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DSC STUDY OF GLYCEROL-EXTRACTED MUSCLE FIBERS IN
INTERMEDIATE STATES OF ATP HYDROLYSIS
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The heat capacity of contractile proteins actin and myosin was studied in psoas muscle of rabbit in strongly and weakly binding state of
myosin to actin as a function of temperature by DSC. Deconvolution of the unfolding scans makes possible to characterize the struc-
tural domains of the macromolecules. We tried to approach the unfolding process in different intermediate state of ATP hydrolysis.
The thermal transitions were calorimetrically irreversible, therefore the two-state irreversible model that describes fairly well the dena-
turation of different proteins was used for evaluation of the denaturation processes in muscle fibers in strongly (rigor, ADP) and
weakly binding states (ATP-V;, ADP-AlF,) of myosin to actin. Deconvolution resulted in four transitions, the first three transition tem-
peratures were almost independent of the intermediate states of muscle, the last transition temperature was shifted to higher tempera-
ture, when the buffer solution was manipulated. The mean values in strongly binding states were 7},;=52.940.7 °C, T,,,,=57.9£0.7°C,

T13=63.7£1.0°C and 7,,,=67.820.7°C, but the last transition increased to higher temperature depending on the P; analogue.
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Introduction

The muscle contraction and other events of cell motil-
ity are based on [1-8] the cyclic interaction of the head
portion of myosin with actin during the myosin-cata-
lyzed ATP hydrolysis. It is also known from earlier
studies that AM**-ADP-P; complex (A denotes actin
and M stands for myosin and P; is inorganic phosphate)
is the predominant intermediate of the ATP hydrolysis
cycle in the actomyosin system. In isolated form of
myosin the half-life is only several seconds at 25°C,
therefore further stabilization is needed in muscle
fibres to perform detailed structural or dynamic analy-
sis of this transition state. It was found that a complex
of myosin with ADP and orthovanadate formed a sta-
ble structure, which allowed the studies on the confor-
mation in this intermediate [9, 10]. The crystal struc-
ture of Dictyostelium myosin looks similar to chicken
myosin without nucleotides, while other complexes
exhibited large changes in the head of myosin [11].

In the present study we examined by differential
scanning calorimeter (DSC) the main intermediate
steps of ATP hydrolysis cycle (complexes of myosin
with ADP and ADP+V; (where V; is orthovanadate, an
inorganic phosphate analogue)) in muscle fibres to see
the relationship between global structural changes in
the actomyosin complex. DSC measurements on the
modified actomyosin complexes revealed significant
conformational changes, the thermal stability of the
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nucleotide-binding domain markedly increased in
ADP+V; state. To find the possible structural domains
that could undergo some rearrangement we have ap-
plied Fourier deconvolution of DSC signals based on
the recent thermodynamic model of the treatment of ir-
reversibly denatured macromolecular systems [12—16].

Experimental
Materials

Potassium chloride (KCI), magnesium chloride
(MgCl,), ethylene glycol-bis(B-aminoethyl ether)-
N,N’-tetraacetic acid (EGTA), histidine-HCI, glycerol,
adenosine 5’-diphosphate (ADP), adenosine 5’-tri-
phosphate (ATP), and orthovanadate, phosphoenol
pyruvic acid, pyruvate kinase, lactic dehydrogenase
were obtained from Sigma (Germany).

Fiber preparation

Glycerol-extracted muscle fiber bundles were pre-
pared from rabbit psoas muscle. Small stripes of mus-
cle fibers were stored after osmotic shocks in 50% v/v
glycerol and rigor solution (100 mM KClI,
5 mM MgCl,, 1 mM EGTA, 10 mM histidine-HCI,
pH 7.0) at —18°C up to one month. In DSC experi-
ments the fiber bundles of glycerinated muscle were
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washed for 60 min in rigor buffer to remove glycerol,
and then transferred to fresh buffer and homogenized.
This state models the rigor state of the muscle.
MgADP was added of 5 mM concentration to the
rigor solution to simulate the strongly binding state of
myosin that may correspond to the AM-ADP state.
The other analogues of intermediates in the ATPase
pathway were formed by ATP (5 mM) and ortho-
vanadate (5 mM, abbreviated V;) which together bind
stoichiometrically at the active site of myosin to form
a stable complex, AM"-ADP-X; (where M represents
a myosin isomer and X; stands for a nucleotide). This
complex is believed to be analogue of the steady-state
intermediate AM**-ADP-P;.

Calorimetric measurements

The thermal unfolding of muscle fibers in different
states were monitored by a Setaram Micro DSC-II
calorimeter. All experiments were done between 0
and 100°C. 0.3 K min' was used as a scan rate. Con-
ventional Hastelloy batch vessels were used during
the denaturation experiments with 850 pL sample
volume in average. Rigor buffer was used as refer-
ence sample. The sample and reference vessels were
equilibrated with a precision of £0.1 mg. There was
no need to do any correction from the point of view of
heat capacity between the sample and reference ves-
sels. The Setaram two-point fitting integration soft-
ware was used to calculate the calorimetric enthalpy.

