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Abstract

The effect of AMP.PNP on the thermal stability and dynamics of myosin head were investigated by

using DSC and different spin label technique for chemically skinned muscle fibres prepared from

rabbit. The thermal unfolding of the fibres in rigor, strong as well as weak-binding state showed a

complex process characterizing at least three discrete domain regions with different stability

(Tm=54, 58.4 and 62.3°C). The unfolding at 54°C refers to the catalytic domain of myosin, whereas

transition at Tm=58.4°C represents the rod-like region. In the presence of AMP.PNP only the param-

eters of the last transition changed significantly (Tm=70.4°C) showing an increased interaction be-

tween actin and myosin heads being attached to actin. Measurements on MSL-fibres (labelled at

Cys-707 of myosin) in the presence of AMP.PNP showed that about half of the cross-bridges disso-

ciated from actin. This fraction had a dynamic disorder, the other population had the same spectral

feature as in rigor. In contrast, on TCSL-fibres AMP.PNP increased the orientational disorder of my-

osin heads, a random population of spin labels was superimposed on the ADP-like spectrum show-

ing conformational and motional changes in the internal structure of myosin heads. ST EPR mea-

surements reported increased rotational mobility of spin labels in the presence of AMP.PNP. The

DSC and EPR results suggest that in the presence of AMP.PNP the attached heads have the same

global orientation as in rigor, but the internal structure undergoes a local conformational change.
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Introduction

Muscle is a chemo-mechanical machine that converts chemical energy into work and
heat. The energy source is the myosin-catalysed ATP hydrolysis; the rate is enhanced
in the presence of actin [1, 2]. In the presence of MgATP the energy released from hy-
drolysis produces conformational changes in myosin [3] and/or in actin [4, 5], which
can be manifested as an internal rotation of myosin head while bounds to actin. The
force generation is performed by cyclic interaction of myosin with ATP and actin,
and at least six intermediates are proposed for actomyosin ATPase in solution [6]. We
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have extended the experiments to study the fibre system prepared from psoas muscle
of rabbit in rigor, strongly binding (ADP) and weakly binding states (AMP.PNP) of
myosin to actin. The small nucleotide-induced conformational changes in the motor
domain should be converted into larger movement. Data agree that while the struc-
ture of the motor domain remains similar to rigor, the regulatory domain swings
about a point in the distal end of the motor domain [7]. The changes in the 50 kDa do-
main might effect the segment of the 20 kDa domain that contains the essential sulf-
hydryl groups.

Spectroscopic probes are widely used in biological systems to get information
about orientation and rotational motion of proteins. In muscle fibre studies, the male-
imide-based nitroxides (MSL) are usually attached to the reactive sulfhydryl sites
(Cys 707, Cys 697) of myosin heads, and two different orientations are tested: the
longer axis of the fibres is oriented parallel and perpendicular to the magnetic field
[8]. The different labels have different chemical structures and a different attaching
linkage, therefore, it is reasonable to use different labels to understand the molecular
motion of the head region of myosin in the presence of nucleotides [9].

In this report, we studied the effect of MgADP and AMP.PNP on the dynamics
and orientation of myosin head using an isothiocyanate spin label and EPR spectros-
copy. In order to find correlation between local and global structural changes in the
intermediate states of the ATPase cycle, the spectroscopic technique was combined
with conventional DSC measurements that report domain stability and interactions.

Experimental

Materials and methods

Preparation of muscle fibres

Glycerol-extracted muscle fibre bundles were prepared from psoas muscle of rabbit.

Small stripes of muscle fibres (20–25 mm in length and 1 mm in diameter) were

stored after osmotic shocks in 50% V/V glycerol and rigor solution (100 mM KCl,

5 mM MgCl2, 1 mM EGTA, 10 mM histidine⋅HCl, pH 7.0) in refrigerator at –18°C

for 3 days to 1 month before use.

DSC measurements

Thermal unfolding was monitored by a Setaram Micro DSC-II calorimeter. All ex-

periments were carried out between 10 and 80°C with a 0.3°C min–1 scan rate. Con-

ventional Hastelloy batch vessels were used during the thermal transition experi-

ments with 850 µl sample volume in average. Rigor buffer was used as a reference

sample. The sample and reference vessels were equilibrated with a precision of

±0.1 mg. There was no need to perform any correction from the point of view of heat

capacity between the sample and reference vessels.
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Evaluation of DSC scans

The repeated scan of denaturated sample was used as baseline reference which was
subtracted from the original DSC scan. Calorimetric enthalpy was calculated from
the area under the heat absorption curves using two points setting Setaram peak inte-
gration.

