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ABSTRACT The 18.5 kDa isoform of myelin basic protein (MBP) is the predominant form in adult human central nervous
system myelin. It is an intrinsically disordered protein that functions both in membrane adhesion, and as a linker connecting the
oligodendrocyte membrane to the underlying cytoskeleton; its specific interactions with calmodulin and SH3-domain containing
proteins suggest further multifunctionality in signaling. Here, we have used multidimensional heteronuclear nuclear magnetic
resonance spectroscopy to study the conformational dependence on environment of the protein in aqueous solution (100 mM
KCl) and in a membrane-mimetic solvent (30% TFE-d2), particularly to analyze its secondary structure using chemical shift
indexing, and to investigate its backbone dynamics using 15N spin relaxation measurements. Collectively, the data revealed
three major segments of the protein with a propensity toward a-helicity that was stabilized by membrane-mimetic conditions:
T33-D46, V83-T92, and T142-L154 (murine 18.5 kDa sequence numbering). All of these regions corresponded with bio-
informatics predictions of ordered secondary structure. The V83-T92 region comprises a primary immunodominant epitope that
had previously been shown by site-directed spin labeling and electron paramagnetic resonance spectroscopy to be a-helical in
membrane-reconstituted systems. The T142-L154 segment overlapped with a predicted calmodulin-binding site. Chemical shift
perturbation experiments using labeled MBP and unlabeled calmodulin demonstrated a dramatic conformational change in
MBP upon association of the two proteins, and were consistent with the C-terminal segment of MBP being the primary binding
site for calmodulin.

INTRODUCTION

The genes of the oligodendrocyte lineage (Golli) produce

several isoforms of the myelin basic protein (MBP) family,

arising from three transcription start sites and differential

exon splicing (1,2). The classic isoforms of MBP arise from

transcription start site 3, and are expressed primarily in the

mature central nervous system, where they are known to

maintain the compaction of the myelin sheath (3). It has been

suggested that some variants of MBP might have further roles

in myelin signaling and cytoskeletal assembly (3–7), because

of their myriad combinatorial posttranslational modifications

(phosphorylation, methylation, deimination) (7,8), specific

binding to Ca21-calmodulin (9–11) and SH3-domains (12),

and ability to polymerize and bundle actin and tubulin (13–

17). Myelin basic protein is implicated in the pathogenesis of

the neurodegenerative disease multiple sclerosis as a medi-

ator of myelin degeneration due to increased deimination,

and as a candidate self-antigen (8,18–21).

Based on their net charge to mean hydrophobicity ratio,

and various spectroscopic measurements, all known forms of

MBP (both classic and Golli) belong to the class of intrinsi-

cally disordered proteins (IDPs), sometimes also called in-

trinsically unstructured proteins (7,22–24). Many IDPs are

multifunctional and/or involved in signaling pathways (25–

27). They have an extended conformation to present a large

effective surface area for interaction with a variety of diverse

ligands, which they bind with high specificity, and are often

hubs (or central linkers) of protein interaction networks

(28–31). These intermolecular associations may involve

preformed (inherent and transient, or induced) structural ele-

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

folding and binding (32–44). Dunker and colleagues have

encapsulated this idea in their molecular recognition frag-

ments (MoRF, specifically a-MoRF) hypothesis (45,46).

The most powerful approach to probing the conforma-

tional dynamics and interactions of IDPs is nuclear magnetic

resonance (NMR) spectroscopy (47–52). Since the propen-

sity of IDPs to adopt different conformations is highly de-

pendent on their environment and on their binding partners,

comparative NMR studies of MBP under differing conditions

will provide important insights into the structural and func-

tional details of this family (7). A peptide fragment encom-

passing an immunodominant epitope of MBP (corresponding

to murine 18.5 kDa residues P82-P93) has been characterized

by solution NMR in aqueous buffer, in 30% trifluoroethanol

(TFE-d2, a membrane-mimetic solvent (CF3-CD2-OH)), and

in deuterated dodecylphosphocholine (DPC-d38) micelles

(53). In the whole protein, this segment of MBP had previ-

ously been shown by site-directed spin-labeling (SDSL) and

electron paramagnetic resonance (EPR) spectroscopy to be

an amphipathic a-helix lying on the surface of the myelin

membrane, slightly tilted and partially embedded (54). The

structure of the fragment studied by solution NMR was, in-

deed, a-helical in TFE-d2 and in the DPC-d38 micelles.
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We have performed multidimensional heteronuclear so-

lution NMR and backbone assignment of full-length 18.5

kDa recombinant murine MBP (rmMBP, a posttransla-

tionally unmodified form of 176 residues) in both 30%

TFE-d2 (55), and in 100 mM KCl solution (56). In this

study, multidimensional heteronuclear NMR spectroscopy

was used to probe further the structure and dynamics of

rmMBP under these two different solution conditions. The

deviation of chemical shifts of many spins (including 13Ca,
13Cb, and 1Ha) from random coil values provides a sensitive

probe of secondary structure propensities (57–59). The

measurement of 15N and spin relaxation rates provides in-

formation about internal dynamics of proteins on the pi-

cosecond-to-nanosecond and microsecond-to-millisecond

timescales (47,60,61). Here, we have identified several

segments of rmMBP that form transient a-helices, repre-

senting putative binding targets for other proteins. One of

these segments has been strongly implicated as being the

primary binding site for calmodulin, identified using

chemical shift perturbation analysis. This result adds to the

mounting evidence that the physiological role of MBP in

central nervous system myelin is more than simply a

membrane adhesion factor, but that it is, in fact, a multi-

functional adaptor protein (3,9,11,12,14,15).

MATERIALS AND METHODS

Materials

Most chemicals were reagent grade and acquired from either Fisher

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

Canada). Electrophoresis grade chemicals were purchased from ICN Bi-

omedicals (Costa Mesa, CA) or Bio-Rad Laboratories (Mississauga, ON,

Canada). The nitrilotriacetic-acid agarose beads were purchased from

Qiagen (Mississauga, ON, Canada). The stable isotopic compounds D2O,
15NH4Cl, and 13C6-glucose were obtained from Cambridge Isotope Lab-

oratories (Andover, MA).

Protein expression and purification

Uniformly 15N- or 13C15N-labeled recombinant murine MBP (rmMBP, 176

residues including an LEH6 tag) was expressed in Escherichia coli BL21-

CodonPlus(DE3)-RP cells (Stratagene, La Jolla, CA), grown in M9 minimal

media with either 15NH4Cl and/or 13C6-glucose (Cambridge Isotope Labo-

ratories) as the sole nitrogen and/or carbon source(s). Purification was as

previously described (62) with minor modifications to improve recovery

(55,56). A yield of ;10–12 mg of purified, labeled rmMBP was obtained per

liter of culture.

The plasmid-encoding Xenopus laevis calmodulin with a hexahistidine

tag (pET-3a-CaM) was a generous gift from Dr. Mitsu Ikura (Ontario Cancer

Institute, Toronto, ON, Canada). Uniformly 15N-labeled X. laevis calmodulin

(CaM) was prepared as previously described (63), with a yield of ;40 mg of

protein per liter of culture.

Protein concentrations were determined here by measuring the absor-

bance at 280 nm, a parameter that we have calibrated by amino-acid analysis.

