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Abstract

We have examined by DSC the complexes of myosin with actin in fibre system in the absence of nucleotides and the intermediate state of ATP
hydrolysis by mimicking stable complex with myosin and ADP and beryllium fluoride in muscle fibres. Comparing the DSC results with other
structural analogues of phosphate P; leads the conclusion that the AM.ADP.BeF, complex favours the AM.ADP.P; complex in fibre system. The
deconvolution of DSC scans resulted in four transitions, the first three transition temperatures were almost independent of the intermediate state
of the muscle, the last transition temperature was shifted to higher temperature, depending on the actual intermediate states of ATP hydrolysis.
In AM.ADP.V; state the transition temperature at the second and third transitions (actin binding domain and myosin rod) varied only slightly,
whereas the last one (the fourth transition) shifted markedly to higher temperature depending on the ternary complex, e.g. in case of ADP plus
BeF, it was 77.7 °C, the highest value in weakly binding state of myosin to actin. The sum of calorimetric enthalpies of the first and last curves
was practically constant, but their fractions depended on the state of the muscle. In strongly binding state of myosin to actin (rigor, ADP state)
the fraction of the first transition was much larger, than the last one, whereas in weakly binding state of myosin to actin, the fraction of the first
transition decreased at the expense of the last one. It supports also the view that these transitions are parts of the same portion of the myosin

molecule.
© 2006 Published by Elsevier B.V.
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1. Introduction

Muscle contraction and other events of cell motility are
based on the cyclic interaction of the head portion of myosin
with actin during the myosin-catalysed ATP hydrolysis. The
hydrolysis of ATP that produces the AM.ADP.P; complex (A
denotes actin and M stands for myosin) and the protein-bound
ADP and P; is a rapid process, therefore special biochemical
procedures are required to follow the elementary steps of
the cleavage, and to obtain detailed information about the
conformational changes of the interacting proteins. It was
found by Goodno [1] that a complex of myosin with ADP and
orthovanadate formed a stable structure, which allowed the
studies on the conformation in this intermediate. Similar to
vanadate, beryllium and aluminium fluorides also form stable
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complexes with myosin in the presence of nucleotides [2,3].
It turned out that the stable complexes of ADP with vanadate,
beryllofluoride and aluminofluoride bound to head of myosin
mimic quite well the ATPase intermediates [4]. The atomic
structure of truncated Dicryostelium subfragment 1 (S1) with
BeF,, AlF4 and V; was solved by Fisher et al. [5] and analysis of
structures indicated that S1.ADP.BeF, complex resembled the
M™.ATP, whereas S1.ADP with AIF; mimics the AM.ADP.P;
complex.

Differential scanning calorimeter (DSC) is a suitable method
that directly monitors protein denaturation and unfolding, and
the transition temperature Ty, characterises the conformation
stability [6-8]. In the present study we examined by DSC the
complexes of myosin with actin in fibre system in the absence
of nucleotides and the intermediate state of ATP hydrolysis
by forming stable trapped complex with myosin and ADP and
beryllium fluoride in muscle fibres. The comparison of the DSC
results with other structural analogues of phosphate P; leads
the conclusion that the AM.ADP.BeF, complex favours the
AM.ADP.P; complex in fibre system.
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2. Materials and methods
2.1. Materials

Adenosine 5’'-diphosphate (ADP), adenosine 5'-triphosphate
(ATP), beryllium sulphate, ethylene glycol-bis(B-aminoethyl
ether)-N,N'-tetraacetic acid (EGTA), glycerol, histidine-HCI,
magnesium chloride (MgCly), potassium chloride (KCI) and
sodium fluoride were obtained from Sigma (Germany).

