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Conformational transitions in the myosin head induced
by temperature, nucleotide and actin
Studies on subfragment-1 of myosins from rabbit and frog fast skeletal muscle
with a limited proteolysis method
Maria J. REDOWICZ

Laszlo SZILAGYI' and Hanna STRZELECKA-GOLASZEWSKA'

Department of Muscle Biochemistry, Nencki Institute of Experimental Biology, Warszawa
Department of Biochemistry, Eotvos Lorand University, Budapest
(Received October 13, 1986/January 19, 1987) - EJB 86 1087

Tryptic digestion patterns reveal a close similarity of the substructure of frog subfragment-1 (Sl) to that
established for rabbit S1. The 97-kDa heavy chain of chymotryptic S1 of frog myosin is preferentially cleaved
into three fragments with apparent molecular masses of 29 kDa, 49 kDa and 20 kDa. These fragments correspond
to the 27-kDa, 50-kDa and 20-kDa fragments of rabbit S1, respectively; this is indicated by the sequence of their
appearance during digestion, by the suppression by actin of the generation of the 49-kDa and 20-kDa peptides,
and by a nucleotide-promoted cleavage of the 29-kDa peptide to a 24-kDa fragment and the 49-kDa peptide to
a 44-kDa fragment, analogous to the nucleotide-promoted cleavage of the 27-kDa and 50-kDa fragments of
rabbit S1 to the 22-kDa and 45-kDa peptides.
The same changes in the digestion patterns as those produced by the presence of nucleotide (ATP or its P,yimido analog AdoPP[NH]P) at 25 "C were observed when the digestion was carried out at 0°C in the absence of
nucleotide. The low-temperature-induced changes were particularly well seen in the preparations from frog
myosin. The presence of ATP or AdoPP[NH]P at 0°C enhanced, whereas the complex formation with actin
prevented, the low-temperature-induced changes. The results are consistent with there being two fundamental
conformational states of the myosin head in an equilibrium that is dependent on the temperature, the nucleotide
bound at the active site, and the presence or absence of actin.
It is generally accepted that contraction of muscle results
from a relative sliding movement of the myosin thick filaments
past the actin thin filaments driven by a cyclic interaction of
myosin heads or cross-bridges with actin, each cycle being
coupled to hydrolysis of one molecule of ATP [l]. However,
the detailed mechanism of conversion of the free energy of
ATP hydrolysis into mechanical energy remains a subject of
debate. A prevailing model suggested by H. E. Huxley [l]
and by A. F. Huxley and Simmons [2] assumes that force is
generated by an active change in the angle of attachment of
myosin heads to actin filaments by rotation about a flexible
joint between the head (myosin subfragment-1) and the neck
region (subfragment-2) of the cross-bridge. An alternative
proposal is the rotation of one portion or domain of the head
relative to the other portion which remains rigidly attached
to actin [3,4]. The latter possibility is in better agreement with
the evidence from recent X-ray diffraction studies on muscle
[5- 71 and with fluorescence polarization [8] and EPR studies
[9] on glycerinated muscle fibers.
The possible existence of domains within the myosin head
has been inferred from limited proteolysis studies on myosin
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subfragment-1. The heavy chain of chymotryptic S1 of myosin
from rabbit skeletal muscle is split by trypsin into three major
fragments with molecular masses of 27 kDa, 50 kDa, and
20 kDa [lo, 111 which are aligned in this order relative to
the NH2-terminus of the heavy chain [12]. Two heavy-chain
segments (about 2 kDa each) connecting these trypsin-produced fragments are also sensitive to a variety of other proteases [13-151. The 27-kDa fragment seems to contain the
binding site for the adenine portion of the nucleotide [16191. The 50-kDa and 20-kDa fragments contain the sites of
interaction with actin [20- 231. The 50-kDa fragment seems
also to be involved in the nucleotide binding [24- 261.
Fluorescence resonance energy transfer measurements
have shown that the nucleotide and actin binding sites are
not within chemical reaction distance of each other, which
suggests that the functionally important communication between these sites involves ligand-induced conformational
changes [27]. Nucleotide-induced structural changes in the
myosin head have been detected in a number of spectroscopic
[28- 371, chemical modification [38-421, and proteolytic
digestion studies [43 -481 on myosin and its subfragments,
heavy meromyosin and S1. Some of these measurements
clearly detected large-scale changes in the structure of the
myosin head which may be correlated with changes in the
orientation of the head or the relative movement of domains
within the head.
The spectral changes occurring on ADP and AdoPP"HIP binding to S1, when measured by transient kinetics
methods, appeared to have a biphasic character indicating
formation of two conformationally different complexes in
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addition to an initial recognition complex [31, 331. That the
binding of ATP is also a three-step process [49] has been
shown unambigously by ATP-chase experiments [50] and by
using 1,P-ethenoadenosinetriphosphate, a fluorescent
analogue of ATP [51]. These and other studies have shown
that the equilibrium constant for the transition between the
two forms of binary nucleotide-myosin complexes varies with
temperature, ionic strength and pH [28, 29, 32, 33, 35-37,
52, 531. The results have been interpreted as indicating that
the myosin head itself exists in two conformational states in
equilibrium which depends on ambient factors and is
perturbed by the binding of nucleotides [36, 37, 52, 541. Evidence supporting this conclusion has been provided by studies
of 19F-NMR spectra of a fluorine-containing probe attached
to the SH1 thiol group of S1 [55] and ultraviolet absorption
[56], hydrogen-deuterium exchange [57] and spin-label studies
on heavy meromyosin [58]. Geeves et al. [59] and Shriver [54]
have recently reviewed and discussed kinetic evidence for two
types of ternary complexes of myosin with nucleotide and
actin which differ in the affinity between myosin and actin.
Current models for the kinetic mechanism of contraction
assume that the isomerization of the low-actin-affinity state
to the high-actin-affinity myosin state involves the structural
transitions responsible for tension generation [59 - 611. There
is, however, little information on the nature of the structural
difference between the two ternary complexes. An attractive
hypothesis is that the two types of ternary complexes are
related to two 'intrinsic' conformations of the myosin head
[36, 541.
We used the method of limited proteolysis to investigate
the possibility that the myosin head can exist in distinct
conformational states in the absence of nucleotide and to see
how these conformations are related to those in the binary
complexes of myosin with nucleotides and with actin. Earlier
studies have shown that the proteolysis method is a valuable
tool in detecting the nucleotide- and actin-induced conformational transitions within the myosin head. The binding of
nucleotides is sensed at both the 27-kDa/50-kDa and 50-kDa/
20-kDa junctions [44- 471 and promotes tryptic splitting of
specific sites in the 27-kDa and 50-kDa fragments [15, 43,45,
46,481. The binding of actin not only protects the 50-kDa/20kDa junction from splitting [ l l , 201, which may be a direct
screening effect, but it is also sensed at the 27-kDa/50-kDa
junction [14, 441 and protects both the 50-kDa and 27-kDa
fragments from the nucleotide-promoted specific cleavages
[46, 481. In this work we show that the nucleotide effects on
the proteolysis of myosin S1 can be mimicked by lowering the
temperature to 0°C and that complex formation with actin
counteracts the temperature effects. S1 of frog skeletal
myosin, whose substructure is shown here to be very similar
although not identical to that of rabbit S1, showed a larger
sensitivity of the digestion pattern to temperature and proved
to be particularly useful in the study of temperature-induced
conformational transitions. The results are consistent with
there being two fundamental states of the myosin head in
equilibrium that is dependent on temperature and the binding
of nucleotide and actin.
A preliminary report of this work has appeared [62].
MATERIALS AND METHODS
Protein preparations
Myosin from hind-leg muscles of the frog Runa esculenta
was prepared according to Pliszka et al. [63]. S1 of frog myosin