The values of the extinction coefficients used were 0.623 L g�1 cm�1

(rmMBP), and 0.152 L g�1 cm�1 (CaM). These values (in 6.0 M guanidine

hydrochloride, 0.02 M phosphate, pH 6.5), were calculated on the basis of

the amino-acid sequences using the ProtParam software tool (available at

http://www.expasy.ch).

Solution NMR spectroscopy

Backbone and most side-chain resonance assignments for uniformly 13C15N-

labeled rmMBP dissolved in either 30% TFE-d2, or in 100 mM KCl, have

been previously reported. In these first studies, complementary three-di-

mensional heteronuclear NMR experiments for establishing backbone con-

nectivity were performed at either 300 K (2 mM 13C15N-rmMBP in 30%

TFE-d2, pH 6.5) (55), or at 277 K (2 mM 13C15N-rmMBP in 100 mM KCl,

pH 6.5, 10% D2O) (56). Here, new backbone resonance assignments for 18.5

kDa rmMBP in 100 mM KCl at 300 K were obtained by tracking the gradual

shift of observable crosspeaks in a series of heteronuclear single quantum

coherence (HSQC) experiments recorded at 277 K, 283 K, 289 K, 295 K, and

300 K. The temperature series was recorded on an Avance spectrometer

(Bruker BioSpin, Milton, Ontario, Canada) operating at a proton Larmor

frequency of 600.13 MHz, using identical acquisition and processing pa-

rameters to those previously reported (56,64). These additional resonance

assignments were deposited, as an addendum, to the Biological Magnetic

Resonance Databank (BMRB) with accession number 15131.

Secondary chemical shifts

The chemical shift deviations from random coil values were used to assess

the secondary structure propensities along the backbone of rmMBP. Random

coil values (65) were corrected for sequence dependence using sequence-

specific correction factors determined for a set of Ac-GGXGG-NH2 peptides

in 8 M urea at pH 2.3 (66). The normalized sequence-corrected chemical shift

indices DdCa, DdCb, DdN, and DdHN, for Ca, Cb, N, and HN, respectively,

were combined to yield a normalized chemical shift index (CSI):

CSInorm ¼ 1=2 ð½DdC
a�norm � Eð½DdC

b�norm 1 ½DdN�norm

1 ½DdH
N�normÞÞ: (1)

The chemical shift indices were calculated using an in-house script as

previously performed (64), written in Lua (Pontifical Catholic University of

Rio de Janeiro, Brazil) and executed in computer-aided resonance assign-

ment (CARA) 1.8.3 (67). The Ca, Cb, and Ha chemical shift data were also

used to assess the secondary structure propensity of rmMBP using the

program SSP (68).

15N relaxation measurements

All relaxation experiments were recorded on uniformly 15N-labeled MBP

samples (1.72 mM 15N-rmMBP in 30% TFE-d2, pH 6.5, 1 mg 2,2-dimethyl-

2-silapentane-5-sulfonic acid (DSS); or 1.75 mM 15N-rmMBP in 100 mM

KCl, pH 6.5, 10% D2O, 1 mg DSS). The relaxation parameters of 15N were

measured using standard approaches (69–71). The spin-lattice R1 rate mea-

surements were conducted with relaxation delays of 1.6, 50, 100, 200, 300,

400, 800, 1000, and 1200 ms as previously described (70,71). The spin-spin

relaxation constant R2 measurements were done with Carr-Purcell-Meiboom-

Gill (72) delays of 0, 64, 128, 160, 192, 224, 256, 288, and 320 ms. The

relaxation rates for both R1 and R2 were determined from the decay of the

intensity of each 1H -15N crosspeak in this series of spectra. All of the re-

laxation parameters, along with the f1Hg-15N nuclear Overhauser effect

(NOE) intensities for backbone 15N nuclei, were measured at 300 K, at a

magnetic field strength of 14.1 T (corresponding to the resonance frequency

of 600.13 MHz for 1H), and sweep widths of 12 parts per million (ppm) (1H)

and 35 ppm (15N). The number of points was 256 and 2048 in the indirect and

direct dimensions, respectively, with 48 transients per point.
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The relaxation constants and the experimental errors were extracted by a

single exponential curve-fitting of the peak heights using a SPARKY (T. D.

Goddard and D. G. Kneller, SPARKY 3, University of California, San

Francisco) built-in option. The best fit was obtained by minimizing the root

mean-square deviation of the experimental peak heights from the fit. Random

errors for R1 and R2 values were estimated by calculating a best fit for a set of

perturbed heights 5000 times; the heights were perturbed by computer-

simulated noise with a Gaussian distribution of zero mean, and with variance

equal to the root mean-square deviation of the heights from the original best

fit. The spread in the best-fit values was used as a measure of the experimental

random error.

The steady-state f1Hg-15N NOE intensities were obtained from the ratio

INOE/INONOE, where INOE and INONOE are the peak heights in the NOE spectra

with and without proton saturation, respectively. These spectra were col-

lected using a standard experiment (70), with the same acquisition parame-

ters as those of the HSQC spectrum, except that the number of transients per

point was 192. The uncertainty in measuring NOE intensities was determined

as previously described (64,73).

Spectral density function

The frequency components of the relaxation parameters R1, R2, and NOE are

described by the spectral density function J(v) (73,74). Here,

R1 ¼ (d
2
=4) ½JðvH � vNÞ1 3JðvNÞ1 6JðvH 1 vNÞ�

1 c2JðvNÞ;
(2)

R2 ¼ (d2
=8)½4Jð0Þ1 JðvH � vNÞ1 3JðvNÞ1 6JðvHÞ

1 6JðvH 1 vNÞ�1 (c
2
=6)½4Jð0Þ1 3JðvNÞ�1 Rex;

(3)

NOE ¼ 1 1 (d
2
=4R1)(gN=gH)½6JðvH 1 vNÞ � JðvH � vNÞ�;

(4)

where d ¼ (mohgNgH=8p2)Ær�3
NHæ; c ¼ vNDs=

ffiffiffi
3
p

;m0 is the permeability of

free space, h is Planck’s constant, gH and gN are gyromagnetic ratios of

hydrogen and nitrogen nuclei, respectively, rNH is the proton-nitrogen

bond length, vH and vN are the Larmor frequencies for proton and

nitrogen, respectively, and Ds is the chemical shift anisotropy of 15N

(�160 ppm). Here, Rex is a term introduced to account for contributions

arising from conformational averaging on the microsecond-to-millisecond

timescale that are not averaged by the Carr-Purcell-Meiboom-Gill (72)

pulse train.

The three experimental parameters R1, R2, and NOE are not sufficient to

extract the spectral density function J(v) at five frequencies. However, the

values of J(vH), J(vH1vN), and J(vH�vN) can be assumed to be approxi-

mately equal in the case of 15N relaxation (75). Furthermore, if the contri-

bution from slow conformational exchange, Rex, is assumed to be negligible

compared to the other terms under certain conditions, then Eqs. 2–4 can be

solved to calculate the spectral density function at three frequencies:

JðvHÞ ¼ 0:2R1ðNOE� 1Þ(4=d
2
)(gN=gH); (5)

JðvNÞ ¼ 4R1=ð3d
2
1 4c

2Þ½1� (7=5)ðNOE� 1Þ(gN=gH)�;
(6)

Jð0Þ ¼ 1=ð3d
2
1 4c

2Þ½6R2 � 3R1 � (18R1=5)

ðNOE� 1Þ(gN=gH)�: (7)

The R1, R2, and NOE values measured at 300 K, and the 1H frequency of

600.13 MHz were used as input parameters for Eqs. 5–7. The uncertainties of

these inputs were combined using the standard error propagation methods to

propagate the uncertainties in the calculated spectral density values, as was

previously performed for the Golli-MBP isoform rmBG21 (64,73).