ATPase activity

The ATPase activity was determined using a pyruvate
kinase—lactate dehydrogenase coupled optical test
[17]. The assay medium for Mg®"-ATPase consisted
of 100 mM KCI, 20 mM MOPS, 1 mM MgCl,,
0.5 mM EGTA, 0.15 mM NADH, 1 mM phosphoenol
pyruvic acid, 20 U mL™" pyruvate kinase, 40 U mL"'
lactic dehydrogenase, 0.5 mM ATP, pH 7.0. For
Ca*~Mg*-ATPase: assay medium plus 1 mM CaCl,.
At 340 nm the absorbance change was measured with
a PerkinElmer spectrophotometer interfaced to a
computer. The molar absorption coefficient of NADH
was € (340 nm)=6.22-10° mol™' cm'. In the experi-
ments the Mg —ATPase and the Ca* ~Mg**—ATPase

activities of thin fiber bundles over 10 min intervals
were determined. The decrease of fluorescence re-
sulted in a straight line, the slope of the straight line
was used to estimate the ATPase activity. We as-
sumed that 50% of the dried muscle weight was myo-
sin. The Mg®'—ATPase activity (umol of P;/mg myo-
sin-min) was 4.1312£0.718 (n=4). The ATPase activity
of active fiber bundles was 5.565+0.816 pmol of
Pi/mg myosin-min (n=4).

Results and discussion
Evaluation of thermal transitions in muscle fibers

The reversibility of denaturation was checked by com-
paring the first scan of the muscle fibers with the sec-
ond one after cooling the sample to room temperature.
The DSC transitions were calorimetrically irreversible.
The first DSC trace was corrected 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 base line. In strong and weakly actin binding
states the thermograms could be decomposed into
three separate transitions in the main transition temper-
ature range (from 40 to 85°C). 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 soft-
ware from SPSS Corporation. For analysis of the single
thermal transitions Gaussian functions were assumed.
The comparison between the DSC patterns in different
states of the fiber bundles suggested that the second
and third Gaussian curves represented the myosin rod
and the actin moiety. The results are included in Ta-
ble 1. The most striking feature of the traces is that the
transition temperature of the last peak strongly de-
pends on the intermediate states of the muscle. Similar
observations were obtained on isolated myosin sub-
fragment 1 [18-20]. Figures 1 and 2 show the decon-
volution of DSC traces into single components for
rigor fibers and fibers in weakly binding state of myo-
sin to actin. This later state was achieved by incubating
the fibers in rigor buffer containing ATP and ortho-
vanadate. The incubation lasted for 10 min before DSC
measurements.

Table 1 DSC results on muscle fibres: transition temperatures in range of 40-85°C. Glycerinated muscle fibres prepared from
psoas muscle of rabbit were measured in rigor, strongly and weakly binding state of myosin to actin. The transition

temperatures were derived from the original DSC curves

Experimental results Tmi/°C To/°C Tm3/°C Tma!°C
rigor 52.2 59.2 - 67.8
ADP 53.0 57.8 - 67.8
ATP-V; 53.6 57.8 63.3 68.9

Mean values: Ty =52.940.7°C (n=9), Tnz=57.940.7°C (n=9), Tns=63.7+1.0°C (n=7)
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Fig. 1 DSC transition of muscle fibres in rigor. The excess
heat capacity curve was deconvoluted using PeakFit 4.0
software of SPSS Corporation. Solid line shows the
original DSC trace, whereas dashed line represents the
superposition of deconvoluted (dotted) curves
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Fig. 2 Excess heat capacity curve of muscle fibres in
AM-ADP-V; state. Deconvolution was performed by
PeakFit 4.0 software. Solid line shows the original DSC
transitions, dashed line is the result of superposition of
single transitions

The simplest model, which can be applied for irre-
versible transitions, was suggested by Lumry and
Eyring [12]. Later on, Sanchez—Ruiz et al. reported that
the two-state irreversible model describes fairly well the
denaturation of different proteins [13, 14, 16]. The the-
ory assumed a reversible unfolding of the proteins that is
followed by a rate-limiting irreversible step:

N« >D—& 5F

where F means the final state of the irreversible dena-
tured protein. The extent of the irreversibility is deter-
mined by the rate constant &, of the D—F step, and its
activation energy gives the rate of unfolding. Re-
cently, it was shown that in some cases the thermody-
namic parameters could be deduced from the standard
treatment of the heat capacity curves [15].