was prepared by digestion of myosin filaments (14-20 mg/
ml) with a-chymotrypsin (0.1 mg chymotrypsin/ml myosin)
for 1 h at 0°C in 0.1 M NaCl, 10mM phosphate buffer,
pH 7.0, 1 mM dithiothreitol and 2 mM EDTA. After overnight dialysis against 0.05 M KC1, 10 mM Hepes buffer,
pH 7.0, 1 mM dithiothreitol and 1 mM MgC12, the suspension was centrifuged at 115000 x g for 1 h. The supernatant
contained S1 and was used in these studies without further
purification.
Myosin from rabbit fast skeletal muscle (posterior
latissimus dorsi) was prepared as described in [64] except that
the final column chromatography step was omitted. S1 was
obtained by digestion of myosin filaments with a-chymotrypsin according to Weeds and Taylor [65].
Actin was prepared from acetone-dried muscle powder of
rabbit skeletal muscles as described previously [66]. Centrifuged F-actin pellets were resuspended in a solution containing 1 mM MgCI2 and 50 mM Hepes buffer, pH 8.0, directly
before use.
Digestion of subfrugment-1
In all digestions the reaction mixture contained 17.4 pM
S1, 40 mM KCl, 50 mM Hepes buffer, pH 8.0, 1 mM dithiothreitol, 5 mM MgC12 and, when necessary, 5 mM ATP or
AdoPP[NH]P as indicated in the figures. Digestions were
carried out at 25 "C or 0 "C and were started with addition of
trypsin at enzyme/Sl ratios of 1 : 10, 1 : 100, 1 : 150 or 1 : 250
(w/w). After various time intervals, 100-pl aliquots were
withdrawn, added to 50 11 of a solution containing 4%
NaDodS04, 4% 2-mercaptoethanol, 50% glycerol and 0.002%
bromophenol blue, and incubated for 3 min at 100°C to stop
the digestion. The digestion patterns were examined using
NaDodS04/polyacrylamide gel electrophoresis.
ATPuse assays
ATPase activities were measured at 25 "C. For determination of K+-ATPase activity the assay mixtures contained
50 pg/ml S1 or its digestion products, 2 mM ATP, 10 mM
EDTA, 1 M KC1, 50 mM Hepes buffer, pH 8.0, and 1 mM
PhMeSOzF to stop the digestion. The reaction was started by
addition of the protein. In four aliquots of each reaction
mixture the reaction was terminated after various time intervals by adding trichloroacetic acid to the final concentration of 5% and the Pi liberated was determined according to
Taussky and Shorr [67]. The ATPase rates were calculated
from the slopes of the linear plots of the Pi liberated versus
time. Actin-activated Mg2+-ATPaseactivity was measured in
a solution containing 100 pg/ml S1 or its digestion products,
375 pg/ml actin, 2 mM ATP, 2 mM MgC12, 50 mM Hepes
buffer, pH 8.0, and 1 mM PhMeS02F. The reaction was
carried out as described for K+-ATPase except that it was
stopped by adding NaDodS04 to the final concentration of
3%.
Determination of protein concentration
Protein concentrations were determined using the biuret
reagent [68], standardized against rabbit G-actin, with
absorbance measurements at 320 nm. The protein concentration of G-actin solutions was determined spectrophotometrically with an absorption coefficient of 0.63 mg
. ml-' . cm-' at 290 nm [69]. Themolecular masses of myosin
subfragment-' and actin were taken to be 115 kDa [70] and
42 kDa [71], respectively.
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Polyacrylamide gel electrophoresis
NaDodS04/polyacrylamide gel electrophoresis was carried out according to Laemmli [72] on separating gel slabs
containing 14% (w/v) acrylamide and 0.1% (w/v)
NaDodS04. The distribution and absorbancies of protein
bands stained with Coomassie brilliant blue R-250 were determined with a Vitatron densitometer equipped with an integrator.
Reagents
a-Chymotrypsin, trypsin and PhMeSOzF were purchased
from Sigma Chemical Co. (USA); NaDodS04, acrylamide,
N,N-methylene-bisacrylamide, ATP (disodium salt) and
Coomassie brilliant blue R-250 were from Serva Feinbiochemica (FRG), and AdoPP[NH]P (tetralithium salt) from
Boehringer, Mannheim GmbH.
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The fragmentation patterns of frog and rabbit S1 by
trypsin are essentially similar (Fig. 1). With molecular masses
of tryptic fragments of the heavy chain of rabbit S1 taken as
75 kDa, 50 kDa, 27 kDa and 20 kDa [ l l , 151, the apparent
masses of the fragments of frog S1 are 77 kDa, 49 kDa,
29 kDa and 20 kDa. As can be seen in Fig. 1, the fragmentation of frog S1 proceeds at a faster rate than that of rabbit S1
and, unless nucleotide is present, the fragments are susceptible
to further proteolysis. After a 60-min digestion at a 1:100
trypsin/Sl ratio (w/w), in the absence of nucleotide, the heavychain fragments of frog S1 are nearly completely cleaved to
low-molecular-mass products, while the 50-kDa, 27-kDa and
20-kDa fragments of rabbit S1 are stable intermediates. The
time course of digestion of frog S1 at a lower trypsin/protein
ratio (Fig. 2) shows that the heavy chain is first cleaved into
the 20-kDa and 77-kDa fragments, and the latter is further
split into the 49-kDa and 29-kDa fragments. In the digestion
patterns in the absence of nucleotide the 77-kDa fragment is
accompanied by a faint band with a mobility corresponding
to an apparent mass of about 72 kDa.
The presence of MgATP during digestion reduces the rate
of breakdown of the 77-kDa/72-kDa doublet and reverses
the proportion of the two fragments: the 72-kDa fragment
becomes dominant (Figs 1 and 2). The rates of unspecific
degradation of the 20-kDa and 49-kDa fragments also decrease, but the latter fragment is partially cleaved to a stable
44-kDa fragment at longer digestion times. On the other hand,
the 29-kDa fragment disappears faster than in the absence of
nucleotide with a concomitant appearance of a 24-kDa
peptide. Although this peptide co-migrates with the LC1 light
chain, the accumulation of another peptide with an electrophoretic mobility equal to that of LCI is apparent from the
increase in the intensity of this protein band with the digestion
time, whereas the LC1, both in the absence and presence of
ATP, is gradually degraded to its LC', and LC;' fragments in
a similar manner to the rabbit myosin LC1 light chain [ l l , 20,
46, 73, 741. The ATP-induced transformation of the 29-kDa
to the 24-kDa fragment is evident from the effect of ATP
addition during the digestion period (Fig. 3 ) . The digestion
patterns clearly show accumulation of a newly formed 24kDa peptide in parallel with a decrease in the intensity of the
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Fig. 1. Comparison of tryptic fragmentation patterns of frog ( A ) and
rabbit S l ( B ) at 25°C. The S1 preparations (17.4 pM)were digested
with trypsin at an enzyme/substrate ratio of 1 : 100 (w/w) in the absence or presence of 5 m M ATP, as indicated in the figure. Other
conditions are as described in Materials and Methods