2.2. Fibre preparation

Glycerol-extracted muscle fibre bundles were prepared from
rabbit psoas muscle. Small stripes of muscle fibres were stored
after osmotic shocks in 50% (v/v) glycerol, 80 mM KCI, 5mM
MgCly, 1mM EGTA and 25 mM Tris-HCI, pH 7.0 at —18°C
up to one month. Fibre bundles from glycerinated muscle were
washed for 60min in rigor buffer (80 mM potassium propi-
onate (KPr), 5mM MgCl,, 1mM EGTA in 25mM Tris-HCI
buffer, pH 7.0) that removed glycerol, and then transferred
to fresh buffer. Strong actin binding state (rigor), as well as
weak actin binding transition state (AM.ADP.P;) was monitored.
AM.ADP.P; state was mimicked by addition of ATP and beryl-
lium fluoride. Beryllium fluoride was prepared from 10 mM
NaF and 3mM BeSO,4 immediately before experiments. Mus-
cle fibres were stored in solution containing 80 mM KPr, 5mM
ATP, 5mM MgCl,, 1mM EGTA in 25mM Tris-HCI, pH 7.0
plus the corresponding chemicals for 15min at 0°C and then
DSC measurement was taken.

2.3. ATPase activity

The ATPase activity was determined using a pyruvate
kinase—lactate dehydrogenase coupled optical test [9]. The assay
medium for Mg?*-ATPase consisted of 100mM KCI, 20 mM
MOPS, 1 mM MgCl,, 0.5mM EGTA, 0.15mM NADH, 1 mM
phosphoenol pyruvic acid, 20 U/ml pyruvate kinase, 40 U/ml
lactic dehydrogenase, 0.5mM ATP, pH 7.0. For Ca2*-Mg?*-
ATPase: assay medium plus 1mM CaCl,. At 340nm the
absorbance change was measured with a Perkin-Elmer spec-
trophotometer interfaced to a computer. The molar absorption
coefficient of NADH was (340 nm) =6.22 x 10° mol~tcm—1.
In the experiments the Mg%*-ATPase and the Ca2*-Mg?*-
ATPase activities of thin fibre bundles over 10 min intervals were
determined. Fibre bundles of 8-10 mg wet weight were slightly
stretched on a rectangular support made of platinum. The sup-
port was diagonally fitted into a standard quartz cuvette, which
was filled in with the solutions. The solution was continuously
mixed with a small magnetic bar. The decrease of fluorescence
resulted in a straight line, the slope of the straight line was used
to estimate the ATPase activity.

2.4. DSC technique
Thermal unfolding of muscle fibres in rigor and ATP.BeF,

state was monitored by a SETARAM Micro DSC-I1I calorime-
ter. All experiments were conducted between 5 and 80 °C, the

heating rate varied between 0.3 and 1.0 K/min in all cases. Con-
ventional Hastelloy batch vessels were used during the denatu-
ration experiments with 850 wL sample volume (muscle fibres
plus buffer) in average. Typical muscle wet weights for calori-
metric experiments were between 200 and 250 mg. Rigor buffer
was used as a reference sample. The sample and reference ves-
sels were equilibrated with a precision of £0.1 mg. There was
no need to do any correction between sample and reference ves-
sels. The repeated scan of denatured sample was used as baseline
reference, which was subtracted from the original DSC curve.

2.5. Evaluation of DSC measurements

In strong and weakly actin binding states the thermograms
could be decomposed into three separate transitions in the main
transition temperature range. Considering the muscle structure
a fourth heat transition was also assumed which was assigned
to actin. Deconvolution into four components was performed by
using PeakFit 4.0 software from SPSS Corporation. For anal-
ysis of the single thermal transitions Gaussian functions were
assumed. The comparison between the DSC patterns in differ-
ent states of the fibre bundles suggested that the second and third
Gaussian curves represented the myaosin rod and the actin moi-
ety. The third and second transition curves were subsequently
subtracted from the main transition curve.

2.6. EPR measurements

Conventional EPR (electron paramagnetic resonance) spec-
tra were taken with an ESP 300E (Bruker Biospin, Germany)
spectrometer. First harmonic in-phase, absorption spectra were
obtained by using 20 mW microwave power and 100 kHz field
modulation with amplitude of 0.15 mT, the measurements were
performed at temperature of 23 + 1 °C. Spectra were normalised
to the same number of unpaired electrons by calculating the dou-
ble integral of the derived spectra.