Spin-labelling of muscle fibres

Spin-labelling of muscle fibres was performed in relaxing medium (rigor solution
plus 2 mM pyrophosphate at pH 7.0) with about one mole of 4-maleimido-TEMPO
(MSL) or 4-isothiocyanato-TEMPO (TCSL) to one mole myosin for 10 or 20 min at
0°C. In labelling buffer KCl was replaced by potassium-propionate. After spin-label-
ling the fibre bundles were washed in rigor buffer to remove the unreacted labels.

EPR measurements

The EPR measurements were taken with an ESP 300 E (Bruker, Germany) X-band
spectrometer. For conventional EPR technique 100 kHz field modulation (0.2 mT
amplitude) and 20 mW microwave power were used. Second harmonic absorption,
90° out-of-phase spectra were recorded with 50 kHz field modulation and detection at
100 kHz out-of-phase. The microwave power was 63 mW which corresponds to an
average microwave field amplitude of 0.025 mT in the central region of the flat cell.

Results and discussion

DSC measurements

The unfolding of the supramolecular structure in muscle fibres by heat is a complex

process. Earlier data on muscle proteins suggest at least three or four transitions in the

temperature range examined [13–15]. The experimental patterns on muscle fibres in

different states exhibited three large transitions, whereas the detailed analysis by

computer resulted in four transitions. The endotherms in all states are believed to cor-

relate mainly with Tms of the principal domains of the main proteins, myosin and

actin. In the absence of nucleotides (rigor): Tm1=54.2°C, Tm2=59.2 and Tm3=67.8°C

(Fig. 1). Deconvolution procedure resulted in a fourth transition at 63.2°C.

Addition of nucleotides (ADP, AMP.PNP) produces conformational changes in
the multisubunit structure of myosin and affects the actin-myosin interaction as re-
vealed by EPR and other spectroscopic studies [16, 17]. The transition temperatures
of the thermal unfolding depend on the nucleotides (Table 1). MgADP affected mod-
erately the transition temperatures, but the conversion from a strongly attached state
of myosin to actin to a weakly binding state is accompanied with an increase of the
highest transition temperature from 67.8 to 70.4°C (Fig. 2).

The results of melting of myosin and actin in the supramolecular structure of
muscle fibres cannot be interpreted easily. According to the measurements the first
two transitions were little affected by the binding of nucleotides. Earlier measure-
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ments reported that the most labile part of myosin was the 50 kDa segment which
binds actin, therefore it is believed that the first thermal transition can be assigned to
the 50 kDa domain even in muscle fibres [18]. This transition might involve the un-
folding of the subfragment-2 domain and the rod part of the myosin as well [19].

Table 1 DSC results on muscle fibres. Muscle fibres were measured in different state of the ATP
hydrolysis cycle in the temperatures in range of 40–75°C. The fibres were bathed in the
appropriate buffer solution containing the nucleotide (5 mM ADP or AMP.PNP) at 0°C
for 15 min before measurement. DSC curves were analyzed using the PeakFit 4.0 pro-
gram from SPSS Corporation

Experimental results Results of decomposition

T1/°C T2/°C T3/°C T1/°C T2/°C T3/°C

Rigor 52.2 59.3 67.8 52.39 58.83 67.94

ADP 53.0 57.7 67.5 53.19 57.61 67.08

AMP.PNP 52.7 57.7 70.4 52.82 57.47 69.87

In the presence of AMP.PNP the largest change was measured at the highest
temperature transition. It suggests that the dissociation induced by AMP.PNP reduces
the actin-myosin interaction, which leads to a significant decrease of the contribution
of the enthalpy at the 65.2°C transition (Fig. 2). On the other hand, the increased ther-
mal stability of the dissociated globular heads with the bound nucleotide appears in
the last transition.
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Fig. 1 DSC curves of muscle fibres in rigor (dotted line) and MgADP state (solid line).
The fibres were incubated in rigor buffer plus 5 mM MgADP. 50 µM
diadenosine pentaphosphate was added to the buffer solution to inhibit the
myokinase activity



EPR measurements

The EPR spectra of spin-labelled fibres showed a strong dependence of orientation in

the absence of nucleotide (rigor state, strong binding state of myosin heads to actin),

implying that almost all myosin heads were attached to actin [11]. Both labels, MSL
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Fig. 2 DSC curves of muscle fibres in rigor state (dotted line) and MgAMP.PNP state
(solid line). The fibres were incubated in rigor buffer containing 5 mM
MgAMP.PNP for 15 min at 0°C before measurement