preformed 29-kDa peptide following the addition of ATP.
These ATP-induced changes closely resemble those in the
digestion of rabbit S1 (Fig. 1B), that is a suppression of the
splitting of the 75-kDa fragment and stimulation of the
cleavage of the 50-kDa peptide to a 45-kDa one peptide and
of the 27-kDa peptide to a 22-kDa one [15,45,46,48].
The similarity in the response to the presence of ATP
during digestion serves to show that the 49-kDa and 29-kDa
fragments of frog S1 correspond to the 50-kDa and 27-kDa
fragments of rabbit S1, respectively. On the other hand, the
comparison of Figs 1 A and 1B shows that the effect of ATP
on the degradation of the 49-kDa to the 44-kDa fragment of
frog S1 is smaller, and that on the 29-kDa to the 24-kDa
peptide transformation is much more pronounced than the
nucleotide effects on the cleavage of the corresponding
fragments of rabbit S1. Another difference between the digestion of frog and rabbit S1 is in the predominant pathways
that produce the 29-kDa fragment of frog and the 27-kDa
fragment of rabbit S1 under various conditions. It has been
shown that the NH2-terminal 27-kDa fragment of the heavy
chain of rabbit myosin is generated by two parallel routes:
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Fig. 2. Tryptic fragmentation patterns of frog SI at a low trypsinl
substrate ratio. S1 ( 1 7.4 pM) was digested at a trypsin/substrateratio
of 1 :250 (w/w) at 25°C in the absence or presence of 5 mM ATP, as
indicated in the figure. Other conditions are as described in Materials
and Methods
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could be a precursor of the 29-kDa peptide. However, its
proportion to the 29-kDa peptide is very low.
The effect of AdoPP[NH]P on the digestion pattern of
frog S1 is qualitatively similar to that of ATP, but ATP has a
stronger protective effect against further unspecific degradation of the heavy-chain fragments (Fig. 4). These findings are
similar to earlier observations on rabbit S1 [46, 481.
Effect of temperature on tryptic fragmentation
of rabbit and frog SI