3. Results and discussion
3.1. Evaluation of thermal transitions in muscle fibres

The reversibility of denaturation was checked by compar-
ing the first scan of the muscle fibres with the second one after
cooling the sample to room temperature. The DSC transitions
were calorimetrically irreversible. The first DSC trace was cor-
rected for the calorimetric base line by subtracting the second
scan from the first one and for the difference in heat capacity
by using a linear or sigmoidal base line. Figs. 1 and 2 show
the DSC traces of muscle fibres in rigor and in AM.ADP.BeF,
intermediate states. The most striking feature of the traces that
the transition temperature of the last peak strongly depends on
the intermediate states of the muscle. Similar observations were
obtained on isolated myosin subfragment 1 [10-13].

Systematic analysis of irreversible denaturation of protein
systems started with the model by Lumry and Eyring [14]. After
this basic report several experimental studies were reported with
the conclusion, that, in many cases, the irreversible denaturation
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Fig. 1. DSC transition curves of muscle fibres in rigor. The baseline of the trace
is not subtracted.

of proteins by DSC can be described on the basis of a simple
two-state irreversible model [15-17]:

kap

N—F

where N and F are the native and irreversibly denatured pro-
teins, respectively. The k,p reaction rate constant that governs
the conversion from N to F is strongly temperature-dependent,
first-order rate constant [18]. The theoretical analysis also sug-
gests that the irreversible step from unfolded state to irreversible
state is fast, and the amount of unfolded state is low [18].

The transition temperatures of the muscle fibres depended on
scan rate, therefore it could be assumed that the melting of the
muscle samples was determined by kinetic processes and could
be described by the two-state kinetic model. It was shown later
that at sufficiently high heating rates the thermodynamic equi-
librium parameters could be extracted from the heat capacity
curves [19]. We assumed Gaussian functions for the transition
of the main proteins of the muscle fibres. The deconvolution
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Fig. 2. Heat absorption curve obtained on muscle fibres in ADP.BeF, state. The
transition temperatures of myosin domains are given.

resulted in four transitions, the first three transition tempera-
tures were almost independent of the intermediate state of the
muscle, the last transition temperature was shifted to higher tem-
perature, when the buffer solution was manipulated to mimic the
intermediate states of ATP hydrolysis (Figs. 1 and 2). The mean
values for rigor were Tnp =52.9+0.7°C, T2 =57.94+0.7°C,
Tm3=63.7+1.0°C. In order to obtain sufficient agreement
with the experimental DSC trace, a fourth transition should be
involved in the analysis. The second main protein that consti-
tutes the striated muscle structure is actin. It represents some
of 20% or more of the total protein in these cells, therefore it
has significant contribution to the total heat absorption. Ear-
lier experiments performed on globular and filamentous actin
showed that the transition temperature of actin was in the range
of 60-68 °C, depending of the state of actin [20-22].

The comparison of the main transitions for myosin and actin
in solution and in fibres system shows significant increase of Ty,
which is due to the interaction between actin and myosin in the
filament structure. The stereospecific binding of the two myosin
heads to actin induces a stabilisation at the head-tail junction
and rod part of the myosin molecules in the thick filaments, that
leads to decrease of cooperativity.

3.2. Effect of nucleotides on thermal transitions

The comparison between the DSC patterns in weakly binding
states of myosin to actin, as in AM.ADP.P; or in AM.ADP.V;
state, showed that the transition temperature at the second and
third transitions (actin binding domain and myosin rod) var-
ied only slightly, whereas the last one (the fourth transition)
shifted markedly to higher temperature depending on the ternary
complex. The last transition can be assigned to the nucleotide-
binding domain of myosin. Its conformation open or closed
depends on the bound nucleotide. In rigor and ADP state the
conformation is open, whereas in the presence of ADP plus V;
or BeF, the conformation is closed. This experimental conclu-
sion was derived from analysis of X-ray diffraction data.

