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Induced Secondary Structure and Polymorphism in an Intrinsically
Disordered Structural Linker of the CNS: Solid-State NMR and FTIR
Spectroscopy of Myelin Basic Protein Bound to Actin

Mumdooh A. M. Ahmed,†§ Vladimir V. Bamm,‡§ Lichi Shi,†§ Marta Steiner-Mosonyi,‡§ John F. Dawson,‡§

Leonid Brown,†§ George Harauz,‡§* and Vladimir Ladizhansky†§*
†Department of Physics, ‡Department of Molecular and Cellular Biology, and §Biophysics Interdepartmental Group,
University of Guelph, Guelph, Canada

ABSTRACT The 18.5 kDa isoform of myelin basic protein (MBP) is a peripheral membrane protein that maintains the structural
integrity of the myelin sheath of the central nervous system by conjoining the cytoplasmic leaflets of oligodendrocytes and by
linking the myelin membrane to the underlying cytoskeleton whose assembly it strongly promotes. It is a multifunctional, intrin-
sically disordered protein that behaves primarily as a structural stabilizer, but with elements of a transient or induced secondary
structure that represent binding sites for calmodulin or SH3-domain-containing proteins, inter alia. In this study we used solid-
state NMR (SSNMR) and Fourier transform infrared (FTIR) spectroscopy to study the conformation of 18.5 kDa MBP in associ-
ation with actin microfilaments and bundles. FTIR spectroscopy of fully 13C,15N-labeled MBP complexed with unlabeled F-actin
showed induced folding of both protein partners, viz., some increase in b-sheet content in actin, and increases in both a-helix and
b-sheet content in MBP, albeit with considerable extended structure remaining. Solid-state NMR spectroscopy revealed that
MBP in MBP-actin assemblies is structurally heterogeneous but gains ordered secondary structure elements (both a-helical
and b-sheet), particularly in the terminal fragments and in a central immunodominant epitope. The overall conformational poly-
morphism of MBP is consistent with its in vivo roles as both a linker (membranes and cytoskeleton) and a putative signaling hub.
INTRODUCTION

The 18.5 kDa isoform of myelin basic protein (MBP) is one

of the major protein components in human adult central

nervous system (CNS) myelin, where it maintains the tight

multilamellar packing of the sheath by adhesion of the cyto-

plasmic faces of the oligodendrocyte membrane in close ap-

position. It is an intrinsically disordered protein (IDP) (1,2)

that is believed to be multifunctional because it also interacts

with a diversity of other proteins and ligands, principally cal-

modulin (CaM), actin, tubulin, and SH3-domain containing

proteins (3–6). The associations of MBP with lipids and

other proteins are modified by a ‘‘dynamic molecular

barcode’’ of combinatorial posttranslational modifications,

primarily single-site methylation, and multisite deimination

and phosphorylation (5,7).

IDPs have extended conformations that offer a large effec-

tive surface area for target interaction, and their intermolec-

ular associations may involve preformed structural elements,

such as a-helices, and/or an induced fit, i.e., coupled folding

and binding (8–10). The 18.5 kDa MBP isoform first

displays a disorder-order transition by association with the

myelin membrane, and several segments form a-helices as

ascertained by numerous spectroscopic studies (circular di-

chroism (CD) (11), electron paramagnetic resonance (EPR)

(12,13), and solution NMR (14,15)). Solid-state NMR stud-
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ies of rmMBP reconstituted with lipid vesicles have revealed

that at least a third of the protein remains disordered in asso-

ciation with lipids (16). These regions of the protein may be

available for association with CaM or SH3-domains, where

a localized target may undergo an induced fit according to

the generalized molecular recognition fragments (MoRF)

paradigm postulated by Mohan et al. (17). The a-helix form-

ing segments of MBP were initially postulated to be canon-

ical CaM-binding targets (18,19), but both EPR and solution

NMR spectroscopy indicate that the entire protein interacts

with CaM and that the carboxy-terminus of MBP appears

to be the primary binding site, but not necessarily in a canon-

ical way (15,19). The association of MBP with SH3-domains

appears to be mediated by the transient or induced formation

of a polyproline type II helix (6).

The interaction of the 18.5 kDa MBP isoform with actin is

the subject of this study. In vitro, MBP interacts with G-actin

to cause it to polymerize into filaments (F-actin), even under

otherwise nonpolymerizing conditions, and to assemble

these F-actin fibers into bundles (20,21). The polymerization

and bundling activities of MBP can be reversed by the

calcium-dependent binding of MBP to CaM (20–22), and

are modulated by deimination, methylation, and phosphory-

lation (4,23,24). Additionally, it has been shown that MBP is

capable of binding actin and anionic phospholipid bilayers

simultaneously (4,22,23), indicating that MBP could poten-

tially serve as a link between microfilaments and the cyto-

plasmic leaflet of the oligodendrocyte membrane. Similarly,

MBP polymerizes and bundles microtubules (25,26), and
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may also tether microtubules to the membrane or to actin

microfilaments (3).

The conformation of MBP in association with actin

(MBP-F-actin bundles) can be studied by means of solid-

state NMR (SSNMR) spectroscopy. Magic angle spinning

(MAS) SSNMR spectroscopy of nonoriented samples can

be used to determine complete three-dimensional (3D)

arrangements of insoluble and noncrystalline peptides and

proteins (27–33). We recently applied SSNMR spectroscopy

to 18.5 kDa rmMBP reconstituted with lipid vesicles,

thereby emulating the physiological environment and

mimicking the lipid-protein electrostatic and hydrophobic

interactions (16). Here, we use MAS SSNMR and Fourier

transform infrared (FTIR) spectroscopy to demonstrate that

the association of rmMBP with actin induces the formation

of ordered secondary structure elements, albeit with some

degree of polymorphism and disorder. This conformational

‘‘fuzziness’’ probably allows MBP to interact simulta-

neously with lipids and actin, as well as with CaM, SH3-

domains, tubulin, and various modifying enzymes.