Model-free analysis

To quantify further the microscopic local motion parameters of the amide 15N

relaxation rates, a Lipari-Szabo (76,77) analysis with the extension of Clore

et al. (78), was performed with the MODELFREE (v. 4.20) software suite

(79,80). In this treatment, the spectral density function is assumed to be re-

lated to a set of internal motional parameters which include descriptions of

the correlation times (tm, ts, and tf) and order parameters (S2, S2
s ; and S2

f ).

The fast and slow internal correlation times are given by tf and ts, respec-

tively, whereas the overall correlation time of the molecule is tm. Likewise,

S2
s ; S2

f ; and S2 ¼ S2
s S2

f ; are the descriptions of the slow, fast, and generalized

motions, respectively.

The initial estimates for tm for rmMBP in either 30% TFE-d2 or 100 mM

KCl were obtained using the MODELFREE grid search function. The

models that describe the local motions of the individual NH vectors were

optimized separately according to the procedure outlined by Mandel et al.

(79). This strategy accounts for the different timescales of the motions arising

from structural variations, motional restrictions, and/or exchange. A sum-

mary of the models used for 18.5 kDa rmMBP is given in Supplementary

Material, Data S1, Table S1. Different rotational diffusion models included

in the MODELFREE software package were evaluated, and the isotropic

diffusion model was found to provide the best fit to the rmMBP relaxation

data for both experimental conditions examined (30% TFE-d2, 100 mM

KCl). For the final model fitting, a maximum of three rotational parameters

and the overall correlation time could be fit to R1, R2, and NOE acquired at

600 MHz. Errors were determined based on 500 Monte Carlo simulations of

Brent’s implementation of Powell’s method for multidimensional minimi-

zation (MODELFREE manual (80)).

Interactions with Ca21-calmodulin

Samples of rmMBP with CaM were prepared where only one of the binding

partners was isotopically labeled, and the unlabeled partner was in molar

excess. A series of combinations was prepared which allowed for the as-

sessment of structural changes in both binding partners based on chemical

shift perturbations. The following samples were prepared to examine

rmMBP-CaM binding: 1), 0.9 mM 15N-rmMBP; 2), 1.25 mM 15N-CaM; 3),

0.78 mM 13C15N-rmMBP with 0.96 mM CaM; and 4), 0.80 mM rmMBP

with 0.64 mM 15N-CaM. All proteins were dissolved in 100 mM KCl, 8 mM

CaCl2, pH 6.5, 10% D2O, with 0.75 mg DSS added as an internal reference.

Briefly, rmMBP and CaM were first dissolved separately in distilled, de-

ionized water at concentrations ,1 mg/mL; the samples were exchanged to

the experimental buffer using Amicon Ultra 10,000 MWCO spin filters

(Millipore, Billerica, MA). Calmodulin was slowly titrated into the rmMBP

solution and concentrated using the same spin filter. The final volume was

reduced to 500 mL, and the samples were introduced into D2O-matched

Shigemi NMR tubes (Shigemi, Allison Park, PA).

The 1H-15N HSQCs were recorded for each sample on an Avance III

spectrometer (Bruker) operating at a proton Larmor frequency of 800.23 MHz.

Sequential backbone assignments of 13C15N-rmMBP (sample 3, above) were

accomplished using the Bruker suite of standard three-dimensional heteronu-

clear experiments: CBCA(CO)NH, CBCANH, and HCC(CO)NH (81). All

three-dimensional spectra were acquired using 12 transients, 2048 3 40 3 128

(F3 3 F2 3 F1) points employing echo-anti-echo (F2) (82) and states-time-

proportional phase incrementation quadrature (F1) detection. The sweep widths

were 12, 32, and 83 ppm with the carrier frequencies set at 4.7, 119, and 39 ppm

for F3, F2, and F1, respectively. The spectra were apodized using a shifted (p/3),

squared, sinusoidal bell function, zero-filled, and linear-predicted (forward with

8 (F2) and 16 (F1) prediction coefficients) before Fourier transformation. The

software package TopSpin 2.0 (Bruker BioSpin, Rheinstetten, Germany) was

used for spectral processing. The 1H chemical shifts were referenced to the

internal methyl signal of DSS. The 15N and 13C chemical shifts were indirectly

referenced using IUPAC recommended ratios of 0.251449530 (g13C/g1H) and

0.101329118 (g15N/g1H) (82). Assignments were done using CARA 1.8.3 (67),

and modules contained in the CARA software package (http://www.nmr.ch).
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RESULTS AND DISCUSSION

Chemical shift assignment of full-length 18.5 kDa
rmMBP under different conditions

We initially performed multidimensional heteronuclear so-

lution NMR studies of 18.5 kDa rmMBP in 30% TFE-d2 (55)

(BMRB accession number 6100). These conditions were

chosen to mimic the membrane environment of the myelin

sheath, while keeping the system experimentally tractable to

solution NMR methodology (7). We argue that 30% TFE

stabilizes transient a-helices within the protein (83–85) on

the basis of multiple, complementary studies on the im-

munodominant epitope of MBP (murine residues P82-P93).

This segment forms an amphipathic, membrane surface-as-

sociated a-helix in full-length rmMBP reconstituted with

myelin-lipid vesicles (54,86). Solution NMR studies of an

18-residue peptide encompassing this fragment showed this

epitope to be disordered in aqueous solution, and a-helical in

both 30% TFE-d2 and DPC-d38 micelles (53). Since the TFE

solution condition stabilized this real a-helix, we consider

that other a-helical segments identified in MBP under these

conditions are also likely to be functionally relevant, con-

sidering the multitude of interaction partners already identi-

fied for this protein (7).

We acknowledge that results obtained with TFE and other

fluorinated alcohols should always be interpreted with cau-

tion (83,85,87). Most importantly, however, membrane-mi-

metic conditions using organic solvents are unsuitable to

probe interactions of MBP with proteins such as Ca21-CaM

(9), due to the potential (and uncharacterized) influence of the

solvent on the function of calmodulin (D. S. Libich, V. V.

Bamm, and G. Harauz, unpublished data). Therefore, these

studies were more recently extended to rmMBP in 100 mM

KCl solution, a more physiologically relevant condition that

emulates the intracellular cytosolic oligodendrocyte envi-

ronment (56) (BMRB accession number 15131), and in

which the structure of Ca21-CaM has been extensively

characterized (88).

Although a peptide fragment (residues Q78-T95) of

rmMBP has also been studied in DPC-d38 micelles (53), the

NMR spectra of the full-length protein under these conditions

showed considerable peak broadening (results not shown).

Since one of the main functions of 18.5 kDa MBP is mem-

brane adhesion, it aggregates lipid vesicles in vitro (89).