24 -

LCj-

Fig. 4. Comparison of the effects of ATP and AdoPP[NH]P on tryptic
fragmentation offrog SI at 25 "C.S1 (lane a) was digested at a trypsin/
protein ratio of 1 :100 (w/w) under conditions described in Materials
and Methods in the presence of 5 mM AdoPPwHlP (lanes b) for
times indicated in the figure. Lanes c and d show S1 digested for
60 min in the absence of nucleotide and in the presence of 5 mM ATP,
respectively. Electrophoresis was carried out as described in Materials
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Fig. 3. Effect of ATP added during digestion on tryptic fragmentation
of frog SI at 25°C. S1 was digested at a trypsin/substrate ratio of
1 :I50 (w/w) for 15 min under conditions described in Materials and
Methods in the absence of ATP at 25°C. Then ATP (at a 5 mM final
concentration) was added to a portion of the digest and the digestion
in the absence (A) and in the presence of ATP (B) was continued.
Time 0 in the figure refers to the 15-min predigestion time. Electrophoresis was carried out as described in Materials and Methods

through a 29.5-kDa precursor on one route, and by splitting
the 75-kDa fragment directly to the 27-kDa and 50-kDa
fragments on the other [75]. Formation of the 29.5-kDa
peptide is suppressed by MgATP and MgADP 144,461. In the
case of frog S1, the direct formation of the 29-kDa fragment,
which seems to correspond to the 27-kDa fragment of rabbit
S1, is the predominant pathway both in the presence and
absence of ATP. At low trypsin/substrate ratios (Fig. 2), one
observes a transient appearance of a 30.5-kDa peptide that

