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Abstract

Conventional and saturation transfer electron paramagnetic resonance spectroscopy and differential scanning calorimetry

were used to study the internal dynamics and stability of cardiac myosin.

Intact and LC 2-de®cient myosin isolated from bovine heart were spin-labelled with maleimide and iodoacetamide probe

molecules at the SH1 sites. It was found that the probe molecules rotate with an effective rotational correlation time of 42 ns,

which is at least six times shorter than the rotational correlation time of the same label on skeletal myosin. Addition of

MgADP induces intrinsic changes in the multisubunit structure of myosin, but it does not lead to changes of the overall

rotational properties of the myosin head.

Temperature dependence of the EPR spectra of maleimide-labelled myosin shows continuous decrease of the spectral

parameters (intensity ratio of the peak heights, hyper®ne splitting) at increasing temperature. However, marked changes were

obtained at about 168C in LC 2-de®cient myosin. DSC measurements also support the view that the removal of the LC 2 light

chain produces change in the internal structure of cardiac myosin. # 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

It is already known that the physiological and

biophysical properties of cardiac muscle are different

from skeletal muscle. The cardiac muscle myosin has

greater susceptibility for alkaline denaturation and

exhibits different amino acid composition [1,2] and/

or amino acid sequence [3,4]. However, relatively few

data were published on the molecular dynamical back-

ground of these different characteristics. In this study

data will be presented for the interpretation of the

different molecular behavior of cardiac- and skeletal

muscle myosin using DSC technique and spectro-

scopic probes that report about global and local

changes. It is known from earlier studies, that

(a) maleimide (MSL) and iodoacetamide (IASL)

spin labels attach to the Cys 707 and Cys 697

amino acid residues which are localised in the

20 kDa domain of myosin subfragment-1(S1) [5±7];

(b) the LC 2 light chain can be removed from

cardiac muscle myosin only by proteolytic diges-

tion [1];
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(c) the greatest difference between the two kinds

of myosin is thought to be in the 50 kDa domain

that contains the actin binding site [8,9].

It was also shown by hydrodynamic measurements

[10] that there are differences in the sedimentation of

LC 2-de®cient and intact cardiac muscle myosin.

Cardiac myosin shows a conformational change at

158C, that could not be detected after dissociation of

the LC 2 light chain. It seems that the main functional

difference is assigned to the interaction of the 50 kDa

domain with LC 2 light chain.

Using IASL and MSL paramagnetic probes

attached to the myosin SH1 group, the structure of

the globular head portion of cardiac muscle myosin

proved to be less rigid than that of the skeletal muscle.

The IASL probe re¯ected the rotational motion of the

entire globular subunit, and was a sensitive detector of

local conformational changes in interaction with ADP.

In the light of the recent data it seems to be disad-

vantageous that the paramagnetic probe molecules are

localized in the largely conserved sequence of the

20 kDa domain that includes the SH-region, because

during muscle activity the largest changes are

expected between the motor and light chain domains

[11]. The internal molecular arrangement of actin

®laments is in¯uenced by attachment of myosin to

actin.

2. Materials and methods

2.1. Preparation of myosin

Bovine heart myosin was prepared by the method of

Shiverick et al. [12]. After washing of the tissue, the

protein was extracted in buffer consisting of 0.6 M

KCl, 20 mM imidazol, 1 mM DTT, 1 mM EDTA, pH

7.0. After centrifugation for 4 h at 100000 � g, myo-

sin was puri®ed using Sepharose 4B chromatography.

2.2. Preparation of LC 2-deficient myosin

Myosin was cleaved with a-chymotrypsin (400 : 1)

for 1.5 min at 258C in buffer containing 0.12 M NaCl,

20 mM phosphate, 1 mM EDTA, 1 mM DTT, at pH

7.0. The product was puri®ed by column chromato-

graphy on Sepharose 4B. Protein concentrations were

determined either by reading the absorption at 280 nm

using absorption coef®cients 0.55 mg/ml/cm for myo-

sin and 0.56 mg/ml/cm for LC2-de®cient myosin.