Addition of ADP plus BeF, to rigor buffer shifted the fourth
transition to 77.7 °C, the highest value in weakly binding state of
myosin to actin (Fig. 2). Successive subtraction of the transition
of actin at T\, =63.9 °C and myosin rod at Ty, =57.7 °C resulted
in two asymmetric transitions (Fig. 3). According to earlier data
[23] it can be accepted that the melting of subfragment 2 is also
involved in the first endotherm transition, even in the case of
muscle fibres. However, in the present state of our experiments
we did not find any experimental fact how to resolve this trace
into single transitions.

Biochemical and spectroscopic measurements suggest that
the AM.ADP.BeF, state mimics the AM.ATP state, where the
conformation of the nucleotide-binding domain is in closed state
[24,25]. However, experiments performed on subfragment 1
of Dictyostellium discoideum showed that the open — closed
transition depends on the temperature and the ionic strength
[26]. Therefore, it can be suggested that the last transition is
the superposition of two transitions; it expresses equilibrium
between open and closed states. The changes in the thermal
transitions induced by nucleotides stem in part from conforma-
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Fig. 3. Excess heat capacity curve of the intermediate state ADP.BeF,. The
melting curves of myosin rod and actin filaments were subtracted from the
complex DSC transition. The line widths at half-height, the location and the
contribution of the single transitions were varied.

tional changes of the globular motor portion and from protein
interactions between actin and myosin [27,28]. Further pos-
sible interpretation might be that the structure of the ternary
complex differs in dimensional asymmetry and/or in internal
flexibility. Fluorescence measurements showed that the distance
between eADP and SH1 is shorter in S1-eADP-V; complex,
but this distance is unperturbed in acto-S1-eADP-V; complex
[29]. Comparison with various nucleotide-bound S1 complexes
indicates that the shape of S1 in S1-ADP and S1-ADP-P; states
significantly differs from the shape of S1 in nucleotide-free states
[30].

The sum of the areas under the first and last curves was prac-
tically constant, but their fractions depended on the state of the
muscle. In strongly binding state of myosin to actin (rigor, ADP
state) the fraction of the first transition was much larger, than
the last one, whereas in weakly binding state of myosin to actin,
the fraction of the first transition decreased at the expense of the
last one. It supports also the view that these transitions are parts
of the same portion of the myosin molecule.

3.3. EPR results

In order to obtain information about the conformational
changes that occur in the muscle structure in the presence of
nucleotides and find correlation with the DSC results, EPR
experiments were performed on fibre bundles. The reactive Cys
707 residue of myosin heads was spin-labelled with isothio-
cyanate probe molecules as described earlier [31]. Fig. 4 shows
the EPR spectra obtained on fibre bundles, the long axis of the
fibres was oriented parallel to the laboratory magnetic field. It
known from earlier studies that myosin heads have stereospecific
orientation in the absence of nucleotides and in the presence of
ADP (upper spectra), but the addition of ATP and AlF3 induce an
order-to-disorder transition of myosin heads (bottom spectrum
[32,33]). In this state the myosin heads are dynamically disor-
dered, and the orientation dependence of EPR spectra disap-
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Fig. 4. EPR spectra of spin-labelled myosin heads in muscle fibre bundles in
rigor, ADP and ADP.AIF, state. The distance between the dotted lines shows
the hyperfine coupling constant. The drastic change of line shape in ADP.AIF,
state represents the disorder of the myosin heads induced by ADP.AIF,.

pears. The hyperfine coupling constant 24’ is exactly the same
as in the case of randomly oriented fibres (24’,, =6.785mT).
Myosin rod and the regulation domain are little affected by
nucleotides and nucleotide analogues in striated muscle.

Therefore, it can be suggested that the large conformational
change of myosin heads induced by ATP and inorganic phos-
phate analogue AlFs might be responsible for the significant
change of the DSC pattern. In the case of ADP only a moderate
effect is expected, as derived from both DSC and EPR measure-
ments as well. However, it cannot be excluded that the second
large protein component actin can also contribute to the shape
of the heat transition curve.
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