The digestion pattern of rabbit S1 at O'C, shown in Fig. 5,
is essentially similar to that at 25°C. However, for long digestion times at 0°C (30-60 min), a 22-kDa peptide appears
which is not detected in the pattern of S1 digested at 25 "C in
the absence of nucleotide. That this peptide is a degradation
product of the 27-kDa fragment is indicated by the fact that
its accumulation, as at 25%, is enhanced by the presence of
ATP during digestion. AdoPP[NH]P at 0°C also has the
same effect on the degradation of the 27-kDa to the 22-kDa
fragment as ATP. An enhancement in the degradation of the
SO-kDa to the 45-kDa fragment in the presence of the two
nucleotides is also apparent in Fig. 5.
The cold-induced changes in the fragmentation patterns
of frog S1 are much more pronounced than those of rabbit
S1. As shown in Fig. 6, the 29-kDa and 24-kDa fragments
appear almost in parallel during digestion both in the presence and in the absence of nucleotide. This indicates that low
temperature might favour the removal of a 5-kDa segment
from the 29-kDa moiety of the 77-kDa fragment, which would
then generate the 49-kDa and 24-kDa peptides in parallel with
the generation of the 29-kDa peptide from the undegraded
77-kDa precursor. The cold-induced degradation of the 29kDa fragment to a stable 24-kDa fragment is shown by the
results of the experiment illustrated in Fig. 7 in which frog S1
was first digested for 5 min at 25°C at a trypsin/substrate
ratio of 1 :100 (wlw), then cooled to 0°C and further digested
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Lane R shows a fragmentation pattern after a 5-min digestion at 25°C at a trypsinlsubstrate ratio of 1 : 100 (w/w) in the absence of nucleotide
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Fig. 6. Tryptic fragmentation patterns of frog Sl at 0°C. S1 (17.4 pM) was digested at a trypsin/substrate ratio of 1:10 (w/w) at "C in the
absence or in the presence of 5 mM AdoPP[NH]P or ATP as indicated in the figure. Other conditions are as described in Materials and
Methods
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Fig. 7. Cold-induced tryptic cleavage of the 29-kDa fragment of frog S1. Frog S1 was predigested at 25 "C at a trypsin/substrate ratio of 1 : 100
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Fig. 8. Infrtiencr of uctin on frypticfragmentation of,frog S1 at 25" ( A ) and 0°C ( B ) . S1 (17.4 pM) was digested with trypsin at an enzyme/
substrate ratio of 1 : 150 (w/w) at 25°C or 1 : 10 (w/w) at O T , respectively, in the absence or in the presence of 36 pM F-actin as indicated in
the figure. Other conditions are as described in Materials and Methods

at a trypsin/substrate ratio of 1 : 10 in two parallel samples,
with and without added ATP. Accumulation of the 24-kDa
fragment, with a concomitant decrease in intensity of the 29kDa band, is seen in samples taken at time intervals between
20 and 60 min of digestion when no fragment with a molecular
mass larger than 49 kDa is present. Therefore, it appears
that both pathways of generation of the 24-kDa fragment
contribute at 0' C.
The conversion of the 29-kDa to the 24-kDa peptide at
0°Cis further enhanced by the presence of nucleotides (Figs 6
and 7). As shown in Fig. 6, ATP and AdoPP[NH]P have the
same effect on this conversion. At 0°C as well as at 25°C the
degradation of the 49-kDa to the 44-kDa fragment of frog S1
is less pronounced than that of the 50-kDa to the 45-kDa
fragment of rabbit S1.
Influence qfnctin on the digestion patterns
qf,frog SI at 25 c and at 0°C'
It is well known that actin protects the 50-kDa/20-kDa
junction in rabbit Sl from tryptic cleavage [II, 201. It also
protects LC',.the 23-kDa degradation product of the light
chain LC,,from further tryptic digestion [II, 201. Fig. 8A
shows similar effects of actin on the digestion of frog S1 at
2 5 ' C The generation of the 20-kDa and 49-kDa peptides is
suppressed and a peptide of about 68 kDa appears in parallel
with the 29-kIh fragment. The LC, is degraded to LC;,but
further degradation of the latter is slowed in the presence of
actin.
If S1 of frog myosin is digested in the presence of actin at
0 'C (Fig. XB). the protection of the 49-kDa/20-kDa junction
is not complete. although the cleavage of this junction is
much slower than in the absence of actin. The most striking
effect of actin 011 the digestion pattern of S1 at 0°C is the
suppression oft he cold-induced transformation of the 29-kDa
fragment S1 to its 24-kDa degradation product. As can be
seen in Fig. X H, in the absence of actin these two fragments
are present in approximately equal amounts at 5 -60 min
digestion times. In the presence of actin there is only a faint
protein band with :in electrophoretic mobility of 24 kDa that
probably corresponds to the light chain LC1which has been
protected by act in from proteolysis under these conditions.
Even if LCI were rapidly degraded and the 24-kDa peptide
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Fig. 9. Changes in K+-ATPase activities qf'.frog Sl during tryptic
digestion. S1 (17.4 pM) was digested with trypsin at an enzyme/substrate ratio of 1 :I00 (w/w) at 25°C (A), or 1 : 10 (w/w) at 0°C (B), in
the absence (0)or presence of 5 mM ATP (i:l). Other conditions as
described in Materials and Methods. At the times indicated on the
abscissa the digestion was stopped by adding I mM PhMeSOzF and
then K+-ATPase activities were measured as described in Materials
and Methods. ( 0 , W ) Control S1 incubated without trypsin under
the same conditions in the absence ( 0 )or presence (M) of ATP.
The initial K+-ATPase activity (100% in the figure) was 3.14 pmol
P i . mg-' . min-'

seen on the gels corresponded to the heavy chain fragment,
its relative proportion to the 29-kDa fragment would be much
lower in the presence of actin than in its absence.
Effects oj'tryptic.fragmentationin the uhsence and presence
of actin on the ATPase activities of frog SI