2.3. Spin-labelling

The isolated proteins were labelled either with 4-

maleimido-TEMPO (MSL) or with 4-iodoacetamido-

TEMPO (IASL). Myosin suspended in 0.5 M KCl,

50 mM TRIS, 1 mM EDTA, pH 8.0 was reacted for

60±90 min with 2 mol of MSL or with 3 mol of IASL

per mole of myosin for 10±12 h on ice. The reaction

was terminated by precipitation of myosin with ice

cold water, and thereafter the protein was collected by

centrifugation and solved in 0.5 M KCl, 25 mM

HEPES, 1 mM EDTA at pH 7.0. In some cases myosin

was treated with 5 mM K3Fe(CN)6 to remove the

weakly immobilized labels [13]. The protein was

clari®ed by centrifugation at 50000 � g for 1 h and

used at ®nal concentration of 20 mg/ml.

2.4. EPR experiments

The EPR measurements were taken with an ESP

300 E X-band spectrometer (Bruker, Germany). For

conventional EPR technique 100 kHz ®eld modula-

tion (0.1±0.25 mT amplitude) and 2±20 mW micro-

wave power were used. Second harmonic absorption

out-of-phase spectra were recorded with 50 kHz ®eld

modulation (0.5 mT amplitude) and detection at

100 kHz out-of-phase. The microwave power was

63 mW which corresponds to an average microwave

®eld amplitude of 0.025 mT in the central region of the

¯at cell of Zeiss (Germany). The microwave magnetic

®eld was determined with peroxylamine disulphate

ion radicals in the same sample cell as for the myosin

samples following Fajer and Marsh [14].

2.5. DSC measurements

Thermal unfolding of muscle proteins was moni-

tored by a SETARAM Micro DSC-II calorimeter. All

experiments were done between 5 and 608C with

0.38C/min scan rate. Conventional Hastelloy batch

vessels were used during the thermal transition experi-

ments with 850 ml sample volume on average. The

buffer solution was used as the reference sample. The

sample and reference vessels were equilibrated with a
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precision of �0.5 mg. There was no need to perform

any correction from the point of view of heat capacity

between the sample and reference vessels.

3. Results and discussion

3.1. Characterization of the labelled sites

The method used to label the SH1 thiol site of

cardiac myosin was essentially the same as described

earlier by Thomas and colleagues [15,5] and Belagyi

et al. [16] for skeletal muscle myosin. The degree of

labelling was 0.1±0.15 mol label/mol protein for IASL

and 0.5±0.75 mol label/mol protein for MSL. The

EPR spectra of cardiac MSL-myosin are shown in

Fig. 1. The conventional spectrum exhibited a small

amount of weakly immobilized labels, but its popula-

tion never exceeded 10% of the total EPR absorption.

The conventional EPR spectra were characterized by

the distance between the outermost hyper®ne extreme

2A0ZZ , whereas the L00/L parameter was calculated from

ST-EPR spectra (Fig. 1, bottom). For determination of

the rotational correlation time the method of Goldman

and coworkers [17] was used. The EPR spectra were

recorded with increasing concentration of glycerol or sugar (Fig. 2). The rigid limit value for 2A0ZZ at �!1
was obtained by a least square ®t procedure, and was

6.674 mT. This value was signi®cantly larger than the

2A0ZZ value which was measured for myosin in mini-

®lament form (2A0ZZ � 6.484 mT) or for myosin pre-

cipitated by centrifugation (2A0ZZ � 6.510 mT). Since

the labels were strongly immobilized at �!1, but

not in the side- by- side aggregate of myosin mole-

cules, the former value (6.674 mT) was used as rigid

limit. In contrast, 2Azz � 6.875 mT was obtained for

maleimide labelled skeletal myosin at �!1 and

6.80 � 0.025 mT at 1 mPa s. The rotational correla-

tion times of the MSL were 42 ns and 260 ns, respec-

tively, at room temperature and at 1 mPa s. Addition of

glycerol to the myosin precipitate resulted in a sudden

increase of hyper®ne splitting, which indicated the

strong effect of glycerol on the rotational mobility of

the cardiac myosin head region or at least in the

neighbourhood of the bound label. This suggests that

(a) significant rotational mobility of the attached

labels existed even in minifilament form and in the

aggregate of myosin molecules;

Fig. 1. EPR spectra of myosin: (A) conventional spectrum of

myosin in solution; (B) ST-EPR spectrum of myosin in minifila-

ment form. Myosin was labelled with MSL. The hyperfine splitting

constant 2A0ZZ , the L00/L and C0/C ratios are characteristic for the

rotational motion of the attached spin labels.