MATERIALS AND METHODS

Materials

Electrophoresis-grade acrylamide, ultrapure Tris base, and ultrapure

Na2EDTA were purchased from ICN Biomedicals (Costa Mesa, CA).

Most other chemicals were reagent grade and acquired from either Fisher

Scientific (Unionville, Ontario, Canada) or Sigma-Aldrich (Oakville,

Ontario, Canada). Electrophoresis-grade sodium dodecyl sulfate (SDS)

was obtained from Bio-Rad Laboratories (Mississauga, Ontario, Canada).

The Ni2þ-NTA (nitrilotriacetic acid) agarose beads were purchased from

Qiagen (Mississauga, Ontario, Canada). For uniform labeling of protein

for NMR spectroscopy, the stable isotopic compounds 2H2O (D2O),
15NH4Cl, and 13C6-glucose were obtained from Cambridge Isotope Labora-

tories (Cambridge, MA).

Expression and purification of rmMBP

The unmodified 18.5 kDa recombinant murine MBP isoform (rmMBP, or

component rmC1, with a C-terminal LEH6 tag) was expressed in Escheri-

chia coli and purified by nickel-affinity chromatography as described previ-

ously (34,35). An additional step of ion exchange chromatography served to

remove minor contaminating material (36). Protein eluate from the column

was dialyzed (using tubing with an Mr cutoff of 6000–8000) twice against

2 L of buffer (50 mM Tris-HCl, pH 7.4, 250 mM NaCl), twice against

2 L of 100 mM NaCl, and finally four times against 2 L of ddH2O. Uni-

formly 13C,15N-labeled protein was cultured in cells grown in M9 minimal

media (37). The protein concentration was determined by measuring the

absorbance at 280 nm, using the extinction coefficient 3 ¼ 0.627 Lg�1cm�1

for rmMBP (as calculated by SwissProt for protein in 6.0 M guanidium

hydrochloride, 0.02 M phosphate buffer, pH 6.5). The purity of the

protein preparation was assayed by SDS-polyacrylamide gel electrophoresis

(SDS-PAGE), and the results (a major band representing undegraded,

unmodified rmMBP) were consistent with our previous investigations

(34,35).

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 elsewhere (38). The purity of the actin was
checked using matrix-assisted laser desorption/ionization time-of-flight

mass spectrometry, 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

3 ¼ 0.62 Lg�1cm�1. The polymerization activity of the globular actin

was assessed using salt (50 mM KCl, 1 mM EGTA, and 2 mM MgCl2).

The solution was kept for 1 h at room temperature, and then centrifuged

for 20 min at 340,000 � g to collect polymerized actin. The actin content

in both the supernatant and pellet was assessed using SDS-PAGE. In addi-

tion, an equivalent volume of the G-actin stock was centrifuged at the same

speed and for the same time, and SDS-PAGE of the supernatant and pellet

was used to check for actin content. The active protein suspended in G-

buffer (2 mM Tris, pH 8.0, 0.2 mM ATP, 0.2 mM CaCl2, and 0.2 mM 2-mer-

captoethanol) was then aliquoted into 1.5 mL microfuge tubes, flash frozen

in liquid nitrogen, and stored at �80�C.

NMR sample preparation

Protein samples were prepared for SSNMR spectroscopy in two different

ways. In sample 1, the labeled rmMBP was allowed to interact with G-actin

in the presence of polymerizing salts (50 mM KCl, 1 mM EGTA, and 2 mM

MgCl2). In sample 2, G-actin was first polymerized into filaments by salt,

and then labeled rmMBP was added to bundle it into larger assemblies.

In sample 1, freeze-dried rmMBP was dissolved in G-buffer (2 mM Tris,

pH 8.0, 0.2 mM ATP, 0.2 mM CaCl2, and 0.2 mM 2-mercaptoethanol) and

mixed with G-actin in G-buffer to a final G-actin concentration of 10 mM and

a [G-actin]/[rmMBP] molar ratio of 1:1.6. To obtain more compact bundles,

KCl (from a 3 M stock solution) was added dropwise to the initial rmMBP

preparation before mixing it with G-actin, to give a final KCl concentration

of 50 mM. The solution was incubated at room temperature overnight to en-

sure complete polymerization to F-actin and bundling of the microfilaments

by the rmMBP, and was then centrifuged for 1 h at 205,000� g to collect the

bundles. The pellet was then centrifuged for 20 min at 340,000� g before it

was packed into a regular wall 3.2 mm MAS rotor for NMR measurements.

The total amount of rmMBP packed into the rotor was ~6 mg. This amount

was obtained from a pellet with a total protein content of 15 mg (actin þ
MBP), and it filled the whole volume of the rotor (20 mL).

