reported earlier
for lipid-free rmC1—F-actin (4/). In addition, the reduced resolu-
tion of most of the correlation spectra is a common observation
in both DPC—rmCl—F-actin and lipid-free rmC1—F-actin
assemblies. This observation indicates that the prior interaction
of DPC with rmCl1, even though it changed the binding affinity
and stoichiometry of the interaction with actin, did not affect the
sample homogeneity at the atomic scale. On the other hand, DPC—
rmAC—F-actin (Figure 9B) displayed less crowded correlations

attributed both to the lower signal-to-noise ratio, as a result of the
reduced protein amount in this sample (~2 mg) compared to that
of Figure 9A (~5 mg), and to the smaller protein size in the case
of rmAC (almost two-thirds of rmC1). However, this sample also
displayed the same polymorphic behavior as the full-length rmC1
samples.

DISCUSSION

The 18.5 kDa MBP splice isoform has been thought to be pri-
marily a molecular adhesive in CNS myelin, adhering the appo-
sing cytosolic surfaces of the oligodendrocyte membrane to each
other (3, 4, 14). As recently reviewed, in addition to this main
function, MBP has been shown to interact with a wide variety of
biological ligands including cytoskeletal proteins, calmodulin,
SH3-domain containing proteins, and divalent metal cations
(14,51, 51—53). It has been shown in previous studies that two
charge components of the “classic” 18.5 kDa MBP, the most
cationic (C1) and the least cationic one (C8), were able to poly-
merize, bundle, and link actin to the phospholipid membranes
(8, 15—17,46—48). The polymerization of actin was reversible in
the presence of calmodulin (8, /7). In the present study, we have
compared the interaction of recombinant murine MBP charge
components (rmC1 and rmC8) with G- and F-actin in a membrane-
mimetic environment and characterized the binding properties of
the N- and C-terminal domains in the MBP sequence.

The results of this investigation confirmed that lipid-associated
MBP is able to polymerize G-actin and bundle F-actin. Of two
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FIGURE 9: Solid-state magic-angle spinning NMR spectroscopy of assemblies of actin with DPC—rmMBP (two variants). Aliphatic regions of
two-dimensional DARR (dipolar-assisted rotational resonance) '*C—'3C correlation spectra of uniformly *C,'*N-labeled rmMBP in the
DPC—rmMBP—actin complex. (A) DPC—rmC1—F-actin. (B) DPC—rmAC—F-actin. In all experiments, the indirect and direct acquisition times
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contour is cut at 5 times the noise floor, and each following contour level is multiplied by 1.15. Both spectra were collected at 7 = —13 °C, at
12 kHz magic-angle spinning rate, and using a DARR mixing time of 50 ms. The spectra were acquired with 224 and 152 scans per ¢, point for the
samples in panels A and B, respectively.
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charge components, rmC1 and rmC8, the more cationic protein
appeared to be more active at lower molar ratios of rmMBP vari-
ant to actin, which is in agreement with our previous findings (/7).
Since a natural lipidic environment is more physiologically
relevant to MBP, which, even when membrane-associated, is still
significantly mobile and able to interact with other proteins (26),
the novel approach here was to use the membrane-mimicking
conditions (presence of DPC micelles) to compare the actin-
assembling capabilities of rmC1 and rmC8. (We review elsewhere
the challenges associated with creating an experimentally tract-
able, myelin-mimetic environment, for MBP (27, 28, 51).) The use
of DPC as a membrane-mimicking environment is common, and
in previous studies it has been reported that the stoichiometry of
the MBP interaction with DPC was 200 molecules of lipid per
1 protein molecule (22, 37). Since the average number of DPC
molecules per micelle ranges from 40 to 60, each MBP can thus
bind around four DPC micelles. In contrast, in the present study,
we found that upon interaction of different rmMBP variants with
actin only one DPC micelle stays bound to MBP in the complex
with actin.

In the presence of DPC, the polymerization ability of the less
cationic rmC8 was found to be significantly lower than that of the
highly positively charged rmC1 protein (/7). One possible ex-
planation could be that the interaction with DPC micelles masks
some positively charged residues in the MBP sequence, and since
the charge of rmC8 had already been reduced by +6, this
additional masking resulted in decreased polymerization activity.
In fact, it has previously been shown that several domains in the
polypeptide chain of MBP are capable of penetrating into the
hydrophobic core of the DPC micelles (22, 24, 31). Our previous
magic-angle spinning solid-state NMR study of the interaction of
rmC1 with actin in an aqueous environment showed that both
MBP and actin had mutually induced ordered secondary struc-
ture (41). The potential sites that might experience changes in the
secondary structure in MBP were distributed over the entire seq-
uence, thus suggesting that the entire molecule might be involved
in the association with actin.