Thus, reconstituting full-length 18.5 kDa MBP with lipid

micelles or vesicles results in excessively large complexes or

aggregates, so that obtaining usable data under these condi-

tions is impossible using solution NMR methodologies. Such

reconstituted systems are better suited for solid-state NMR

studies. An approach using several complementary hetero-

nuclear correlation experiments to achieve a partial assign-

ment of the mobile fragments of membrane-associated MBP

has recently been described (90). However, solid-state NMR

requires considerable further development before a full three-

dimensional structure can be realized, particularly to probe

the membrane-embedded segments (91). Here, solution

NMR was applied to study aspects of 18.5 kDa MBP’s

multifunctionality by focusing on the two conditions under

which resonance assignments could be achieved, an aqueous

and a membrane-mimetic environment.

The 1H-15N HSQC spectrum of full-length 18.5 kDa

rmMBP in 100 mM KCl at 300 K is shown in Fig. 1, for

comparison with previously published HSQCs of the protein

in 30% TFE-d2 at 298 K (55), and in 100 mM KCl at 277 K

(56). The new assignments in Fig. 1 were obtained by

tracking the crosspeaks assigned at 277 K through a series of

temperature-dependent spectra, and have been deposited in

the BMRB under accession number 15131. The absence of

significant protein aggregation in these preparations is sup-

ported by previous fluorescence spectroscopy and dynamic

light scattering experiments (9), as well as the relative quality

and reproducibility of the HSQC spectra (55,56).

Chemical shift index analysis

Chemical shift index (CSI) analysis can be used to assess the

occurrence, proportion, and type of ordered secondary

structure (a-helix, b-strand) in a protein under different

conditions (57–59). A more detailed analysis of the chemical

shift data, which accounts for the probability that a particular

sequence of residues will occupy structured space, can be

obtained using the secondary structure propensity (SSP) al-

gorithm (68). Chemical shift difference plots for rmMBP in

30% TFE-d2, the solution membrane-mimetic condition, are

given in Fig. 2. The corresponding chemical shift data for

the protein in 100 mM KCl are given in Data S1, Fig. S1. The

normalized CSI and SSP values are presented in Fig. 3 for the

protein dissolved in 30% TFE-d2 (Fig. 3, A and B), and in 100

mM KCl (Fig. 3, C and D). These experimental data are

presented for comparison with a theoretical prediction of in-

trinsic disorder using Predictor of Naturally Disordered Regions

(PONDR) (92,93) (Fig. 3 E), a secondary structure prediction

using Garnier-Osguthorpe-Osborne (GOR) 4 (94) (Fig. 3 F),

and hydrophobic cluster analysis (HCA) (95) (Fig. 3 G).

The chemical shifts of full-length rmMBP dissolved in 100

mM KCl are considerably different from those obtained for

the protein under solution membrane-mimetic conditions,

i.e., 30% TFE-d2, as previously observed with an 18-residue

peptide fragment (53). CSI analysis confirmed some ex-

pected environment-specific structural details. Notably, the

amphipathic a-helix (P82-P93) present in the full-length

protein in membrane-associated form (54,86), or in an 18-

residue MBP-derived peptide under solution membrane-mi-

metic conditions (53), appears disordered here under aqueous

conditions. SSP analysis indicates that the same regions of

18.5 kDa rmMBP are capable of forming a-helices in both

TFE and KCl (Fig. 3, A and C, respectively) The CSI analysis

clearly shows the formation of stable a-helices in several

distinct regions of rmMBP in 30% TFE-d2 (Fig. 3 B), but not

in 100 mM KCl (Fig. 3 D). These measurements of secondary
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structure correspond to the regions of order predicted by

PONDR (Fig. 3 E). Here, there are three sections of MBP that

form a-helices in the membrane-mimetic solvent, and that

correspond to the CSI, SSP, and HCA predictions: T33-D46,

V83-T92, and T142-L154 (Fig. 3).

Relaxation measurements—summary of
MBP dynamics

To characterize rmMBP further under these conditions, the

dynamics (R1, R2, and NOE) of the polypeptide backbone

were recorded (Fig. 4 and Table 1) (47,60,61). Since rmMBP

dissolved in 30% TFE-d2 has a higher degree of stabilized

structure than in 100 mM KCl, as indicated by CSI and SSP

analysis, the following analysis further contrasts these dif-

ferences and highlights this protein’s extreme conformational

dependence on environment.

rmMBP in 30% TFE-d2

The R1 (spin-lattice relaxation) measurements indicate a rela-

tively flat line with an average of ;1.64 6 0.23 s�1 (Fig. 4 A).

There is a local minimum that is observed for the region

bounded by residues P98-K102 (murine numbering). The

relative errors observed for the R1 measurements may be

due to slight temperature variations which may have caused

minor peak-intensity fluctuations (96). Although rmMBP

forms stabilized a-helices under these conditions (discussed

below), there is still expected to be a considerable amount of

conformational plasticity in the protein. Particularly, ter-

tiary conformational fluctuations may also introduce un-

certainty in the measured relaxation rates. Hydrodynamic

methods (e.g., small-angle x-ray scattering or pulsed field

gradient nuclear magnetic resonance (48,50,97)), or long-

range structural information (obtained via paramagnetic

relaxation enhancement and SDSL (48)) would be helpful to

provide further insight to the conformational behavior of

rmMBP. The R2 (spin-spin relaxation) measurements fluc-

tuate with local maxima (Fig. 4 C) that correspond to the

SSP- and CSI-predicted a-helices (Fig. 3, A and B, re-

spectively), suggesting a higher degree of immobilization in

those regions. There are four major regions of positive and

large NOE intensities (Fig. 4 E) that correlate with the R2

data, and that correspond to the SSP and CSI plots that in-

FIGURE 1 The 1H-15N HSQC spectrum of uniformly
15N-labeled rmMBP (176 residues, including a C-terminal

LEH6 tag) dissolved in 100 mM KCl in water at a

concentration of 1.75 mM, recorded at 300 K. A total of

160 of 164 expected backbone peaks are assigned (there are

11 prolyl residues); peaks that appear below the displayed

contour levels are not shown. Assignments are based on the

assignments first performed at 277 K (56), and were ob-

tained by tracking the assigned crosspeaks through a series

of spectra recorded at increasingly higher temperatures.
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dicate a-helical propensity (Fig. 4 C, and Fig. 3, A, and B,

respectively). We interpret these correlations as evidence

that there are four TFE-stabilized a-helices present in 18.5

kDa rmMBP. These a-helices occur in regions that have

been predicted to be structured via secondary structure

prediction algorithms and PONDR analysis. There seems to

be an area of higher restraint (possibly a less-stabilized helix

than the other regions at L13-H21; dynamics identify mo-

tional restriction in this area, but the CSI does not quite meet

the threshold for a-helical structure). A final region of re-

straint is adjacent to the C-terminal helix, covering residues

R157-R167. Although the CSI again does not quite meet

the threshold for a-helical structure (this region contains a

prolyl residue and has an adjacent GG pair), one cannot rule

out the influence of the C-terminal Leu-Glu-His6-tag on the

stability of this region.