Fig. 2. Variation of the 2A0ZZ value for myosin with (T/�)0.735. For

details see text. T and � are the temperature on Kelvin scale (K) and

viscosity of the solution in mPa s, respectively.
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(b) there is a substantial difference in the rota-

tional motional properties of cardiac and skeletal

myosin; the calculated rotational correlation

time for cardiac myosin was six times shorter

than that of for skeletal muscle myosin assuming

that the labels were located on SH1 sites of

myosin.

It should be noted that we did not observe signi®-

cant changes of the rotational correlation time of

myosin and LC 2-de®cient myosin evidencing that

the removal of the LC 2 chain from cardiac myosin did

not in¯uence the rotational motion of the attached

MSL label. This supports the view that there is a

¯exible coupling between the catalytic and LC

domain. At low ionic strengths, where myosin was

in ®lament form, the hyper®ne splitting constant

increased signi®cantly and the value attained to

2A0ZZ � 6.484 � 0.03 mT at room temperature

(�2 � 70 ns). From the ST EPR spectra of myosin

®laments the spectral parameters L00/L and C0/C were

were calculated to be 0.24 and ÿ0.041, which corre-

spond to rotational correlation times of 6 and 2 ms,

respectively. These values indicate that the self-orga-

nization of myosin into ®laments is accompanied by a

strong immobilization of labels in the head region of

the myosin molecules. It suggests that a signi®cant

portion of the mobility originates from the segmental

¯exibility of the protein.

The low-®eld spectral parameter in the ST EPR

spectrum of glycerinated muscle ®bres had a value of

L00/L � 1.22 � 0.06 (n � 10) for skeletal muscle,

whereas L00/L � 0.83 � 0.1 (n � 4) was calculated

for cardiac muscle ®bres in rigor [18]. The values

of �2 showed that the rate of the reorientation of the

label in cardiac muscle ®bres was faster approxi-

mately with one order of magnitude in rigor, eviden-

cing some internal ¯exibility of cross-bridges even in

their attached state.

3.2. Interaction of spin labelled myosin with ADP

The binding of ATP or ADP to myosin results in a

signi®cant decrease in the proportion of the strongly

immobilized label [19,20]. It was reported that the

changes in the ratio of the ®rst two peak height

depended on whether the myosin was skeletal or

cardiac myosin, the ratio at cardiac myosin was sig-

ni®cantly lower indicating different local conforma-

tional changes in the two classes of myosins [9].

Our results for cardiac myosin showed that the

conformational changes obtained after ADP binding

depended strongly on the probe molecules. The

increase in the mobility induced by ADP varied with

its concentration and attained to a saturating level. The

conformational change induced by ADP was signi®-

cantly higher for IASL-myosin.

It is known that IASL exhibits a larger ¯exibility of

the attaching linkage in comparison with MSL. There-

fore, we can state that MSL-myosin-ADP complex

behaves like a rigid moiety on the time scale of the

conventional EPR, whereas the IASL is a sensitive

monitor of the nucleotide binding, and it is accom-

panied by a local conformational change. Experiments

performed on glycerol-extracted muscle ®bres showed

that the addition of MgADP to MSL-®bres did not

result in signi®cant axial rotation of the cross-bridges

[16]. In contrast, signi®cant alteration of the orienta-

tional distribution was observed in the ternary actin-

myosin-ADP complex in ®bres, when IASL was

located on the SH1 thiol sites of myosin. It was

concluded that MgADP produces an intrinsic change

in the multisubunit structure of the myosin head

region, but this does not lead to the change of the

overall rotational properties of the myosin head.