Sample 1 showed some branching at the boundaries of formed bundles

under the electron microscope. To further quantify probable inhomogeneity

introduced by this branching, we used salt-polymerized actin at a higher KCl

concentration to produce more compact bundles in sample 2. For this sam-

ple, G-actin was first polymerized into F-actin by addition of KCl to a final

concentration of 50 mM, along with 1 mM EGTA and 2 mM MgCl2. To en-

sure maximal polymerization, the final solution was incubated overnight at

room temperature. Freeze-dried rmMBP was dissolved in G-buffer contain-

ing 50 mM KCl, 1 mM EGTA, and 2 mM MgCl2. Both solutions were

mixed together, and the KCl concentration was raised to 75 mM to enhance

bundle compactness. The sample was incubated for 4 h at room temperature,

initially centrifuged for 30 min at 600 � g to collect the bundles, and finally

centrifuged for 20 min at 340,000 � g. The resulting compact pellet

(with a final rmMBP content of ~9 mg) was then center-packed between

two cylindrical Vespel inserts into a Bruker thin-walled MAS rotor. The rotor

has a total volume of 60 mL and the sample was packed into 44% of this

volume to minimize the radiofrequency field inhomogeneity at both edges

of the rotor.

Transmission electron microscopy

Transmission electron microscopy (TEM) was used to examine the morphol-

ogy of the rmMBP-actin assemblies before NMR analysis. The samples used

for TEM measurements were prepared in exactly the same way as both

NMR samples, without the last two centrifugation steps, and were also di-

luted four times with G-buffer. The samples were negatively stained with

uranyl acetate, dried, and examined on a Philips CM10 transmission electron

microscope.



182 Ahmed et al.
FTIR spectroscopic measurement
of hydrogen-deuterium exchange

FTIR spectroscopy was performed on a Bruker IFS66vs spectrometer equip-

ped with a diamond attenuated total reflection (ATR) cell operating at

4 cm�1 resolution. The rmMBP-actin assembly was prepared exactly the

same way as for sample 2, except without the last two centrifugation steps.

To distinguish the vibrational bands of rmMBP from those of actin, uni-

formly 13C,15N-labeled rmMBP was used in the preparation of the FTIR

sample. The sample was suspended in 10 mL H2O-based G-buffer, spread

evenly onto the diamond prism, and dehydrated completely under vacuum

for 10 min. An absorption spectrum was taken on the dry film. The dry

film was then incubated with 10 mL of D2O and sealed to prevent D2O evap-

oration exchange with the atmosphere during the measurement time. A se-

ries of absorption spectra were recorded at different times after exposure

to D2O under the ‘‘rapid scan’’ mode. The time base extended over a course

of 6 h. The measurements were done as follows: First, 100 measurements

with zero delay were performed during the first 20 s. After that, another

100 measurements with 10 s delays between consecutive measurements

were done during the next 17 min. The last stage of 160 measurements

had 120 s delays between consecutive measurements for the rest of the

6 h. Each measurement was done as an average of four scans (total scan

time of 200 ms). The first 100 measurements were considered to have an ef-

fective delay of 200 ms, and the rest of the 360 measurements were corrected

to reflect the scan time. The timescale of the FTIR measurements was refer-

enced to the moment when D2O was added to the sample. All spectra were

normalized by the integrated peak intensity of the amide I band, to correct

for the reduction in intensity due to swelling of the sample after the addition

of D2O. The normalization was done by multiplying each spectrum by the

ratio of the integrated intensity of the amide I band of the spectrum before

adding D2O to that of each respective spectrum. An in-house-written

FORTRAN script was used to carry out this normalization. The normaliza-

tion of FTIR spectra was only necessary to display the data better in the early

stages of exchange, by eliminating the fast-decaying component as a result

of swelling. To extract all time constants of swelling, as well as exchange

processes in rmMBP and actin, a global exponential fitting to all spectra

in the range of 1350–1700 cm�1 was done.

NMR spectroscopy

All experiments were performed on Bruker Avance III spectrometers

(Bruker BioSpin, Karlsruhe, Germany)—one operating at 600.130 MHz

proton frequency and equipped with a standard Bruker triple-resonance
1H-13C-15N 3.2 mm BioSolids MAS probe (Bruker USA, Billerica, MA),

and the other operating at 800.23 MHz proton frequency, equipped with

a Bruker triple-resonance 1H-13C-15N 3.2 mm E-Free MAS probe

(39–41). The one-dimensional (1D) 13C spectra were collected at

800 MHz 1H frequency, using either through-space cross-polarization

(CP) (42,43) or through-bond insensitive nuclei enhanced by polarization

transfer (INEPT) (44) excitations. In both cases, a proton field of 77 kHz

was applied for SPINAL-64 decoupling (45). All 1D spectra presented in

this work were measured on sample 1.

The two-dimensional (2D) 13C-13C correlation spectra were measured

with the 13C-13C mixing accomplished using either through-space dipolar

assisted rotational resonance (DARR) (46) or SPC53 (47,48) mechanisms,

or through-bond correlation spectroscopy (TOBSY) (49,50).

The through-space DARR and SPC53 spectra were acquired on both sam-

ples 1 and 2 at a MAS rate of 12 kHz on the 600 MHz spectrometer, with

a recycle delay of 2.9 s. The DARR mixing was of 50 ms duration. The

band-selective through-space SPC53 irradiation was 1.26 ms, which is suffi-

cient to generate one-bond transfers. The 100 kHz CW proton decoupling was

applied during mixing. The through-bond TOBSY (49,50) experiment was

modified to start with 1H/13C CP and a p/2 13C pulse to ensure that both

mobile and immobile parts of the spectra were excitedwith maximum efficiency.

