Eur. J. Biochem. 145,221 -229 (1984)
0FEBS 1984

Effect of nucleotides, divalent cations and temperature on the tkYPt;id
susceptibility of myosin subfragment 1
Gabor MOCZ, Laszlo SZILAGYI, Renne CHEN LU, Ferenc FABIAN, Miklos BALINT, and John GERGELY

Department of Muscle Research, Boston Biomedical Research Institute ; Department of Neurology, Massachusetts General Hospital;
Department of Biological Chemistry, Harvard Medical School ; and
Department of Biochemistry, Eotvos Lorand University, Budapest
(Received March 2O/July 13, 1984) - EJB 84 0296

The kinetics of tryptic breakdown of the heavy chain of chymotryptic myosin subfragment 1 (Sl) according to
the following scheme (where the numbers respresent approximate masses in kDa) are altered at 21 "C by divalent
:
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cations (Me2+)and by ATP, ADP, adenosine 5'-[j,y-imino]triphosphateor PP,, with or without Me2+.ATP or its
analogs slow step 2 and accelerate steps 3 and 4, while Me2+ accelerates step 2. ATP and its analogs decrease the
amount of a transient 27-kDa peptide [Hozumi, T. & Muhlrad, A. (1981) Biochemistry 20,2945 -29501. We have
found direct evidence for the suggestion in this reference that the 27-kDa peptide is not an obligatory precursor of
the 25-kDa fragment and that ATP or ADP suppresses the formation of the larger N-terminal fragment rather than
accelerates its breakdown. Cross-linking of sulfhydryl groups located in the 20-kDa fragment leads to trapping of
MgADP in the N-terminal25-kDa peptide [Wells, J. A. & Yount, R. G. (1980) Biochemistry 19, 1711 - 17171; this
process affects the tryptic fragmentation of S1 similarly to, but less effectively than, nucleotides. Acts-S1 formation
prevents the effect of ATP on fragmentation. At 37 'C S1 loses ATPase activity; tryptic digestion proceeds more
rapidly and the 50-kDa and 25-kDa fragments are degraded to small peptides. Nucleotides protect against the effects
of higher temperature by producing conformational changes not only in the 27-kDa N-terminal portion (containing
the putative nucleotide binding site) of the heavy chain of S1 but also in the 50-kDa peptide.
Previous studies have shown that, on further digestion
with trypsin, the heavy chain of chymotryptic myosin subfragment 1 (Sl) is split into two fragments with approximate masses of 75 kDa and 20kDa; the latter contains
the two reactive thiols, SH-1 and SH-2 [I]. The 75-kDa
fragment is further degraded into an N-terminal 25-kDa
fragment and an adjacent 50-kDa polypeptide with the
transient appearance of a 27-kDa fragment [I -31. It has been
suggested that the 25-kDa fragment, which was found to be the
binding site of a photoaffinity ATP analog [4], is formed by
two parallel routes directly from the 75-kDa fragment and
indirectly with the 27-kDa fragment as precursor [ 5 ] .
Alterations in the proteolytic fragmentation pattern induced by actin, nucleotide or metal binding indicate that
structural changes take place in the myosin head region upon
their interactions. Thus actin inhibits the proteolytic cleavage of the S1 heavy chain at the junction between the
50-kDa and 20-kDa fragments. The cleavage abolishes the
A preliminary report has been presented [(1982) Biophys. J .
37, 38al.
Abbreviations. AdoPP[NH]P, adenosine 5'-[P,y-imido]triphosphate; HMM, heavy meromyosin; S1, myosin subfragment 1 ;Nbs,,
5,5'-dithiobis(2-nitrobenzoic acid) ; NaDodSO,, sodium dodcecyl
sulfate.
Enzymes. Trypsin (EC 3.4.21.4); chymotrypsin (EC 3.4.21.1).