The K+-ATPase activity of frog S1, unlike that of rabbit
S1, substantially decreased during tryptic digestion (Fig. 9).
Inspection of the fragmentation patterns (Fig. 1 A) clearly
shows that both the intact heavy chain and the 77-kDa intermediate disappear faster than the activity, indicating that the
cleavage of the 20-kDa/77-kDa and 29-kDa/49-kDa junctions
does not impair the K+-ATPase activity. As can be seen from
Fig. 10, the loss of the enzymatic activity during digestion at
25 "Cin the absence of nucleotide is largely accounted for by
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Fig. 10. Comparison of time courses of the changes in the K+-ATPase
activity and unspecific degradation of the heavy chain of frog S l during
tryptic digestion. The K+-ATPase activity values after various times
of digestion at 25°C at a trypsin/Sl ratio of 1 :100 in the absence of
nucleotide (0)or in the presence of 5 mM MgATP (0)are taken
from Fig. 9A. Combined staining intensities of the 97-kDa heavy
chain band and all the heavy-chain fragments with molecular masses
down to 20 kDa in the digests obtained in the absence of nucleotide
( 0 ) or in the presence of 5 mM MgATP (m) were calculated as
described in Materials and Methods. The intensities in the presence
of MgATP include those of LCl comigrating with the heavy-chain
fragment of 24 kDa

Fig. 11. Changes in ATPase activities offrog Sl during tryptic digestion
in the absence and presence of actin. S1 (17.4 pM) was digested by
trypsin at an enzyme/substrate ratio of 1 :150 (w/w) at 25°C under
conditions described in Materials and Methods in the absence (0)or
presence of 36 pM actin ( 0 ) .At the times indicated on the abscissa
the digestion was stopped by adding 1 mM PhMeSOzF and then
K+-ATPase (A) and Mg2+-ATPaseactivities (B) were measured as
described in Materials and Methods. The initial K+-ATPase activities in the absence and presence of actin were 3.23 and 3.14 pmol
P i . mg-' . min-', respectively, and the actin-activated Mgz+ATPase was 0.79 pmol Pi . mg-' . min-'

further unspecific degradation of the heavy-chain fragments
of 49 kDa, 29 kDa and 20 kDa to low-molecular-mass products. The ATPase activity decreases slightly faster than the
amounts of intact heavy chain plus its high-molecular-mass
fragments, which seems to be due to thermal instability of
both the fragmented and intact S1 of frog myosin. As shown in
Fig. 9A, the K+-ATPase of control frog S1 incubated without
trypsin at 25 "C decreases by 15 -20% within 15 min.
The K+-ATPase inactivation during the digestion of frog
S1 is even enhanced when the digestion is carried out in the
presence of ATP, in spite of the protection by ATP of the
heavy-chain fragments from further unspecific cleavage
(Fig. 10). The enhancement by ATP of the inactivation rate
seems to be related to the nucleotide-induced proteolytic
degradation of the 29-kDa to the 24-kDa fragment. This
conclusion is supported by the relatively fast inactivation of
frog S1 during the digestion at 0°C (Fig. 9B), where the
tryptic fragments are stable except that the 29-kDa peptide is
specifically cleaved to its 24-kDa product also in the absence
of nucleotide. We have also observed a slight decrease in the
K+-ATPase of rabbit S1 during digestion in the presence of
ATP at both 25 and 0 "C (not illustrated). These observations
are in accord with the recent finding that the transformation
of the 27-kDa peptide to the 22-kDa one decreases the stability
of the nicked rabbit S1 and abolishes the protective effect of
ATP [76].
The K+-ATPase activity of frog S1 is hardly affected if the
digestion is performed in the presence of F-actin (Fig. 11A).
The protective effect of actin is undoubtedly related to the
stabilization of the native conformation of the S1 heavy-chain
fragments, thus protecting them from unspecific cleavages.
Inspection of the digestion patterns (Fig. 8A) shows that actin
protects not only the 68-kDa fragment, which is expected to
contain the actin-binding sites by analogy with rabbit myosin
[ll, 20-231, but it also diminishes the rate of further proteolysis of the 29-kDa fragment which does not seem to interact directly with actin. The stabilizing effect of actin on the