The TOBSY spectrum was collected from sample 2 on the 800 MHz

Bruker Avance III spectrometer at a MAS rate of 14.3 kHz and with a pulse
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delay of 1.7 s. The TOBSY mixing was performed using the P91
6 sequence

(50) with a total irradiation time of 8.4 ms. Continuous-wave (CW) proton

decoupling of 100 kHz was applied during mixing. The 13C carrier

frequency was set to 40 ppm. Additional experimental parameters are given

in the figure captions. Carbon chemical shifts were indirectly referenced to

2,2-dimethyl-2-silapentane-5-sulfonic acid (DSS) through the 13C adaman-

tane downfield peak resonating at 40.48 ppm (51). The nitrogen chemical

shifts were referenced indirectly by using the ratio of gN/gC ¼
0.402979946, taken without temperature factor correction (52). All temper-

ature values reported here represent the temperature of the cooling gas in the

close vicinity of the sample. All 2D spectra were processed with NMRPipe

(53).

RESULTS AND DISCUSSION

Sample preparation: mass spectrometry,
SDS-PAGE, and TEM

Actin was prepared from chicken skeletal muscle using

standard protocols (38). The purity of actin was character-

ized using mass spectrometry, which indicated one band at

42.027 kDa corresponding to singly ionized monomers, an-

other band corresponding to doubly ionized monomers, and

two extra bands corresponding to singly and doubly ionized

dimers (results not shown). The measured molecular mass

was quite close to that of the full-length unmodified chicken

actin (377 residues, 42.051 kDa), and was slightly higher

than for the mature a-skeletal actin, which is modified by

N-terminal deletion of two residues and has a reduced molec-

ular mass of 41.817 kDa (Swiss-Prot database entry

P02568). The absence of a 38 kDa band showed that the final

actin product was highly pure and not affected by proteolysis

(38).

The polymerization and bundling of actin by salts or by

rmMBP was assessed by SDS-PAGE. Lanes 1 and 2 in

Fig. 1 A show single protein bands corresponding to actin

and rmMBP, respectively, whereas lanes 3 and 4 demon-

strate that essentially all actin remains in the supernatant

upon ultracentrifugation and is in the globular form in the

G-buffer. It is polymerized by salts (lanes 5 and 6) and is

therefore biologically active. The evaluation of rmMBP/G-

actin interactions and stoichiometry of rmMBP/actin binding

is shown in Fig. 1 B (lanes 7–12). We found that rmMBP

induces polymerization and bundling of G-actin in a molar

ratio of 1:1.6 of G-actin/rmMBP, in agreement with previous

measurements (20,21). This stoichiometry is different if

rmMBP interacts with filamentous actin polymerized by salts

(Fig. 1 C). In this case, the interaction occurs in a 1:1 molar

ratio (lanes 15 and 16).

The morphology of the rmMBP/F-actin assemblies was

examined by means of TEM on fourfold-diluted and nega-

tively stained (with uranyl acetate) samples. The TEM exper-

iments were performed on two samples (described in detail

in Materials and Methods): G-actin polymerized and bundled

with rmMBP (sample 1), and G-actin polymerized with salts

to form F-actin, which was then bundled with rmMBP (sam-

ple 2). The electron micrographs of sample 1 (Fig. 2) showed
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large bundles that appear to be ordered, along with pro-

nounced branching of many filaments at the boundaries of

these bundles. The appearance of these bundles in sample

1 suggests that there could be some microscopic structural

inhomogeneity associated with the branching.

On the other hand, micrographs from sample 2 (not

shown) did not display the branching of filaments at the

boundaries of the bundles, indicating that the bundles were

more compact than the ones in sample 1, in agreement

with previously reported observations (23,24). As discussed

below, SSNMR measurements, which are sensitive to the

degree of microscopic order, yielded similar spectra for

both samples, indicating the minor effect of the appearance

of these filaments on the atomic level structural order.

Amide-proton exchange by FTIR spectroscopy

The amide-proton exchange of the rmMBP-F-actin samples

was examined by FTIR spectroscopy to probe different time-

scale exchange processes, as well as the existence of differ-

ent secondary structure elements in rmMBP. Previous FTIR

(54) and solution NMR (55) studies of MBP in aqueous

solution showed that MBP adopts an extended conformation

without a significant proportion of regular secondary struc-

ture elements. Fig. 3 A shows two ATR FTIR spectra of

rmMBP-F-actin films with the band assignments. To study

amide-proton exchange separately in actin and in MBP, we

used fully isotopically labeled rmMBP, which results in

shifts of the C- and N-containing vibrational bands due to

rmMBP to lower frequencies (up to 40 cm�1). In the dry

film before the addition of D2O, the amide I and amide II

bands for protonated actin and rmMBP dominate the spec-

trum. Amide I bands for actin indicate the presence of

more than one type of secondary structure (a-helices,

b-sheets, and b-turns, and extended structure), as can be

inferred from the multiple peaks in the range of 1680–

1615 cm�1 (56). This conclusion is also confirmed by the

appearance of multiple amide II peaks in protonated actin

FIGURE 1 (A) Assessment of actin polymerization by salt using SDS-PAGE. Lanes 1 and 2 are the actin and rmMBP controls, respectively. Lanes 3 and 4

are the supernatant and pellet, respectively, obtained by ultracentrifugation of the G-actin sample. The absence of any actin in the pellet indicates minimal

polymerization in the absence of rmMBP. Lanes 5 and 6 represent the supernatant and pellet fractions, respectively, of salt-induced F-actin, confirming

the integrity of the original G-actin preparation; 20 mL of each protein sample (actin at 5 mM concentration) were applied to lanes 1–6. (B) Interaction of

rmMBP with G-actin. In lanes 7–12, each adjacent pair of lanes marked S and P represents supernatant and pellet, respectively, obtained by ultracentrifugation

of the complex formed by the interaction of rmMBP and G-actin in G-buffer under nonpolymerizing conditions. The molar ratio of [G-actin]/[MBP] was 1:1.6

(lanes 7 and 8), 1:1.7 (lanes 9 and 10), and 1:1.8 (lanes 11 and 12). (C) Interaction of rmMBP with F-actin. Lanes 13–20 represent the result of bundling of

salt-produced F-actin by rmMBP. The molar ratios of [actin]/[MBP] were 1:0.9 (lanes 13 and 14), 1:1.0 (lanes 15 and 16), 1:1.1 (lanes 17 and 18), and 1:1.2

(lanes 19 and 20). The final actin concentration in all samples was 10 mM. The samples were mixed with loading dye at 1:1 volume ratio, reducing the actin

concentration in all samples to 5 mM, and the rmMBP concentration was as indicated above. Lanes 7–20: 10 mL of sample were applied to each lane.