activation of MgATPase by actin [6-101 and therefore it
was suggested that the actin binding site may be located at or
near this junction. Cross-linking of complexes of S1 and actin
also revealed a binding site for aktin in both the 50-kDa and
20-kDa fragments [7,9,11,12].
The effect of ATP on HMM was shown by enhanced
degradation of the 25-kDa fragment to 23 kDa [5,13,14];
Mocz et al. [14] and Hozumi [lo] have found further effects
of Mg-nucleotides on the kinetics of fragmentation of S1 by
trypsin: the presence of MgADP suppresses the formation of
the 27-kDa fragment while accelerating a 50-kDa +47-kDa
fragment transformation and opening up a new proteolytic
site leading to a 25-kDa +21-kDa fragment transformation.
It was also observed that the binding of ATP and its derivatives
as well as F-actin affected the conformation of the 27-kDa/25kDa region [15]. In addition Ajtai et al. [16] showed that the
tryptic digestion pattern of the HMM-nucleotide complex
differs from that obtained by digestion of HMM alone.
Divalent cations also affect the structure of S1. Ca2+ or
Mg2+ protects cleavage at the S1/S2 junction [17-201. This
effect is produced by the protective action of the divalent
cation binding to the Nbs2 light chain, since in the absence of
this light chain the suppression of digestion is unaffected.
Furthermore, Balint et al. [18] found that proteolytic cleavage
at the 25-kDa/50-kDa junction in HMM was accelerated by
divalent metal ions, while Yamamoto and Sekine [21] did not
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detect any acceleration of the digestion of S1 by divalent
cations.
In the present work the effects of divalent cations and
nucleotides, including 'trapped' nucleotide [22,23], on the
structure of S1 and acto-S1 complexes were examined further
by analyzing the changes in the tryptic fragmentation pattern.
We now confirm and extend the earlier observations. The
presence of nucleotides inhibits the 75-kDa +50-kDa 25kDa fragment breakdown andsuppresses the formation of the
27-kDa intermediate while it accelerates the 50-kDa .+47-kDa
and 25-kDa -+ 21-kDa fragment degradation. Complex formation of Sl with F-actin abolishes the effect of MgADP on
tryptic fragmentation. The effect of nucleotides does not
depend on the presence of a divalent cation, which exerts its
effect directly on S1. Ca2+ or Mg2+ accelerates the breakdown of the 75-kDa fragment and, to a smaller extent, that of
the 50-kDa fragment but does not affect the formation of the
27-kDa one.
In view of the recent work of Sivaramakrishnan and Burke
[24,25], showing a dynamic equilibrium in the association of
heavy and light chains of S1 at physiological ionic strength and
temperature, it was of interest to examine the effect of
temperature on the proteolytic process in the presence and
absence of nucleotides. Our results, obtained at two different
temperatures, show that nucleotides stabilize the S1 structure,
not only close to the nucleotide binding site(s) in the Nterminal 25-kDa segment but also in the adjacent 50-kDa
region as well.

+

Trapping of nucleotides by cross-linking the reactive
sulfhydryl groups, SH-1 and SH-2 of S1 and HMM in the
presence of MgADP with various reagents was carried out
according to Wells et al. [23] and Wells and Yount [22]. Under
these conditions the average number of ADP molecules
incorporated per head was 0.7 -0.9 determined with the use of
S1 and [I4C]ADP.
ATPase assays were carried out in a total volume of 2 ml at
21 "C in the presence of 2 mM ATP. For K+/Ca2+dependent
ATPase, the assay mixture contained 50 pg of S1, 50 mM
Tris/HCl, pH7.8 and 10mM EDTA and 600mM KC1 or
10mm CaCl, and 400mM KC1. Mg'+-dependent ATPase
activity was measured in a solution containing 2 mM MgCl,,
40 mM KCl, 20 mM Tris/maleate, pH 7.0, and 100 pg of S1.
Actin-activated Mg2+-ATPase was measured under the conditions used for Mgzf-ATPase except that the amount of S1
was 50 pg and that of F-actin was 500 pg. The liberated Pi was
determined by the method of LeBel [28].
NaDodS04/polyacrylamide gel electrophoresi: was carried out according to Laemmli [29] employing 12.5 or 14%
acrylamide and 1.37y bisacrylamide for separating gel. Gtls
were stained with 0.1 A Coomassie brilliant blue R250 in 50 4
methanol and 10% acetic acid. The amount of protein placed
on gels was 20 -30 pg.
Coomassie-blue-stained gels were scanned at 560 nm on a
Beckman model 26 spectrophotometer equipped with a gel
scanner and the area under the peaks weighed.