ATPase activity of native frog myosin and its S1 has been
shown earlier [63, 771.
It is well documented that the cleavage of the heavy chain
of rabbit S1 at the 50-kDa/20-kDa junction abolishes the
actin-activated Mg2+-ATPase determined at low F-actin concentrations [ll,45, 781. A similar effect of tryptic cleavage of
the heavy chain of frog S1 at the 49-kDa/20-kDa junction is
shown in Fig. 11B which also shows that the actin-activated
ATPase is hardly affected when the 49-kDa/20-kDa junction
is protected by the presence of actin during digestion.
DISCUSSION
The method of limited proteolysis has been widely used to
study the substructure of myosins from higher vertebrates. In
this work we have shown that the proteolytic substructure of
S1 of myosin from frog skeletal muscle is essentially similar
to that of rabbit S1. The sequence of the appearance of the
heavy-chain fragments during digestion by trypsin of
chymotryptic S1 of frog myosin under various conditions
suggests the cleavage scheme:

O

20 kDa
97 kDa

A
(

77 kDa

(3)

29 kDa

4

49 kDa

__t

"'c

(4)

24 kDa

44 kDa

which compares with the known scheme of tryptic cleavage
of the heavy chain of rabbit S1 [lo, 15,461:
(1)

95 kDa

'"

kDa
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\50 kDa
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The suppression of the generation of the 20-kDa and 49kDa peptides by actin indicates that these peptides are directly
linked to each other in the intact heavy chain, and that their
junction is protected by actin against the tryptic attack as has
been reported for the 50-kDa/20-kDa junction in rabbit S1
[I 3 , 201. The protective effect of actin, and the observed loss
of the actin-activated Mg2+-ATPase activity upon the
cleavage of the 49-kDa/20-kDa junction, suggest that this
region of the heavy chain of frog S1 is involved in the binding
of actin, as has been established for the corresponding region
in rabbit S1 [l 1, 20 - 231.
The effect of ATP and AdoPP[NH]P on the specific
cleavage of the 29-kDa and 49-kDa heavy-chain fragments of
frog S1 (steps 3 and 4) is consistent with involvement of these
fragments in the nucleotide-binding site, as has been suggested
for the 27-kDa and the 50-kDa fragments of the heavy chain
of rabbit S1 [16- 19, 24-26]. Steps 3 and 4 in the digestion
patterns of both frog and rabbit S1 are also promoted by
lowering the temperature.
Taken together, these observations indicate that the heavy
chain of frog S1 comprises three protease-resistant fragments
of 29 kDa, 49 kDa and 20 kDa, arranged in this order in the
amino acid sequence and bearing the same specific functions
as the 27-kDa, 50-kDa and 20-kDa fragments of the heavy
chain of rabbit S1, respectively.
Differences between frog and rabbit myosin S1 are also
apparent. Not only are the connector segments linking the
three heavy-chain fragments of frog S1 more sensitive to proteolytic attack than those in rabbit S1, but also these
fragments themselves are more susceptible than the corresponding fragments of rabbit S1 to further unspecific
cleavages. This higher proteolytic susceptibility can be explained in terms of a larger conformational flexibility of frog
S1, that is also reflected in the instability of the ATPase activity
of both the S1 [77,79] (and this work) and intact myosin from
frog muscle [63, SO].
Furthermore, the digestion experiments indicate that the
conformation of the 49-kDa heavy-chain fragment of frog S1
is less sensitive, whereas that of the 29-kDa fragment is much
more sensitive to the presence of nucleotide and temperature
changes than the conformation of the corresponding
fragments of rabbit S1. Since both these fragments of the
heavy chain seem to be involved in the binding of nucleotide,
this differential response of frog and rabbit S1 suggests a
difference in the conformation of the active site. The reported
differences in the Ca2+-ATPase activities of frog and rabbit
myosin [81], and in the kinetic mechanism of the Mg2+ATPase of frog and rabbit S1 [82], may reflect this structural
difference.
The high sensitivity of the 29-kDa fragment to both the
nucleotide- and temperature-promoted proteolytic cleavage
makes frog Sl a very convenient material to study the
conformational transitions in the myosin head with the limited
proteolysis method. The nucleotide-promoted specific cleavages (steps 3 and 4 in the digestion scheme) seem to reflect the
changes in myosin heavy-chain conformation upon nucleotide
binding that have been detected by a variety of other techniques [28-42, 49-51]. Here we show that the same
conformational change is promoted by lowering the temperature. This result is consistent with the view that the myosin
head exists in two fundamental structural states, the relative
populations of which depend on ambient factors and the
nucleotide at the active site [36, 37, 521. Various lines of evidence supporting this conclusion have already been presented
[55 - 581. However, the results obtained with various tech-