FIGURE 2 TEM of rmMBP-actin bundles obtained at

a 1:1.5 molar ratio of actin to rmMBP and negatively

stained with uranyl acetate. The image was captured on

a Philips CM10 transmission electron microscope, using

a fourfold-diluted fraction of a preparation typical of that

used for NMR spectroscopy.
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FIGURE 3 ATR-FTIR spectroscopic measurements of amide-proton ex-

change in the rmMBP-F-actin assemblies. (A) Spectra for the dry film before

soaking with D2O (black curve) and at 6 h after adding D2O (red curve).

Amide I and II bands for both fully isotopically labeled rmMBP and unla-
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in the range of 1558–1533 cm�1, especially shortly after the

addition of D2O, when many overlapping bands due to the

fast-exchanging extended structures are quickly removed in

both actin and rmMBP. The two major amide I peaks at

1653 and 1631 cm�1 were previously assigned to a-helices

and b-sheets of F-actin, respectively (57). Of interest, in

our spectra, the 1631 cm�1 peak corresponding to b-sheets

dominates the spectra of rmMBP-associated actin, similar

to membrane-associated actin but in contrast to free F-actin

(57). Thus, the FTIR results suggest that the interaction

with MBP induces a higher content of b-sheets in F-actin,

similar to the interaction with lipids in the presence of diva-

lent cations.

The bands due to both deuterated rmMBP and actin in the

amide II0 region in the range of 1471–1400 cm�1 in Fig. 3 B
give rise to at least six peaks. This large number of peaks

indicates the presence of different types of secondary struc-

ture in deuterated actin (1471–1437 cm�1). In addition,

the observation of more than one peak between 1437 and

1400 cm�1 implies the presence of different types of second-

ary structure elements in rmMBP in this assembly. Moreover,

the bands due to extended structures of isotopically labeled

rmMBP centered at 1400 cm�1 have a very fast buildup in

the first second after the addition of D2O, much faster than

the corresponding buildup rate for all actin bands in the range

of 1471–1437 cm�1. At longer times, the amplitude at 1400

cm�1 comes to saturation, whereas the amplitudes of actin

bands in the range of 1471–1437 cm�1 continue to increase.

Fig. 3 C compares the experimental absorbances measured

as a function of time after the addition of D2O, and the results

of global exponential fitting. The absorbances were

measured for the deuterated rmMBP amide II0 band at

1400 cm�1, corresponding to the random coil conformation,

to the deuterated actin amide II0 band at 1437 cm�1, corre-

sponding to b-sheet or extended structure, and to the deuter-

ated rmMBP amide I0 band at 1595 cm�1 for random coil. It

should be noted that a substantial (>10 cm�1) deuterium-

induced downshift of the amide I band of rmMBP indicates

the predominance of an extended (disordered) structure, as

both a-helices and b-sheets display only minor shifts (58).

beled actin (two major bands for b-and a-structures are observed) in the pro-

tonated state, as well as amide I0 and II0 bands for the deuterated fractions of

both rmMBP and actin, are indicated. (B) A series of FTIR spectra at differ-

ent time points after adding D2O as indicated. The spectra in both panels A

and B are normalized to the integrated peak intensity of the amide I band.

The amide II0 band for deuterated rmMBP increases very rapidly within

the first second of the time course, as compared to the increase in the corre-

sponding band in actin. Later on, the intensity of the rmMBP amide II0 band

very quickly reaches near-saturation, whereas that of the actin amide II0 band

continues to increase almost linearly. (C) The absorbance as a function of

time for deuterated rmMBP amide II0 (red curve), deuterated actin amide

II0 (green curve), and deuterated rmMBP amide I0 (blue curve). The solid

lines are the global exponential fitting results, whereas the scattered points

are the experimental values of the absolute absorbance. The points are not

normalized. The initial drop in intensity is due to the swelling effect on

the addition of D2O to the dry film.
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The values of absorbance reported in the plots in Fig. 3 C
are the absolute values given without normalization. Al-

though the initial intensity reduction, due to sample swelling

after the addition of D2O, distorts the spectra in the initial

time stage in all of the spectral ranges and hinders the accu-

rate determination of time constants of exchange within the

fast (subsecond) timescale, the rest of the time course can

be used to differentiate proton-deuteron exchange processes

in both rmMBP and actin. The buildup of absorbance at the

three given frequencies shows that most of the rmMBP ex-

changes very quickly during the first 12 s after the addition

of D2O and reaches a near-saturation state, as can be inferred

from the small increase in amplitudes for both curves corre-

sponding to rmMBP. Actin displays similar behavior in the

initial 12 s, when it displays a pronounced increase in absor-

bance. However, during the rest of the time course, an even

larger increase in absorbance is pronounced, indicating the

continuity of exchange processes in actin in a longer time-

scale regime (of the order of 500 s).