RESULTS
MATERIALS AND METHODS

Effects of divalent cations on the fragmentation of S l

Chymotryptic S1 was digested with trypsin at an enADP was obtained from Sigma and Reanal (Budapest,
Hungary). ATP was obtained from Boehringer, trypsin zyme:substrate ratio of 1 :75 (w/w) for various periods of time
(treated with diphenylcarbamyl chloride), a-chymotrypsin and the digest analyzed on NaDodS04/polyacrylamide gels
type 11, soy bean trypsin inhibitor and adenosine (5') penta- (Fig. 1). Five major fragments were formed with apparent
masses of 75 kDa, 50 kDa, 27 kDa, 25 kDa and 20 kDa. The
.phospho (5')adenosine from Sigma.
Fast twitch muscle myosin was prepared from rabbit back divalent cations CaZ' or Mg2+ did not affect the location of
and hind leg muscles as described previously [18]. S1 was the cleavage sites but there were differences in the relative rates
prepared by chymotryptic digestion of myosin at low ionic of cleavage at various sites. When Ca2+(or Mg2+,not shown)
strength and fractionated by ion-exchange chromatography was present, cleavage at the 75-kDa/20-kDa junction and
on DEAE-cellulose into Sl(A1) and Sl(A2) [26]. In some proteolysis of alkali light chains were accelerated only to a
50-kDa step was
experiments unfractionated S1 was used. HMM was prepared small extent, while the 75-kDa-27-kDa
by tryptic digestion of myosin according to Balint et al. [18]. considerably accelerated. In the presence of CaZ+or Mg2+the
Actin was prepared by the method of Spudich and Watt [27]. otherwise hardly discernible 47-kDa band, a breakdown
M , values of 470000 for myosin, 350000 for HMM, 115000 for product of the 50-kDa fragment, became clearly visible.
Examination of the proteolytic patterns at various Ca2
S1 and 42000 for actin were used.
Protein concentrations were determined spectrophoto- concentrations (Fig. 2) suggests that the fragmentation of the
metrically usingA~~$'"values of 5.6, 6.5, 7.5 and 11.0 for 75-kDa and 50-kDa peptides involves Ca2+-binding in the
w0.01 -0.1 pM range, while the breakdown of the 27-kDa
myosin, HMM, S1 and actin, respectively.
For digestion of S1, trypsin was added in ratios varying peptide is affected by higher concentrations. To obtain similar
from 1 :500 to 1 :50 (w/w) to a solution containing 20 pM S1, effects with Mg? about 10-times-higher concentrations were
100 mM KCI, 30 mM Tris/HCl, pH 7.5, 2 mM dithiothreitol needed (not shown).
and other additions (divalent cations, chelators, nucleotides,
etc.) as described in the legends of the figures. To study the
Effect ofnucleotides on the fragmentation of S1
effect of nucleotide, S1 was pretreated with Dowex 1 x 8 to
at low concentration of trypsin
remove any possible nucleotide contamination. The digestion
ATP, MgATP (Fig. 3 and 6) or CaATP (not shown)
was carried out at 21 "C and 37 "C and stopped at various times
by adding NaDo;SO4 and 2-mercaptoethanol to a final changes the tryptic fragmentation pattern of S1. The rate of
concentration of 1 and incubating in a boiling water bath for breakdown of the 75-kDa fragment is slower, the formation of
5 min. When the change in ATPase activity was monitored, the 25-kDa fragment is dominant, and formation of the
digestion was terminated by adding soy bean trypsin inhibitor 27-kDa peptide insignificant (Fig. 3). There is formation of a
in an amount twice that of trypsin (w/w). Digestion of HMM 21-kDa fragment, which, as shown by the digestion at a higher
with trypsin was carried out as described by Balint et al. [18]. level of trypsin (cf. Fig. 6), originates in the 25-kDa peptide.

+

+

+
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Fig. 1. Effect of Ca2+on tryptic fragmentation o f S l ( A I ) . Sl(A1) (20 pM) was digested with trypsin at enzyme:substrate ratios of 1 :75 (w/w) in
30 mM KCl, 30 mM Tris/HCl, pH 7.5 at 21 "C in the presence of 2 mM EDTA (right) or in the presence of 2 mM CaC1, (left). Digestion times are
indicated on the figure. The M , values of heavy-chain fragments are indicated according to B a h t et al. [l]. Electrophoresis was carried out on a
14% acrylamide gel as described in Materials and Methods