According to the results the transition tempera-
tures depend on scan rate, therefore it can be assumed
that kinetic processes determined the melting of the
muscle samples. The scan rate practically reached its
maximum value at about 0.5 K min™', therefore it per-
mitted to apply a deconvolution of the complex DSC
patterns with Gaussian functions (Table 2). The
deconvolution resulted in four transitions, the first
three transition temperatures were almost independent
of the intermediate state of the muscle, the last transi-
tion temperature was shifted to higher temperature
(~68°C), when the buffer solution was manipulated to
mimic the intermediate states of ATP hydrolysis. The
mean values were 71,;=52.9+£0.7°C  (n=9),
T112=57.940.7°C (n=10), T};,;3=63.7£1.0°C (n=7).

Thermal transitions in rigor muscle

Earlier measurements performed on myosin showed
that at least five endothermic transitions could be ob-
served on bovine heart myosin between the tempera-
ture range of 20-55°C [21, 22]. The structure forma-
tion of proteins in fibers alters the dynamic and
energetic properties of the proteins, the consequence of
that is the shift of the melting points 39, 47 and 51°C,
measured in solution on intact myosin from rabbit
psoas muscle, to higher temperatures in rigor (Fig. 1).

Table 2 Deconvolution of DSC patterns. Deconvolution was performed by using PeakFit 4.0 software from SPSS Corporation.
For analysis of the single thermal transitions Gaussian functions were assumed. The transition enthalpies are given in
% of the total enthalpy. The transition temperatures and enthalpies were obtained from the deconvoluted curves

Results of deconvolution T,/°C T5/°C T3/°C T4/°C
rigor 52.4 58.8 63.5 67.9
area/% 41.2 24.6 22.9 114
ADP 53.2 57.6 61.5 67.1
area/% 42.6 21.2 21.9 14.3
ATP-V; 54.4 57.4 63.1 69.5
area/% 39.5 21.3 21.1 18.1
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This is evidence that particular regions of myosin are
subjected to stabilizing forces in the filament system
leading to alteration of the transition temperatures.

Effect of ATP and orthovanadate on thermal transitions

The comparison of the DSC patterns in strongly and
weakly binding states of myosin to actin in fiber bun-
dles showed that the transition temperature at the sec-
ond and third transitions varied only slightly, whereas
the last one (the fourth transition) shifted markedly to
higher temperature [23-25]. Treating the fiber bundles
in buffer solution containing ATP and V;, they can pro-
duce the weakly binding state (Fig. 2). For direct com-
parison of the intermediate states the DSC curves were
deconvoluted. Assuming Gaussian curves for the ther-
mal transitions of myosin rod and actin filaments in
muscle fibers, their transition curves were subse-
quently subtracted from the original DSC curve (Figs 3
and 4). In order to obtain reasonable residuals the melt-
ing temperatures of the transitions, the contributions of
the individual Gaussian curves to the total endothermic
transition and their line widths at half-height of the
transition temperature were varied during the manipu-
lation. The great asymmetry of the first residuals sug-
gests that this transition is very likely the superposition
of transitions arising from domains of myosin head.
One candidate might be the subfragment 2. In an ex-
periment to interpret the multiple peaks of heavy
meromyosin in the DSC scan, it was suggested that the
first endotherm peak at 41°C could be due to melting
of subfragment 2 [26]. The actin-based order of myo-
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Fig. 3 Excess heat capacity curve of muscle fibres in rigor af-
ter manipulation (dotted line). 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 sin-
gle transitions were varied. The values of line widths
are OW,,q=3.64°C and dW,;,=3.99°C
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Fig. 4 Excess heat capacity curve of the intermediate state
ADP-V; after manipulation (dotted line). The melting
curves of myosin rod and actin filaments were sub-
tracted from the complex DSC transition. The line
widths at half-height, the location and the contribution
of the single transitions were varied. The values of line
widths are 6 W,,q=1.25°C and S Wyin=7.85°C

sin heads in rigor changes in weakly binding state and
this leads to changes of the line width at half-height.
The changes of the internal order of myosin filaments
and the flexibility changes of actin filaments in nucleo-
tide-free state and in the presence of nucleotides result
in changes of the cooperativity.

The areas are proportional to the transition
enthalpy of the protein domains. The sum of the areas
under the first and last curves was practically con-
stant, 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.

Conclusions

Using deconvolution procedures on the DSC traces of
muscle fiber bundles four single transitions could be
derived and assigned to actin binding domain, myosin
rod and actin at temperatures of 52.9+0.7, 57.9£0.7,
63.7+£1.0°C. The temperature of the highest transi-
tion, which is very likely in connection with the nu-
cleotide-binding domain, depends on the intermediate
state of the ATP hydrolysis.

Significant difference was found between the
strongly and weakly binding states of myosin to actin.

J. Therm. Anal. Cal., 80, 2005
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ADP trapped by V; on myosin head induced remark-
able stabilization in the globular part of myosin,
which is reflected in a 2.0-6.0°C shift of the transition
temperature to higher temperature. Neglecting the
small changes observed in the linewidth of transitions
at half-height for myosin rod and actin filaments, we
can conclude that the global conformational changes
mostly occur in the globular portion of myosin heads
in muscle fibers.
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