3.3. Orientational dependence of EPR spectra in

macroscopically aligned actin filament system

It is known from earlier reports that MSL or IASL

attached to SH1 sites of myosin in glycerinated muscle

®bres in rigor exhibited large degree of order of spin

labels with respect to the ®bre axis [5]. Similar

orientation dependence was detected when MSL-

HMM penetrated into the ®bres and bound to actin

[21]. The results indicated the particular attachment of

myosin heads to actin in the absence of ligands like

ATP, ADP or PPi. It is expected that in macroscopi-

cally aligned actin ®lament system, an orientation

dependence of spin labels can be measured when spin

labelled myosin or its fragments are allowed to bind to

the system.

Our experiments on MSL-myosin bound to actin

showed that 2A0ZZ depended on the orientation of the

aligned actin ®laments with respect to the laboratory

magnetic ®led. The measurements were performed in
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two orientations, H || k and H? k, where k is the

®lament long axis. The orientational anisotropy was

small, but differed signi®cantly from 0. The orienta-

tional anisotropy was directly obtained from the dif-

ference of hyper®ne splittings A|| ÿ A?, normalized to

that value of single crystal (Azz ÿ 1/2(Axx � Ayy)),

where all the labels are perfectly oriented. The small

effect induced by cardiac myosin can be explained by

the larger internal ¯exibility of the cardiac myosin,

and that the binding of myosin to actin reduces the

orientational order of aligned F-actin ®laments [22].

3.4. Temperature dependence of spectral parameters

The results for intact myosin and LC 2-de®cient

myosin labelled either with IASL or MSL are pre-

sented in Fig. 3. The hyper®ne splitting constant

(2A0ZZ) and the ratio of the low-®eld peak heights

(h2/h1) were used to characterize the temperature

induced changes.

For MSL-myosin, a continuous decrease of 2A0ZZ

together with a similarly continuous increase in the

peak height ratio at increasing temperature was

detected as evidence for the slow loosening of the

protein structure due to continuous heat absorption. In

contrast, a sudden change of h2/h1 was detected at

around 168C on LC 2-de®cient myosin, and at the

same temperature there was a larger alteration in the

shape of the curve for 2A0ZZ. A similar effect of

temperature on the protein conformation in the neigh-

bourhood of the attaching site of the labels was

measured on IASL-myosin.

The measurements on MSL-myosin exhibited only

continuous alteration of the spectral parameters at

increasing temperature. It is known that MSL has

larger rigidity of the attaching linkage in comparison

to IASL. Therefore, the two probe molecules have

different sensitivity towards the conformational

change of myosin. The measurements in the ST

EPR time range support the view that no sudden

change in the submillisecond rotational motion of

the motor domain exists (Fig. 4). The results con®rm

that only the segmental motion of the IASL-myosin

head was detected under the melting temperature.

Removal of the LC 2 light chain in¯uenced greatly

the motional dynamics of MSL-myosin. Signi®cant

changes were obtained in spectral parameters of 2A0ZZ

and h2/h1 at about 168C. This ®nding supports the

Fig. 3. Temperature dependence of EPR spectral parameters.

Cardiac myosin was labelled MSL. Full symbols show the variation

of the hyperfine splitting with temperature (* intact myosin, &
LC 2-deficient myosin), whereas open symbols (*, &) represent

the peak height ratio (h2/h1) at increasing temperature.

Fig. 4. Plot of saturation transfer spectral parameter (L00L) against

reciprocal temperature. Spectra were taken on LC 2 deficient MSL-

myosin.
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conclusion that the predominant change induced by

temperature under the melting point was a local con-

formational change in the neighbourhood of the thiol

site. Earlier experiments showed that the segment

containing the essential thiols, SH1 and SH2 is highly

¯exible [23]. Very likely, the LC 2 light chain mod-

ulates the ¯exibility of the 20 kDa segment of cardiac

myosin that holds the label, and its removal affects the

local environment of the probe molecules.