FIGURE 2 Chemical shift difference

plots (A) HN, (B) N, (C) Ha, (D) Cb, (E)

Ca, for rmMBP in 30% TFE-d2 at 300

K. The random coil values for HN, N,

Ha, and Ca have been adjusted for se-

quence dependence as previously de-

scribed for the Golli-MBP isoform rmBG21

(64). The dashed lines in all the panels

indicate the minimum threshold values

for the formation of secondary structure

elements. Generally, a consecutive stretch

of four residues above the threshold

value, or three residues below the thresh-

old value, is considered to be an a-helical

or b-strand element, respectively.
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FIGURE 3 Experimentally measured parameters (SSP and normal-

ized CSI) for (A and B) rmMBP in 30% TFE-d2 at 300 K, and (C and

D) rmMBP in 100 mM KCl at 277 K, for comparison with (E) IDP

order predictions using PONDR (VL-XT Predictor) (92,93), (F)

secondary structure predictions using GOR4 (94), and (G) a visually

enhanced sequence representation using hydrophobic cluster analysis

(HCA) (95). The gray bars align the PONDR-predicted regions of

order over all the panels. The dashed lines in panels B and D represent

minimum threshold values for the formation of either a-helices

(positive values), or b-strands (negative values). PONDR uses a

neural network to predict regions of order/disorder in IDPs; the

dashed line (E) represents the order/disorder threshold. Based on this

prediction, rmMBP has three regions of order which align with the

a-helical prediction from GOR4 (F). Hydrophobic cluster analysis

(HCA) visually enhances primary sequence data using symbols (h, T;

h� , S; ¤, G; *, P), and colors (red, P and acidic residues D, E, N, Q;

blue, basic residues H, K, R; green, hydrophobic residues V, L, I, F,

W, M, Y; and black for all other residues, G, S, T, C, A). The

hydrophobic clusters in rmMBP (G) align with both the predicted

a-helices (F) and the experimentally measured a-helices (A and B),

and occur within the PONDR-predicted ordered regions (E).
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rmMBP in 100 mM KCl

The R1 measurements form a relatively featureless line with

an average R1 value of 1.10 6 0.10 s�1 (Fig. 4 B). The R2

measurements (Fig. 4 D) feature several regions (broadly,

these are T33-D46 and T147-L154) of restricted motions that

lie within the PONDR-predicted regions of order (Fig. 3 E),

yet the corresponding NOE intensities (Fig. 4 F) are close to

zero. This result indicates that there are no stabilized sec-

ondary structure elements in these regions, in contrast to the

observations of a-helices in the membrane-mimetic condi-

tion. The restrained motions in these two regions may be due

to local hydrophobic collapse, since the HCA analysis

identifies clusters of F, I, and L residues (Fig. 3 G). Inter-

estingly, the immunodominant epitope (P82-P93) does not

exhibit higher R2 values, and the NOE data are similar in

intensity to the rest of the protein in that region (Fig. 4 F),

suggesting that the a-helix in this segment is disrupted under

these conditions. This result is consistent with previous ob-

servations of an 18-residue peptide fragment encompassing

this region, that 100 mM KCl was insufficient to stabilize the

amphipathic a-helix fully (53). Overall, the NOE measure-

ments do not suggest that there are any regions of restrained

motions under these conditions, from which we conclude that

rmMBP remains in a primarily random structural ensemble,

even though there are segments that show a propensity toward

secondary structure formation (Fig. 3). The overall degree of

flexibility for this classic 18.5 kDa MBP isoform in aqueous

solution is still not as extreme as for the early developmental

Golli-MBP isoform rmBG21 (64). These two isoforms share a

common segment of 56 amino acids, over which the NOE

values show a good correlation and the R1 values a similar

pattern (Data S1, Fig. S2), although the comparisons should be

viewed with a degree of caution due to potential minor vari-

ations in experimental parameters.

FIGURE 4 Relaxation measurements for rmMBP at 600 MHz and 300 K. We show the R1 values (A and B), R2 values (C and D), and f1Hg-15N NOE

intensities (E and F) of 13C15N-rmMBP in 30% TFE-d2 (A, C, and E), and in 100 mM KCl (B, D, and F). Experimental values are shown as solid squares (n)

with experimental error. The MODELFREE (v. 4.20) best fits are represented with open circles (s). The goodness of fit is clear at points where an open circle

obscures the solid square.

TABLE 1 Summary of the averaged relaxation (R1, R2, and NOE) and order parameters (S2 and Rex) for rmMBP in either 30% TFE-d2

or 100 mM KCl, at 300 K and at a magnetic field strength of 14.1 T (corresponding to the resonance frequency of 600.13 MHz for 1H)

Condition tr (ns) S2 Rex (s�1) R1 (s�1) R2 (s�1) NOE

30% TFE-d2 6.74 6 0.09 0.63 6 0.11 1.17 6 0.66 1.64 6 0.23 8.07 6 0.73 0.51 6 0.08

100 mM KCl 1.26 6 0.01 0.46 6 0.04 7.17 6 0.41 1.10 6 0.10 8.57 6 0.37 0.09 6 0.01
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Spectral density function analysis

In addition to the dynamics information obtained by mea-

suring R1, R2, and NOE intensities, spectral density mapping

is useful to gauge motions in a qualitative manner, without

introducing model-related systematic errors (48,98). The

spectral density sampled at low frequency, J(0), is used to

identify slow (ms-ms) internal motions. The value of the high

frequency spectral density function J(vH) is sensitive only to

fast internal motions, reporting on the sub-nanosecond

timescale. These fast motions make the value of J(vH) larger

than the average value. The spectral density function values

derived for rmMBP at three frequencies are shown in Fig. 5

(A, C, and E: 30% TFE-d2; B, D, and F: 100 mM KCl).

The higher frequency spectral density function values

J(vH) and J(vN) are shown in Fig. 5, A–D. In Fig. 5 A
(rmMBP in 30% TFE-d2), the regions that display J(vH)

values below the average for the whole protein correspond to

the segments L13-H21, T33-D46, V83-T92, and T142-L154,

suggesting that these regions are under more restraint than the

regions that have values higher than average. Furthermore,

the identified regions correspond to J(0) values (Fig. 5 E) that

are above the average values, again suggesting restricted

motions indicative of secondary structure formation. The

corresponding plot of J(vH) values for rmMBP in 100 mM

KCl (Fig. 5 B) is a relatively featureless curve, with no in-

dication of either very fast or slow motions relative to the

average spectral density. It is interesting to note that the av-

erage values of J(vH) are the same for rmMBP dissolved in

both 30% TFE-d2 or 100 mM KCl, although there are no

indications of local restricted motion on the fast timescale

under the latter condition.