Here, by studying the ability of two rmMBP deletion variants
to polymerize and bundle actin, we further confirmed that the
entire sequence of 18.5 kDa MBP is involved in the interaction.
Our results showed that though the polymerizing ability of the
deletion variants was reduced compared to the full-length rmCl1
isoform, they both were able to bundle 100% of the actin. The
rmAN variant, the one lacking 56 amino acids at the amino
terminus of the sequence, exhibited lower polymerization and
bundling activity than the rmAC form, which lacked 63 residues
at the carboxy-terminal end. The difference in actin-assembling
ability appeared to be even more pronounced in the presence
of DPC. Although it seems that the N-terminal part of 18.5 kDa
MBP is more important for its interaction with actin, the inter-
action of the C-terminal part of the protein might be physio-
logically more relevant, because this is the primary binding
domain for calmodulin (28, 52). Calmodulin in solution has been
shown to cause depolymerization of the MBP-polymerized actin
with greater efficiency in the case of rmC8 (16, 17, 47). This idea is
supported here by the results of binding experiments of the two
deletion variants of rmMBP to G- and F-actin, particularly in the
presence of DPC micelles. We have shown that both variants
bound actin during polymerization and/or bundling. In the pre-
sence of micelles, the binding was more specific (lower rmMBP/
actin ratio), and the affinity was greater for the rmAN construct
(the dissociation constants were 10.5 &+ 1.8 nM and 276.3 + 6.0 nM
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F1GURE 10: Schematic representation of the interaction of MBP with
membrane and regions potentially involved in interaction with actin.
The details of basic protein—membrane binding are not known, and
the arrangement shown in this figure is one out of many possibilities.
There is scant evidence for MBP dimerization or oligomerization in
myelin, so the protein is presented here as a monomer. The boxes repre-
sent the amphipathic a-helices that were proposed based on solu-
tion and solid-state NMR spectroscopic studies (26, 28, 52) and
electron paramagnetic resonance investigations (23, 55), including
one that focused on the immunodominant epitope (Pro82—Pro93,
murine 18.5 kDa sequence numbering) (23, 25). The proline-rich
segment immediately following (and slightly overlapping) this epi-
tope forms a transient polyproline type II helix (/0), and the region
comprising Pro120—Argl60 represents a primary binding site for
Ca-activated calmodulin (28, 51). In red, we denote the regions of
MBP that might undergo changes in secondary structure upon
interaction with actin (417).

for rmAN and rmAC, respectively). Although the absolute values
of K4 could not be used for precise analysis, it can be seen that the
curvature of curves presented in Figure 8B,D is different, thus
suggesting a greater affinity in the case of rmAN. Additionally, it
is known that the N-terminal part of MBP provides one of the
interaction sites with DPC micelles (37), thus potentially decreas-
ing its ability to bind actin. Therefore, in the context of MBP’s
physiological environment, the N-terminal two-thirds of the
protein (being membrane-associated) can be responsible for actin
polymerization/bundling, and the C-terminal part can bind actin
and tether it to the oligodendrocyte membrane. Thus, potentially
the C-terminal segment of MBP may represent the regulatory
domain for the interaction with actin in a lipid environment. This
domain also contains the primary calmodulin-binding segment of
18.5 kDa MBP (28, 54).

Our solid-state. NMR  spectroscopy data on DPC-bound
rmMBP showed that, although the prior interaction of MBP
with DPC improved its binding specificity, MBP—actin inter-
actions are still polymorphic, even in the membrane-mimicking
environment of DPC micelles (Figure 9) (51).

In the 18.5 kDa splice isoform of MBP, basic residues are
distributed along the sequence, and the charge density is fairly
uniform (17, 18). These multiple sites allow one MBP molecule to
cross-link two or more actin filaments together and arrange them
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into bundles. Moreover, some of those basic residues can be
involved in the interaction of MBP with the oligodendrocyte
membrane, whereas other residues will be available to bind to and
anchor actin to the membrane. In Figure 10, we present a model
of a proposed arrangement of MBP in the myelin sheath. First,
based on information acquired from previous electron paramagnetic
resonance and NMR spectroscopic investigations, we know that
the N-terminal part of the protein, particularly the S38-A49
region, is embedded in the hydrophobic portion of the bilayer
(26, 55). The central region of the protein penetrates the mem-
brane and also associates electrostatically with the phospholipid
headgroups (lysine snorkeling), and the C-terminal part pene-
trates the hydrophobic core of the membrane again (23, 26). In
the case of the pseudodeiminated rmC8 component, the net
charge reduction results in the dissociation of some sites in the
C-terminal part of the protein from the lipid bilayer, making it
more accessible for the interaction with different ligands (55, 56).
Second, from our previous solid-state NMR structural study of
the interaction of lipid-free rmC1 with actin, we posit that the
potential regions of MBP involved in the interaction with actin
are distributed through the entire molecule, and within the
context of the lipid bilayer (oligodendrocyte membrane) some
of them remain accessible for the interaction (26, 41). Finally, the
C-terminal domain of MBP contains the primary binding site for
Ca”"-activated calmodulin (28, 54) and thus could play a crucial
role in the regulation of MBP’s actin polymerizing activity and its
ability to link actin to the membrane.

In conclusion, the results of this study confirm that MBP can
act as a linker between actin and membrane and thus participate
in the rearrangement (polymerization and bundling) of actin
within myelin. There are multiple binding domains located in the
MBP sequence which are important for the cross-talk between
actin filaments and the oligodendrocyte membrane, which,
in turn, can control cell morphology, thereby maintaining func-
tional and healthy myelin assembly in the CNS.
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