niques differ with regard to the direction of the temperatureand nucleotide-induced alterations. The changes in the
hydrogen-exchange rate of tryptophan residues [57],
ultraviolet absorption [56], and EPR spectra of spin-labeled
heavy meromyosin or myosin [35, 581 that occur on elevation
of temperature were qualitatively similar to those induced by
MgADP or MgAdoPP[NH]P. The 19F-NMR spectra of a
fluorine probe attached at the SH1 thiol group indicated, on
the contrary, that the low-temperature state of S1 is identical
to that predominating in the presence of MgADP or
MgAdoPP[NH]P at 25°C [55]. Our results are in accord with
the latter observation. The similarity of the low-temperature
state of the myosin head to that predominating in the presence
of MgADP (at both low and high temperature) has recently
been demonstrated in fluorescence polarization studies on
glycerinated muscle fibers with rhodamine labels attached at
the SH1 thiol group of myosin [83].
Based on the temperature dependence of the AdoPP"HIP-induced difference ultraviolet absorption spectra of
heavy meromyosin [29], it has been concluded that t h s
nucleotide favours different conformations of the myosin
head at 0" and 25°C [29, 541. Contrary to this, the effect of
AdoPP[NH]P (as well as that of ATP) on the digestion
patterns of S1, as observed here, is qualitatively the same at
0" and 25°C. The acceleration by AdoPP[NH]P of the lowtemperature-induced tryptic cleavages strongly supports the
conclusion that the binding of this nucleotide and lowering
the temperature shift the equilibrium between the two myosin
states in the same direction.
While further studies are needed to resolve the differences
between results obtained with various methods, the experimental data referred to above all support the general idea
of there being two myosin head conformers in equilibrium in
the absence as well as in the presence of nucleotide. Shriver
and Sykes [36, 541 have suggested that the same two
fundamental states occur in ternary complexes with nucleotide
and actin, and that the transition between these states
underlies the high and low affinity between myosin and actin
in the two types of ternary complexes that have been detected
by kinetic measurements. They propose a model of the
actomyosin ATPase reaction in which the well known reciprocal relationship between the affinities of myosin to nucleotides
and to actin in the steady-state ternary complexes is explained
by an opposite effect of nucleotide and actin on the
equilibrium between the myosin heads in their two intrinsic
conformations. Evidence supporting this suggestion has been
obtained in this and earlier studies on tryptic digestion of S1.
Mocz et al. [46] and Mornet et al. [48] have recently shown
that complex formation with actin protects the 27-kDa and
50-kDa fragments of rabbit S1 against the nucleotide-promoted specific cleavages. In this work we have shown the
reversal by actin of the same conformational transition induced by lowering the temperature: the tryptic cleavage of the
29-kDa to the 24-kDa fragment of frog S1 at 0 "C is suppressed
when actin is present. Mornet et al. [48] have also noticed
that, in turn, the protection by actin of the 50-kDa/20-kDa
junction against proteolysis is suppressed when S1 occurs
in ternary complex with actin and AdoPP[NH]P. We have
observed here a similar effect of lowering the temperature. In
contrast to the full protection by actin of the 49-kDa/20-kDa
junction in frog S1 at 25"C, the protection against tryptic
cleavage at 0 "C was not complete, although the suppression
of the transformation of the 29-kDa to the 24-kDa peptide
indicated that there was no appreciable dissociation of the
acto-S1 complex. The results are compatible with a shift in
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relative population of the two states of the myosin head in
the binary acto-S1 complex toward the weakly attached state
at low temperature. Other evidence for two acto-S1 states in
the absence of nucleotide, coming from the pressure-relaxation studies with the use of N-(I-pyreny1)-iodoacetamidelabeled actin, has been recently reported by Coates et al. 1841
who have also demonstrated that the transition from the
weakly to the strongly attached state is inhibited by low temperature. Although in their experiments the probe was
attached to actin, it seemed to report events occurring on both
proteins since the measured changes could not be observed
on actin alone. Evidence for two orientations of the rigor
cross-bridges in a temperature-dependent equilibrium in
glycerinated muscle fibers has been recently provided by Ajtai
and Burghardt [83].
Although the results reported here do not deny functionally important changes at the Sl-S2 junction or within the
actin filament, they strongly support the concept of an internal
hinge within the myosin head. The effect of actin on the
proteolytic susceptibility of the 27-kDa fragment of rabbit S1
[46, 481 and the 29-kDa fragment of frog S1 (this work) indicates that the observed transitions reflect large-scale changes
within the head since these fragments do not interact directly
with actin. Similar response of the conformation of the NH2terminal fragment of myosin heavy chain to AdoPP[NH]P
and to lowering the temperature, showing a correlation with
inhibition by these same factors of tension generation in
muscle fibers, supports the conclusion [46] that this fragment
plays an important role in the process of energy transduction.
This work was supported by the Polish Academy of Sciences
within project CPBP 04.01.
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