There seems to be an indication of slight motional re-

striction of segments T33-D46 and Y142-L154 under the

KCl conditions, as indicated by higher than average values

observed for J(0) (Fig. 5 F) in these segments. This result

may be indicative of the propensity of these regions to be-

come structured upon encountering stabilizing conditions,

such as membrane or protein interactions, or the result of

local hydrophobic clustering (Fig. 3 G). The value of J(vN) is

much less informative in terms of backbone motion, although

there is a local minimum observed for residues R94-Q100 for

the protein in 30% TFE-d2 (Fig. 5 C). This region encom-

passes a proline-rich segment which may form a polyproline

type II helix (12,99) (see below). The corresponding J(vN)

plot for rmMBP in 100 mM KCl (Fig. 5 D) shows a fea-

tureless line. The spectral density function thus identifies

regions that correspond with the stabilized secondary struc-

tural elements identified by CSI analysis (Fig. 3, A and B), the

predicted a-helices (Fig. 3 F), and the PONDR-predicted

ordered segments (Fig. 3 E), and which encompass the hy-

drophobic clusters found in MBP (Fig. 3 G). These results

clearly demonstrate the reliance of MBP on its surrounding

FIGURE 5 Spectral density function values for 15N-rmMBP at 300 K in 30% TFE-d2 (A, C, and E), or 100 mM KCl (B, D, and F). The spectral density

function was derived at three frequencies, 600.13 MHz (vH, A and B), 60.8 MHz (vN, C and D), and 0 (E and F). The dashed line in each panel represents the

mean value of the respective spectral density function.
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environment for the formation and stabilization of struc-

ture (7), behavior entirely consistent with IDPs in general

(48,50–52).

Model-free analysis—order parameters

The order parameters for both the aqueous and membrane-

mimetic conditions were extracted from the experimental

data using MODELFREE analysis, and are plotted in Fig. 6,

with a complete list of values given in Data S1, Tables S2 and

S3. The rotational correlation times (Table 1) extracted for

rmMBP in 30% TFE-d2 (6.74 6 0.09 ns) and 100 mM KCl

(1.26 6 0.01 ns) are a further indication of the influence of

the environment on the protein’s structure. In 30% TFE-d2,

rmMBP behaves as a relatively compact molecule, although

it may sample several different tertiary conformations as

noted above. A value of 1.26 6 0.01 ns for tr is very fast for a

protein of this size (19,422 Da for rmMBP (100)), which

suggests that rmMBP in 100 mM KCl is in a primarily ex-

tended state, particularly when contrasted with the mem-

brane-mimetic condition. The value of S2 provides a measure

of rapid internal motions relative to the overall rotational

diffusion (Fig. 6, A and B), whereas Rex accounts for the

presence of low frequency motions (Fig. 6, C and D) (101).

Significantly large values of Rex identify residues that expe-

rience conformational or chemical exchange on a microsec-

ond-to-millisecond timescale, rates at which events such as

ligand-binding or dissociation, or conformational exchange,

often occur (102). Here, in 30% TFE-d2 (Fig. 6 C), there are

three major segments of rmMBP with a nearly contiguous run

of significantly higher values of Rex (.1.5 s�1): Y12-H21,

V84-T95, and S149-L154. Again, the latter two segments

correspond with the ordered secondary structure regions in-

dicated in Fig. 3, whereas the first one (Y12-H21) overlaps

partly with them. The large Rex values observed for 100 mM

KCl, in conjunction with the featureless S2 curve suggest

either a high degree of disorder, and/or a high degree of ex-

change consistent with an averaged structural ensemble, and

are therefore not an adequate description of the complex

motions exhibited by rmMBP in an aqueous environment

(102,103). The values of S2 and Rex plotted (Fig. 6, B and D,

respectively) should not be viewed as an absolute description

of the motions and exchange processes occurring under these

conditions (100 mM KCl), but rather an indication of the

extreme conformational flexibility displayed by rmMBP in

an aqueous solution condition. A comparison between the

order parameters for each condition reveals that rmMBP is

highly dependent on its environment for the stabilization of

secondary (and by extension, tertiary) structure. These con-

ditions also indicate where and when the approximations

used to derive Eqs. 5–7 may break down when these analyses

are applied to IDPs.

Interactions of 18.5 kDa MBP with
Ca21-calmodulin—background and rationale

The 18.5 kDa isoform of MBP has previously been demon-

strated to interact with CaM in a Ca21-dependent manner

using a variety of techniques including intrinsic single Trp

fluorescence spectroscopy (9,104,105), chemical cross-link-

ing and gel-shift assays (106), and dynamic light scattering

(9). The in vitro interaction was shown to be specific (i.e.,

Ca21-dependent), and occur at a 1:1 MBP/CaM ratio under

near physiological conditions (250 mM NaCl, 50 mM Tris,

FIGURE 6 The MODELFREE-derived order parameters (S2 and Rex) for 15N-rmMBP dissolved in 30% TFE-d2 (panels A and C), and 100 mM KCl (panels

B and D) at 300 K. The order parameters were determined using the globally optimized correlation times of 6.74 6 0.09 ns (30% TFE-d2, panels A and C), and

1.26 6 0.01 ns (100 mM KCl, panels B and D), from a Lipari-Szabo model-free analysis (76,77), with the extension of Clore et al. (78), as described in the

online MODELFREE manual (80). Errors were determined on the basis of 500 Monte Carlo simulations of Brent’s implementation of Powell’s method for

multidimensional minimization (79,80). Complete values for each residue are provided for both conditions in Data S1, Tables S2 and S3.
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pH 7.4, 10 mM CaCl2) with a dissociation constant of 144 6

76 nM (9). Subsequent proteomics analyses have revealed

MBP to be one of many calmodulin-binding proteins in the

brain (107,108), and MBP has recently been shown to

function as an adaptor protein linking calmodulin to the BKCa

channel (11).

Our first prediction for the CaM-target was of a C-terminal

segment on rmMBP (K132-R167), which was consistent

with the experimental data (105,106). However, a C-terminal

deletion mutant lacking this region also bound CaM specif-

ically (104,109), and deiminated MBP (a reduced charge

variant containing citrulline) bound CaM in a manner sug-

gestive of a second binding site (9). We postulated that this

putative second CaM-target could be the central im-

munodominant epitope (P82-P93) (53,54,86). Subsequent

studies by us using SDSL/EPR showed that spin labels at all

sites on 18.5 kDa rmMBP (i.e., multiple reporter sites com-

pared to the single tryptophanyl residue) were immobilized

upon the protein’s association with CaM (10). We com-

plemented these experimental studies by molecular model-

ing, using various peptide fragments of MBP (murine

residues R41-R52, P82-P93, T147-D158), constructed in

silico and modeled as a-helices, and a collapsed form of CaM

with both lobes clamping around the target. We observed

from the docking simulations that the MBP peptides showed

conformational variability and binding in various orienta-

tions, and that the balance of hydrophobic and electrostatic

interactions determined the final binding mode. Moreover,

the immunodominant epitope (P82-P93) was as plausible a

CaM-target as the C-terminal segment (T147-D158) of

mMBP, when modeled as an a-helix, but its interaction with

CaM was energetically unfavorable when modeled as an

extended strand (10). Thus, considering that there are at least

two plausible CaM binding sites, NMR studies of the com-

plex of CaM with full-length rmMBP were undertaken here

with the goal of identifying definitively the primary CaM

interaction site on MBP.

Uniformly-labeled 13C15N-rmMBP associated with unla-

beled CaM was used to record a series of three-dimensional

spectra (CBCA(CO)NH, CBCANH, and HCC(CO)NH) to

use with conventional protein backbone assignment meth-

ods. Sample preparation is noteworthy for the rmMBP-CaM

complex, since it was very difficult to prepare a concentrated

(0.6–1.0 mM) protein sample containing a minimal amount

of stabilizing ions (maximum 100 mM), while limiting pre-

cipitation. (As described above for the free protein, aggre-

gation was considered to be negligible on the basis of

previous studies (9) and the quality and reproducibility of the

HSQC spectra.) Furthermore, the resulting rmMBP-CaM

complex was ;34 kDa, very close to the upper limit ac-

ceptable for solution NMR spectroscopy without employing

specialized labeling techniques and pulse sequences (110).