The vibrational bands observed by FTIR spectroscopy are

very sensitive to hydrogen bonding and couplings between

transition dipoles, which makes it a very powerful technique

for probing secondary structure in proteins, and for monitor-

ing hydrogen-deuterium exchange by analysis of the amide

II band (56,59). Protein-protein interactions (involving

IDPs) are usually accompanied by conformational changes

that range from local environmental changes to the induction

of new secondary structure elements and induced folding (8–

10). Here, the FTIR spectra suggest the formation of second-

ary structure elements in rmMBP in complex with F-actin
bundles. The large number of peaks in the amide II0 region

due to both actin and rmMBP indicate that actin, as is well

known, contains all the different types of secondary structure

elements, including a-helices, b-sheets, b-turns, and ex-

tended structures such as random coil. The remaining peaks

(especially the one at 1417 cm�1) cannot be due to random

coil or other extended structures in rmMBP. Moreover, the

buildup of absorbance at 1417 cm�1 indicates that the poly-

peptide chain due to this band is more protected than the

other part that gives rise to the band at 1400 cm�1. This result

indicates that a significant fraction of rmMBP in complex

with F-actin gains some ordered secondary structure, and

that more solvent-protected parts of the protein give rise to

the band centered at 1417 cm�1.

SSNMR spectroscopy—1D 13C MAS experiments

SSNMR spectroscopy provides information on dynamics

and sequence-specific formation of ordered secondary struc-

ture in actin-bound rmMBP. The temperature dependence of

the intensities and resolution in the CP-MAS spectra demon-

strate differential mobility in the protein. Two representative

CP-MAS spectra measured at 280K and 250K (Fig. 4, A and

B, respectively) differ in both intensity and resolution for

all resonances. The low-temperature spectrum has a substan-

tially higher intensity (by approximately a factor of 2), yet

significantly lower resolution, especially in the aliphatic

region from 15 to 35 ppm. Both observations are attributed

to the effects of molecular motions, which result in confor-

mational averaging and better resolution at higher
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FIGURE 4 13C CP-MAS spectra (A and B), 15N CP-MAS spectra (C and D), and INEPT-MAS spectra (E and F) of uniformly 13C,15N-labeled 18.5 kDa

rmMBP in rmMBP-actin complex as a function of temperature, as indicated in the figure. The 13C CP-MAS spectra were collected with an acquisition time of

30 ms, with 256 scans and a CP proton-carbon contact time of 2 ms. The 15N CP-MAS spectra were collected with an acquisition time of 25 ms, with 64 and

256 scans for C and D, respectively, and with a CP contact time of 2 ms. The INEPT-MAS spectra were collected with an acquisition time of 30 ms and 512

scans. All 13C spectra were acquired on a Bruker Avance III 800 MHz spectrometer equipped with a triple-resonance 3.2 mm E-free probe at a 14 kHz MAS

rate, whereas 15N spectra were collected on a Bruker Avance III 600 MHz equipped with a triple-resonance 3.2 mm probe at 12 kHz MAS. Data were processed

with 10 Hz exponential line-broadening before Fourier transformation.
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temperatures, but also have averaging effects on the proton-

carbon dipolar couplings. Consequently, the temperature-de-

pendent resolution and intensity changes are not uniform

across the spectrum: the averaging of dipolar interactions re-

sults in stronger intensity attenuation for carbonyl atoms (not

shown), which are relatively weakly coupled to protons,

compared to the proton-bonded aliphatic spins. Furthermore,

the 1D 13C CP-MAS spectra at temperatures lower than

250K (not shown) showed little improvement in CP en-

hancement, which thus had little effect on the improvement

of the signal/noise ratio of multidimensional spectra col-

lected at the same temperature (not shown).

The 1D CP-MAS 15N spectra in Fig. 4, C and D, exhibit

a similar type of temperature dependence: the spectral inten-

sity increases nonuniformly with decreasing temperature,

whereas the resolution becomes worse. The region in the
15N spectrum affected the most by the temperature increase

is in the range of 100–115 ppm, which corresponds to the

backbone resonances of Gly, Ser, and Thr. In agreement

with this result is the resolution enhancement in the region

of Ser/Thr Cb resonances around 60–70 ppm, and the region

of Gly Ca resonances around 45 ppm in Fig. 4, A and B. More-

over, the side-chain nitrogen atoms of amino acids such as Lys

and Arg display extensive line-broadening, accompanied by

a pronounced intensity reduction as the temperature is re-

duced from 280K to 255K. This phenomenon can be attrib-

uted only to the quenching of global motions that result in

freezing of different conformations at these sites.

The INEPT experiment provides an alternative means to

preferentially excite spectral regions that correspond to pro-

tein fragments of increased mobility. The observed tempera-

ture dependence of INEPT spectra is quite different from that

of CP-MAS spectra: both intensity and resolution enhance-

ments are observed at higher temperature (Fig. 4, E and F),

consistent with a higher degree of mobility. The lines’ posi-

tions and shapes in the INEPT-MAS spectra are very similar

to those in the CP-MAS spectra, most likely indicating that

the motional averaging of proton-carbon dipolar couplings

is incomplete, so one can observe mobile species in both

through-space and through-bond excited spectra, as previ-

ously demonstrated for membrane-associated MBP (16).

SSNMR spectroscopy—2D 13C-13C correlations

The line-broadening observed in 1D spectra at low tempera-

tures is most likely due to the conformational inhomogeneity

introduced by quenching of motions upon freezing. To fur-

ther assess mobility, conformational heterogeneity, and the

formation of ordered secondary structure in rmMBP upon

binding actin, we acquired a series of 2D 13C-13C correlation

spectra at different temperatures, using both through-space

and through-bond interactions as mechanisms for establish-

ing correlations.