Fig. 3 EPR spectra of TCSL-fibres in rigor and MgADP state. The long axis of the
fibres was oriented parallel to the laboratory magnetic field. Addition of ADP
induced large change of the hyperfine splitting (2 ′Azz). The field scan was 10 mT



and TCSL reflected the orientation dependence of myosin heads, but the parameters

of the distribution density function for label orientations were different [9]. The mean

angle (ϑ) of the label orientation and the angular spread (σ) of the orientation differ

each other; ϑ(MSL)=82°, ϑ(TCSL)=75°, σ(MSL)=10° and σ(TCSL)=16°. The two

labels have different attaching linkage, ST EPR measurements revealed that MSL

were more rigidly attached to the protein, than TCSL. In contrast to MSL-fibres, the

addition of MgADP to the buffer solution (5 mM ADP plus 50 µM diadenosine

pentaphosphate to inhibit myokinase) induced local conformational changes, which

resulted in significant alteration of the orientation dependence evidencing that TCSL

label was sensitive to the change of the local conformation (Fig. 3). The mean angle

of the orientation distribution changed from 75 to 56° and the angular spread in-

creased (σ=28°). The larger hyperfine splitting constant 2 ′Azz in ADP state clearly in-

dicated the change of the label orientation. The addition of MgATP and ortho-

vanadate in 5 mM final concentration to the buffer solution weakens the binding of

myosin to actin or detache the myosin heads (weakly binding state of myosin to actin)

from actin [12]. This structural rearrangement is accompanied by increased rotational

motion of the myosin heads. In this case almost no orientation dependence can be de-

tected (Fig. 4), the spectrum resembles the spectrum of randomly oriented spin labels.
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Fig. 4 EPR spectra of TCSL-fibres in AMP.PNP state. The long axis of the fibres was
oriented parallel to the laboratory magnetic field. The EPR spectrum of
TCSL-fibres in the presence of MgAMP.PNP was superposition of two spectra.
From this spectrum the EPR spectrum of fibres in ATP.Vi state was subtracted.
The difference spectrum was almost identical with the spectrum obtained in
ADP state. At bottom the difference of the ADP-like spectrum and the ADP
spectrum (Fig. 3) in ADP is given



In the presence of non-hydrolysable analogue AMP.PNP, the conventional EPR

spectra showed large changes in the ordering of the probe molecules in fibres [10].

The orientation dependence of the ordered population depended on the chemical

structure of the spin labels. Spectrum deconvolution resulted in two populations;

about 50% of labels belonged to the ordered fraction, and 50% of labels was ran-

domly oriented. From earlier observations it was concluded that the ordered fraction

could not be distinguished from the rigor population [10]. Our results on

AMP.PNP-fibres using TCSL suggest that about half of the heads represents a disor-

dered population with reduced rate of rotational motion, but the myosin heads which

exhibited high degree of order were in the strongly binding ADP state, the heads be-

ing attached to actin differ from that of rigor (Fig. 4). Subtracting the ADP.Vi spec-

trum from the AMP.PNP spectrum, the difference spectrum approximates quite well

the ADP spectrum. Residual spectrum in Fig. 4 shows the difference of the two ADP

spectra. The binding of AMP.PNP might induce change in the orientation of the pro-

tein segment that holds that holds the label by rotation resulting in another conform-

ationally stable state. ST EPR spectra of MSL-fibres in AMP.PNP state reported in-

creased rotational motion (Fig. 5). The ratio of the low-field diagnostic peak ( ′′L /L)

markedly decreased, implying the detachment of myosin heads from actin. The effec-

tive rotational correlation time could be estimated to be about 100 µs.

To sum up, the data support that nucleotides and nucleotide analogues induce
changes in the dynamical state of myosin heads [20]; according to the EPR results the
two strongly binding states, the ADP-state and rigor state differ from each other in lo-
cal conformation. The differences in the melting temperatures measured by DSC
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Fig. 5 ST EPR spectra of MSL-fibres in rigor and AMP.PNP state. The ratio of the two
diagnostic peaks ( ′′L and L) decreases in AMP.PNP state, evidencing the re-
duced rate of the rotational motion



clearly indicate that nucleotide binding can produce significant alterations in the
global structure of myosin head [21, 22].
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