Thus, obtaining high-quality, usable NMR data from the

rmMBP-CaM complex was extremely challenging and time-

consuming. Titration of labeled rmMBP with unlabeled CaM

to facilitate assignments and monitor conformational changes

was thus not attempted, although such an experimental

strategy is possible with smaller systems (e.g., CaM and a

peptide target, (88,111–113)). In all experiments here, in an

attempt to circumvent a situation where both bound and

unbound conformers coexist, the unlabeled binding partner

was introduced into the system in molar excess of the labeled

binding partner, to force the system equilibrium into the

predominantly bound state (compare to (112)).

Significant conformational changes of rmMBP
upon association with CaM

The 1H-15N HSQC of 15N-labeled CaM interacting with

unlabeled rmMBP is shown in Fig. 7; the 1H-15N HSQC of
15N-labeled rmMBP interacting with unlabeled CaM is

shown in Fig. 8. The assignments of CaM (Fig. 7) are from

previous work (114). Here, in addition, a total of 145 of the

164 expected HN-H correlations of rmMBP (Fig. 8) were

assigned, and a further 20 Ca and Cb resonances (176 and

152 expected, respectively) were identified from the

CBCACONH and HCCCONH spectra; therefore, the back-

bone resonances of rmMBP bound to CaM were over 94%

assigned.

The 15N-CaM and unlabeled rmMBP showed chemical

shift perturbations of the CaM resonances that were similar to

what has been previously observed for CaM interacting with

a binding partner (Fig. 7) (e.g., (111)). In the 1H-15N HSQC

of 15N-rmMBP and unlabeled CaM (Fig. 8), many of the

perturbed peaks of rmMBP mapped themselves to bulky

hydrophobic residues (F, Y, and L), which may indicate

exclusion of bulk solvent from the hydrophobic face, and/or a

specific interaction. These results are consistent with the

SDSL/EPR data showing greatest immobilization of the spin

label at sites closest to small hydrophobic clusters on rmMBP

(10). Although IDPs bind targets with high specificity, often

involving multiple electrostatic interactions, the unbound

portion of the polypeptide chain often retains considerable

plasticity; thus, multiple hydrophobic interactions could be

expected (33,42,43,115).

Using 13C15N-rmMBP and unlabeled CaM, ;40 rmMBP

resonances were observed shifted upfield in the 1H dimension

(7.0–8.2 ppm), and downfield in the 15N dimension (123–133

ppm), relative to unbound rmMBP (Fig. 1). There was no

change to the conformation of rmMBP upon the inclusion

of 8 mM CaCl2 to the rmMBP (sample 1, Materials and

Methods), as judged by comparison of the peak positions of

the pertinent HSQC spectra (results not shown). The 1H-15N

HSQC spectrum (Fig. 8) of rmMBP bound with CaM dis-

plays an increase in the overall dispersion of the peaks, and

may indicate a more ordered state for rmMBP under these

conditions. Moreover, these data are consistent with our

previous results using SDSL/EPR which indicated that the

entire rmMBP protein was involved in some interaction with

CaM (10). The same extreme chemical shift perturbations are
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not observed in the HSQC spectrum of CaM interacting with

rmMBP (Fig. 7). Since there was a molar excess of rmMBP

to force the equilibrium toward the bound state, we interpret

this result to indicate that the structural perturbation of CaM

is not as great as for rmMBP (Fig. 8) upon their association.

The binding of CaM to rmMBP is Ca21-dependent, and here

CaM is initially folded; but in the (open) halo-form, both the

N- and C-terminal lobes of CaM appear to associate with

rmMBP (Fig. 7), which is the most common mode of CaM

binding. From these results, however, it is unclear whether

CaM remains in its open form.

Identification of a C-terminal CaM-binding site on rmMBP

The C-terminal region of rmMBP (comprising roughly

residues P120-R160) coincides with a cluster of highly

perturbed HN-N chemical shifts (Fig. 9). The combined

weighted average chemical shift deviations for the HN and

N shifts from random coil values for rmMBP alone at 277 K,

alone at 300 K, and bound to CaM at 300 K, are shown,

respectively, in Fig. 9, A–C. There is very little difference

due to temperature on the observed HN and N shifts of

rmMBP alone (Fig. 9 D), but the addition of CaM has a large

effect on these shifts (Fig. 9 E). This effect is also evident

from the comparison of the HSQCs of unbound (Fig. 1) and

CaM-bound (Fig. 8) rmMBP. Although the large HN-N

chemical shift deviations occur throughout the entire

polypeptide chain, they are clustered in the C-terminal re-

gion. Furthermore, three glycyl residues (G155, G156, and

G162) and a threonyl residue (T147) in this region have

abnormally large HN and N shift perturbations upon inter-

action with CaM (Fig. 8). Collectively, these observations

are consistent with the premise that the C-terminus of

posttranslationally unmodified 18.5 kDa rmMBP is the

primary interaction site with CaM, as we have previously

posited (9,104–106).

FIGURE 7 The 1H-15N HSQC spectra of

uniformly 15N-labeled CaM (1.25 mM, black
contours) and uniformly 15N-labeled CaM

mixed with unlabeled rmMBP (0.64 mM CaM 1

0.80 mM rmMBP, red contours). The resonance

assignments shown are for unbound CaM and

are from Ikura et al. (114); the labels shown

correspond to the black (unbound) contours and

indicate the secondary structure element (L ¼
loop or H ¼ a-helix) with which each residue is

associated. Crosspeaks that have obvious as-

signments are shown connected with black

lines. Both spectra were recorded on samples

in 100 mM KCl, 8 mM CaCl2, pH 6.5, 10%

D2O, 0.75 mg DSS at 300 K.
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Local conformational changes in rmMBP upon CaM-binding

Recently, the hypothesis of coupled binding and folding has

been explicitly stated for CaM and binding targets on IDPs

(116). We now address the question of whether MBP gains

ordered structure upon association with CaM. First of all,

although the amphipathic a-helix represents the well-studied,

canonical CaM-target, it has become recognized that CaM-

binding sites and modes of interaction are quite diverse (e.g.,

(117–120)). There is no strict requirement for the chemical

shift perturbations observed in the 1H-15N HSQC to be in-

dicative of an a-helix, and the perturbations observed here

(Fig. 8) may be representative of a different type of disorder-

to-order transition characteristic of IDP binding (42).

Further evidence for this conjecture is based on SSP scores

of rmMBP, calculated using only the Ca and Cb chemical

shifts, alone in 100 mM KCl at 277K (Fig. 10 A), and in

FIGURE 8 The 1H-15N HSQC spectrum of uniformly 13C15N-labeled rmMBP bound with unlabeled CaM. The sample conditions were 100 mM KCl, 8 mM

CaCl2, pH 6.5, 10% D2O at 300 K. The concentrations of the binding partners were 0.96 mM CaM and 0.78 mM 13C15N-rmMBP. A total of 145 of 164

expected backbone peaks are assigned for rmMBP (there are 11 prolyl residues); peaks S10, G55, G75, and S109 are assigned, but appear below the displayed

contour levels.
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FIGURE 9 Chemical shift perturbation (CSP)

plot of the weighted average of the HN and N

chemical shift deviations from random coil values.