3.5. DSC measurements

DSC measurements were performed on intact and

LC 2-de®cient myosin in the temperature range of 5±

608C. Myosin is a multisubunit protein consisting of

several domains. Therefore, a rather complex thermo-

gram comprising at least four endothermic transitions

is expected, corresponding to the thermal denaturation

of the myosin rod with a-helical structure and the

structural domains of myosin head [7,24,25].

The DSC pro®le of the intact myosin is shown in

Fig. 5. Three major transitions were detected with

Tm � 17, 45 and 54.58C as transition temperatures.

Removal of the LC 2 light chain was accompanied by

the disappearance of the 178C transition. The total

enthalpy of the transitions was 7276.7 kJ/mol. Study-

ing the melting pro®le of myosin we could identify

®ve endothermic peaks (six peaks by deconvolution

analysis) at peak maximum of 17, 41.5, 45, 48 and

54.58C. The calculated enthalpies were 628, 682.5,

1160, 1260 and 3127.5 kJ/mol. The thermodynamic

data and our suggestion for the assignment of the

transitions to the substructure of myosin are given in

Table 1.

According to the recent model of myosin, it is

believed that it comprises structural units that fold

up independently into a stable domain structure [7,26].

The measurements performed on skeletal myosin

showed that the highest transition temperature could

be assigned to the unfolding of the coiled-coil a-helix

rod portion of the protein moiety [25]. This ®nding

and further data found for myosin head strongly

suggest that the endothermic peak at 54.58C indicated

the melting of the rod part.

By examining the effect of mild heat treatment on

the ATPase and proteolytic sensitivity of myosin S 1, it

was concluded that the 50 kDa segment of the myosin

head was preferentially unfolded during heat treat-

ment at 358C, while the 21 and 27 kDa fragments

Fig. 5. DSC scan of intact heart myosin. Arrows show the

transition temperatures of the subunit of the myosin. The heat flow

is given in arbitrary units.

Table 1

Transition temperatures and enthalpies of myosin unfoldinga

Structural subunit Transition temperature (8C) Transition enthalpy (kJ/mol)

HMM 20 kDa or LC 2 light chain 17.0 628b

HMM S-2 41.5 682

HMM 50 kDa domain 45.0 1578

HMM 25 � 20 kDa domains 48.0 1260

LMM 54.5 3127.5

total enthalpy: 7277 kJ/mol

aIntact and LC 2-deficient cardiac myosin was measured in buffer solution containing 500 mM KCl., 25 mM HEPES and 1 mM EDTA, pH

7.0. The concentration of the samples was 20 mM. Measurement was made with DASZM-4 Privalov-type and Micro DSC-II (SETARAM)

differential scanning calorimeters with a scan rate of 0.38C/min.
bThe transition at 178C could not be detected on LC 2-deficient myosin.
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remained unchanged [27]. It was shown by limited

tryptic digestion that in term of thermal stability the

head region of myosin comprised of two domains, the

unstable 50 kDa domain which unfolded indepen-

dently of the remainder structure, and the more stable

20 and 25 kDa segments of the heavy chain [28].

Recent measurement on the thermal unfolding of

skeletal myosin gave evidence that the ®rst transition

of the pro®le 418C was very likely due to the thermal

transition of the S 2 region [29]. Considering all the

experimental data it seems to be not unreasonable to

assign the thermal transitions obtained in our mea-

surements to the following structural subunits: HMM

S 2 at Tm � 41.58C, HMM 50 kDa at Tm � 458C,

HMM 20 � 25 kDa at Tm � 488C and LMM at

Tm � 54.58C. The higher Tm values calculated for

the domains of HMM in our experiments can be

explained by the differences of the conditions of the

measurements (sensitivity of the DSC apparatus, type

of buffer solution, protein concentration).

For the interpretation of the lowest endothermic

transition there are two possibilities; (a) a small con-

formational change in the LC 2 light chain itself; (b)

more likely it could be related to the interaction of the

long a-helical region of myosin with the LC 2 light

chain. This region is stabilized by the interaction of the

LC 2 light chain and the 20 kDa segment of the

myosin, and this appears as small endothermic peak

in the thermogram. The structural perturbation might

correlate with the EPR observation on the conforma-

tional transition at 168C.
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