In Fig. 5, A and B, we show 13C-13C 2D spectra acquired

with through-space DARR (46) mixing of 50 ms at 274K and

Biophysical Journal 96(1) 180–191
255K, respectively. Both spectra were acquired on sample 1

(G-actin polymerized and bundled with 13C,15N-rmMBP).

The spectrum that was obtained at 274K (Fig. 5 A) has

a lower signal/noise ratio, with fewer groups of crosspeaks.

This result is in fair agreement with the preliminary picture

derived from 1D experiments: the increased mobility at

higher temperatures causes averaging of carbon-carbon

dipolar interactions and decreases the polarization transfer

efficiency.

In contrast, the spectrum at 255K in Fig. 5 B shows all

the expected backbone-backbone, backbone-side chain, and

side chain-side chain correlations, although it also displays

dramatically limited spectral resolution except for some

isolated peaks. Because of the nature and length of DARR mix-

ing, the low-temperature spectrum in Fig. 5 B likely shows

multibond and possible interresidue correlations. An additional

low-temperature carbon-carbon correlation that uses short

SPC53 (47,48) mixing of 1.26 ms (Fig. 5 C) shows only one-

bond correlations. All crosspeaks are very broad in this spec-

trum, reflecting the heterogeneity of the actin/MBP complex.

From the resolution of the DARR and SPC53 spectra, it

is already apparent that actin-bound MBP is likely to be

structurally heterogeneous. We further used through-bond

TOBSY (49,50) spectroscopy to establish amino acid spe-

cific correlations at 5�C, where spectra have higher spectral

resolution. The TOBSY mixing was chosen to be 8.4 ms

to result in mainly one-bond correlations (Fig. 5 D). The

spectrum has higher resolution, but the transfer efficiency

varies between different peaks. Most notably, Ca/Cb correla-

tions due to threonines around 60/70 ppm in F1/F2 dimen-

sions are quite weak, although the Cb/Cg correlations around

70/20 ppm are very pronounced.

MBP is an IDP and yields poorly dispersed NMR spectra

when in unbound form, with most backbone chemical shifts

having random coil values (55). The information content and

the resolution of the TOBSY spectrum are sufficient to en-

able conclusions to be drawn about the formation of second-

ary structure in MBP in actin-associated form. Fig. 6 displays

well-isolated Ala Ca-Cb, Thr Cb-Cg, and Pro/Val Ca-Cb

regions of the TOBSY spectra, which we use to analyze

the presence of secondary structure in MBP. The binding

to actin induces substantial structural rearrangements in

rmMBP, which in turn result in better-dispersed chemical

shifts with both a-helical and b-strand elements present. In

particular, the region corresponding to Ala Ca-Cb correla-

tions provides an excellent example of the presence of differ-

ent secondary structure types in the protein. The detected

chemical shift ranges for alanines are 50.6–56.0 ppm for Ca,

and 17.8–22.0 ppm for Cb, considerably more dispersed than

the random coil values of 52.67 5 0.7 ppm and 19.03 5

0.7 ppm for Ca and Cb, respectively (60). Furthermore,

both types of secondary structure, a-helical and b-strand,

are detected. Similarly, the presence of induced secondary

structure is observed in the Ca/Cb regions of threonines,

and of valines and prolines (Fig. 6).
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FIGURE 5 Series of 2D 13C-13C correlation spectra of uniformly 13C,15N-labeled rmMBP in the rmMBP-actin complex. In all experiments, the indirect and

direct acquisition times were 7.6 and 12 ms, and the spectra were apodized with a p/2-shifted sine-squared window function before Fourier transformation. The

first contour is cut at 4.5 times the noise floor and each subsequent contour level is multiplied by 1.15. The regions indicated by dashed rectangles are expanded

in Fig. 6 for secondary structure analysis. (A and B) Aliphatic regions of DARR experiments collected at 274K and 255K, respectively, at 600 MHz. Both

DARR spectra were acquired with 64 scans per t1 point. (C) Aliphatic region of the SPC53 double-quantum correlation spectrum collected at 600 MHz,

248K, and with 56 scans per t1 point. All crosspeaks in this spectrum are negative, indicating that they are all due to one-bond correlations. (D) Aliphatic

region of TOBSY spectrum collected at 278K, at 800 MHz, with 128 scans per t1 point.
All of the examples above prove the formation of different

regular secondary structure elements, both a-helices and

b-strands. This is the first unequivocal experimental demon-

stration of the formation of b-strands in 18.5 kDa MBP in as-

sociation with proteins, as opposed to lipids (11). Although

site-specific information is not available at this stage, further

insights into secondary structure formation can be derived

from comparisons of the carbon chemical shifts of rmMBP

in its actin-bound form with the recent chemical shift assign-

ment obtained for rmMBP in aqueous solution containing

100 mM KCl (55), where the protein exists in extended un-

structured form, and with the assignment in 30% trifluoroe-

thanol (TFE) (37), where MBP contains several restrained

regions, particularly three a-helical segments (15).

There are 11 alanines in the recombinant murine MBP.

Almost all of the alanyl peaks are poorly dispersed and

clustered around the random coil values in both KCl and
30% TFE solutions (37,55). In contrast, the alanyl Ca shifts

become dispersed over a 5–6 ppm range, unambiguously

showing the presence of both a-helical and b-strand struc-

tures. Another example is provided by well-dispersed Cb

shifts in the range of 66.8–71.9 ppm of the Thr Cb-Cg region,

for actin-bound MBP, as depicted in Fig. 6 B. In contrast,

in KCl and 30% TFE solutions, no threonines are found in

any of the locally ordered elements, and the coil chemical

shifts of these residues suggest they are in a random coil for-

mation (60).