(A) rmMBP alone at 277 K; (B) rmMBP alone at

300 K; (C) rmMBP bound with CaM at 300 K; (D)

difference between the CSP of rmMBP at 277 K

and rmMBP recorded at 300 K; and (E) difference

between the CSP of rmMBP at 277 K and rmMBP

bound to CaM recorded at 300 K. The solute for all

experiments was 100 mM KCl, pH 6.5, 10% D2O,

with 8 mM CaCl2 added to the CaM-containing

samples. The weighted average of a specific residue

was calculated as ½ðDdH2
N1ðDdN2=25ÞÞ=2�1=2

(129).
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association with CaM (Fig. 10 B). (The SSP scores presented in

Fig. 3 were derived from the Ca, Cb, and Ha chemical shifts, in

contrast.) The SSP scores calculated from the Ca and Cb

chemical shifts for rmMBP in 100 mM KCl at 277K (Fig. 10 A)

show several regions of general order that correspond with the

PONDR predictions (Fig. 3 E), although none of them could be

categorized as a fully formed secondary structure element. This

observation is consistent with the nature of IDP ensembles

under nonstabilizing conditions. As a side note, the segments

that show negative secondary structure propensities in Fig. 10 A
(H24-D36, and R41-K56) are probably not b-strands, but

rather polyproline type II helices (99), which have been dem-

onstrated to be a common structural element of IDPs (see

(12,121), and references therein). These two secondary struc-

ture types are indistinguishable based on chemical shift analysis

alone, and other parameters such as coupling constants are

required for their distinction (98,122,123). The existence of

polyproline type II helices in MBP in these preparations is

further supported by the fact that circular dichroism spectros-

copy has shown minimal b-strand structure in 18.5 kDa MBP

under similar conditions (124).

The SSP scores for rmMBP bound to CaM at 300 K are

shown in Fig. 10 B. Chemical shifts in the N-terminal third of

rmMBP show a pattern of order similar to that of unbound

rmMBP. The central immunodominant epitope (P82-P93)

seems to be destabilized in the CaM-bound form of rmMBP

relative to the free form, similar to what was observed in the

relaxation measurements in 100 mM KCl (Fig. 4). Our pre-

vious molecular docking simulations indicated that an ex-

tended local conformation of this epitope would be

unfavorable for CaM-binding (10). Our current data show

that this central segment would not be a preferred CaM target

for this highly-charged form of 18.5 kDa rmMBP (9,104).

Furthermore, the C-terminal region shows a redistribution of

the stabilized region, albeit within the PONDR-predicted

ordered region. This observation suggests that the stabiliza-

tion is coming from a different source (i.e., CaM) instead of

the solvent or intrachain interactions. The residues from

A144-S159 show a slightly increased propensity to form

a-helical structure in the CaM-bound rmMBP, compared to

the unbound form.

If the CaM remains in an open conformation upon asso-

ciation with MBP (Fig. 7), then the interaction would appear

to be noncanonical (119). As reviewed in the Introduction,

transient a-helices in IDPs are a common recognition motif

for other proteins, and the MoRF hypothesis is an attractive

one (45,46), especially as the C-terminus of rmMBP (resi-

dues T142-L154) has a propensity toward a-helicity (Figs. 3

FIGURE 10 Comparison of the secondary structure propensity (SSP) of (A) rmMBP alone at 277 K, and (B) rmMBP bound with CaM at 300 K. Both samples

were dissolved in 100 mM KCl, pH 6.5, 10% D2O, and 8 mM CaCl2 was included with the CaM-containing sample. For both conditions, the SSP was calculated on

the basis of the Ca and Cb shifts (in contrast to Fig. 3). The shifts were re-referenced as described by Marsh et al. (68) before the calculation of the SSP scores. The

SSP score is interpreted as the percentage of conformers in the disordered ensemble that exhibit ordered secondary structure at a given residue (68).
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and 10 B). However, we cannot conclude unequivocally that

this secondary structure type is present in the CaM-associated

form. There are other CaM-binding proteins that appear to

have an extended conformation of binding site when com-

plexed with CaM, e.g., myristoylated alanine-rich C kinase

substrate (MARCKS) and MARCKS-related peptides, and

caldesmon (117,119,125). Moreover, there are other exam-

ples of IDP-protein binding without a substantial increase in

ordered structure in the IDP (126,127), and further studies are

required. Collectively, our observations are consistent with

the premise that the C-terminus of posttranslationally un-

modified 18.5 kDa rmMBP is the primary (preferred) inter-

action site with CaM, as previously posited (9,104–106), but

we cannot rule out the possibility that it may be a non-

canonical (non-a-helical) target.

Interactions of 18.5 kDa MBP with
Ca21-calmodulin—significance and
future studies

Recently, Kim et al. (11) reported that MBP acts as an

adaptor, linking CaM with the BKCa channel, which suggests

that MBP possesses multiple, specific interaction sites. Every

isoform of MBP can and does adopt multiple unique con-

formations based on the local environment, and combinato-

rial posttranslational modifications could themselves induce

or stabilize protein-binding targets (12,40,44,128). Overall,

the results presented here demonstrate the polymorphic na-

ture of MBP as an IDP, and further our understanding of the

multifunctional nature of this protein (42,43). Specifically,

our previous molecular modeling studies of MBP-derived

peptides and CaM indicated relatively minor effects on

docked energy of posttranslational modifications on the MBP

target (10). However, the assumption in those in silico

docking studies was that the MBP-derived peptide was

a-helical, and the CaM was modeled in fully collapsed form.

If the recognition site on MBP is noncanonical (10,119), and

if the CaM remains in open form, as both are suggested by the

current data, then the mode of MBP-CaM binding may be

significantly influenced by phosphorylation or deimination

events in the target region and beyond (7,116). The current

data support the conjecture that rmMBP interacts with CaM

primarily through an interaction of the C-terminal residues

A144-S159, but are not sufficient to probe the atomic details

of this binding. Thus, future studies (e.g., 15N-13C edited

NOE spectroscopy experiments) will be necessary to delin-

eate further the details of CaM-binding to MBP.

CONCLUSIONS

Conformational adaptability is an important property of in-

trinsically disordered proteins, and underscores the impor-

tance of comparative structural studies of members of this

class of proteins. In aqueous solution, the classic 18.5 kDa

isoform of MBP is primarily disordered, but has transient

a-helices that are stabilized by membrane-mimetic condi-

tions. Here, solution NMR spectroscopy (chemical shift in-

dex analysis, secondary structure propensity, and relaxation

measurements) have been used to define three major seg-

ments of MBP (T33-D46, V83-T92, T142-L154) that form

transient a-helices that could be stabilized by protein- or

lipid-binding, and that match bioinformatics predictions of

increased order. One of these segments (V83-T92) represents

an important membrane contact point and serves as a func-

tional immunodominant epitope in the human neurode-

generative disease multiple sclerosis. Another segment

(T142-L154) has been identified as the primary calmodulin-

binding site, although perhaps through a noncanonical mode

of recognition.
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