Of 10 Thr residues in full-length rmMBP, seven are lo-

cated in the N-terminus (Thr15–Thr77), one (Thr147) is in

the C-terminus, and the remaining two (Thr92 and Thr95)

are within or in the vicinity of the immunodominant epitope

(Pro82–Pro93) (12–16). Similarly, of 11 alanines, five are lo-

cated in the N-terminus (Ala1–Ala49) and the remaining six

are in the C-terminal half of the protein (Ala115–His176).
Biophysical Journal 96(1) 180–191
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The high population of these residues in the N- and C-termini

implies that the terminal regions are particularly affected by

the interaction with actin.

A more site-specific analysis of induced order can be

obtained with the aid of Val resonances. There are only three

valines in the 18.5 kDa murine MBP isoform (Val84, Val85,

and Val90), and all are located within the primary immunodo-

minant epitope (12–16). In Fig. 6 C, the unambiguous iden-

tification of valines cannot be performed based on the Ca/Cb

region alone, because of the overlap with the Ca/Cb reso-

nances of the 11 prolines. However, a direct comparison

with the corresponding region constructed based on the

assignments in TFE indicates strong correlations between

positions of two of the valines, Val83 and Val84, in TFE

with some of the resonances in the TOBSY spectrum. The

residues Val83 and Val84 are known to be part of the a-helix

in the immunodominant epitope in various membrane-

mimetic conditions (TFE, lipid vesicles, or dodecylphospho-

choline micelles) (12–16). This correlation suggests, albeit

circumstantially, the formation of an a-helix in the proximity

of the immunodominant epitope, but this time in association

with actin, not lipids. Fig. 7 shows a schematic comparison

of induced secondary structure elements for rmMBP associ-

ated with lipid vesicles, and the potential regions containing

ordered secondary structure elements as predicted here from

the chemical shift information of Val, Ala, and Thr.

Biological significance

Because of its genetic diversity (different transcription start

sites and numerous translocatable splice isoforms) and ex-

tensive posttranslational modifications, it is believed that
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FIGURE 6 Formation of the secondary structure

in rmMBP bound to actin and comparisons with the

2D plots constructed using chemical shift assign-

ments of rmMBP dissolved in 30% TFE (37)

(BMRB accession number 6100) and in aqueous

100 mM KCl solution (55) (BMRB accession num-

ber 15131). (A) The Ala Ca-Cb region extracted

from the TOBSY spectrum shown in Fig. 5 D.

(B) The Thr Cb-Cg region. (C) The Pro/Val

Ca-Cb region. The dashed squares indicate random

coil regions, and the arrows indicate expected

trends for crosspeaks due to a-helices and b-strands

(60).
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MBP must play further roles in myelin development and

maintenance beyond mere membrane adhesion (3). Shiverer

transgenic mice that lack the MBP gene exhibit both substan-

tial hypomyelination of CNS neurons and myelination of in-

appropriate targets (61), whereas oligodendrocytes cultured

from these mice display extensive cytoskeletal disorganiza-

tion and an abundance of aberrant processes (62). Polymer-

ization of actin in the CNS causes movement of the leading

edge of membranous cellular processes. The extension of

these cellular processes, in turn, forms myelin (63,64).

Such in vivo evidence, collectively with in vitro studies of

the 18.5 kDa protein’s interactions with cytoskeletal proteins

(see Introduction), suggests that it is involved in cytoskeletal

assembly during myelin formation, and in its maintenance

(assembly and tethering to the membrane) in mature myelin.

This multifunctionality is directly related to the intrinsi-

cally disordered nature of MBP. Some IDPs are thought to

function merely as springs or linkers (i.e., entropic chains).

Often IDPs associate rapidly (but still specifically) with

one or multiple binding partners (65), and thus function as

hubs in protein interaction and signaling networks, or as mo-

lecular switches in transcriptional and translational control.

Their binding affinities can be regulated by modifications

such as phosphorylation. The intermolecular associations

of IDPs may involve preformed structural elements such as

a-helices, potentially transient, and/or an induced fit, i.e.,

coupled folding and binding (8–10,17).

CONCLUSION

Here, we have used FTIR and MAS SSNMR spectroscopy to

show that 18.5 kDa rmMBP in association with F-actin

exhibits induced secondary structure formation, albeit with

a high degree of polymorphism and disorder remaining.

These results are reminiscent of the protein’s conformational

behavior upon association with lipid vesicles, which was

shown in our previous study (also by MAS SSNMR) in

which at least one-third of the protein remained exposed to

solvent and was mainly disordered (16). In our solution

NMR investigations of MBP binding to Ca2þ-CaM (15),

we discussed the interaction in the framework of the

MoRF hypothesis (17). In the framework of the more exten-

sive discussion of ‘‘fuzzy complexes’’ by Tompa and

Fuxreiter (66), the MBP-Ca2þ-CaM (and potentially MBP-

SH3-domain) interaction can best be described by a ‘‘dy-

namic fuzziness’’ (flanking) model, whereas the MBP-actin

association studied here may represent an example of ‘‘static

fuzziness’’ (polymorphism).

In conclusion, if MBP regulates or maintains cytoskeletal

assembly in developing and mature myelin, it must have

both a static nature (to maintain membrane adhesion) and

a significant dynamic component to allow it to interact with

actin, tubulin, CaM, SH3-domains, and various modifying en-

zymes. In terms of the prevailing paradigms of IDPs, MBP be-

haves like both an entropic spring or linker, and an induced fit

protein target that may have additional roles in signaling.
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