the rate of formation of the 25-kDa fragment by the indirect
pathway via the 27-kDa fragment while slightly accelerating
the direct formation via the 25-kDa 52-kDa step.
In order to obtain direct information on this point, we
started the tryptic digestion of S1 in the absence of ATP, and
added ATP after some 27-kDa peptide was formed (Fig. 4).
Addition of ATP did not cause a rapid disappearance of the
27-kDa peptide. These results are consistent with the suppression of the formation of the 27-kDa fragment and further
support the view that there are two pathways of fragmentation
of the 25-kDa peptide. If there were only a single pathway for
the breakdown of the 75-kDa peptide and a 27-kDa peptide
were an obligatory intermediate in the formation of the 25kDa peptide, ATP would have to enhance the breakdown of
the former.
The effects of ADP, AdoPP "HIP and PP, (Fig. 5 ) on the
formation of the 27-kDa fragment were similar to that of ATP
but AMP or Pi had no effect, suggesting that the observed
effects of nucleotides on the digestion are attributable to the
PP, moiety.
ATP or MgATP has no effect on the formation and
stability of either the 20-kDa heavy chain fragment or on the
LC1 light chain and its fragments LC1, and LCIr,(Fig. 3,4 and
6). ATP with or without Mg2+ or Ca2+ enhances the
formation of the 47-kDa fragment also observed with divalent
cations alone.

+

Fig. 2. Digestion of SI ( A l ) at various Cd' concentrations. Time of
digestion, 30 min at 21 "C. Various amounts of CaC1, required to
establish the desired Caz concentrations were added to 2 mM EDTA
(cf. [18]). The sample in the channel labelled EDTA was digested
without added Ca2+ in the peresence of 2 m M EDTA. Other
conditions as in Fig. 1. Electrophoresis was carried out on a 14% gel
+

The suppression by ATP of the formation of the 27-kDa
fragment has been interpreted in terms of the existence of two
pathways of degradation of the 75-kDa peptide. One involves
the direct formation of a 25-kDa peptide cleaved from the
N-terminus of the 75-kDa peptide, followed by the removal
of a 2-kDa peptide at the N-terminus of a 52-kDa fragment,
which in turn results in the formation of the 50-kDa peptide.
On the other pathway, the 27-kDa fragment is first formed,
which is subsequently degraded to a 25-kDa peptide. The ATP
effect could be due to either suppression of the split at the 27kDa/SO-kDa junction or an increase in the tryptic susceptibility of the 27-kDa intermediate. From computer simulation,
Muhlrad and Hozumi deduced that ADP or MgADP reduces

Effects of nucleotides on the fragmentation of SI
at high concentration of trypsin
Fig. 6 shows the time course of tryptic digestion of S1 at a
higher trypsin:Sl (1 :50 w/w) in the absence and presence of
ADP. The effect exerted by MgADP on proteolysis can be
most clearly seen in the decrease of the intensity of the 25-kDa
band and in the formation of a 21 -kDa band not detectable in
the pattern of S1 digested in the absence of nucleotide.
Comparison of the band pattern in the presence and absence of
ADP indicates that the 21-kDa peptide is a degradation
product of the 25-kDa fragment and cannot originate in any

224

Fig. 3. Effect of MgATP on the fragmentation o f S l ( A 1 ) at low concentration of trypsin. SI(A1) (20 pM) was digested with trypsin at an
enzyme:substrate ratio of 1 :I00 (w/w) in 100 mM KCI, 30 mM Tris/HCl, pH 7.5,2 mM dithiothreitol at 21 "C in the presence and absence of
10mM MgATP; digestion times are indicated on the figure. Arrows point to bands showing changes in the kinetics of fragmentation.
Electrophoresis was carried out on 14% gels

Fig. 4. Effect of A T P added during digestion. Conditions of digestion as in Fig. 3, except that concentration of Sl(A1) was 30 pM,
enzyme:substrate ratio 1 :75 (w/w) and 10 mM EDTA was present. In (A) no ATPase present; in (B) 10 mM ATP was present throughout; in (C)
10 mM ATP was added at 14 min. Electrophoresis was carried out on 14% gels

other part of the heavy chain or in LC1. In an experiment
where ADP was added 32 min after the start of the digestion
process, when the heavy chain of S1 had already been cleaved
into 25-kDa, 50-kDa and 20-kDa fragments, the 25-kDa+
21-kDa transformation became strongly enhanced.

Effect of temperature on the fragmentation of SI

S1 becomes more susceptible to trypsin'at 37 "C (Fig. 7).
Once the 75-kDa fragment is formed it is rapidly degraded into
smaller peptides. Of the peptides observed at 21 "C only the

50-kDa peptide and the 20-kDa peptide can be discerned.
Hardly any traces of the 27-kDa and 25-kDa peptides are seen
(Fig. 7).
In the presence of MgATP the digestion pattern was
essentially identical to that observed at 21 "C. The protection
provided by ADP and AdoPP[NH]P was similar but slightly
less effective than that provided by ATP; PPi was even less
effective and AMP or Pi had no protective effect at all. The
order of effectiveness of various nucleotides in protecting S1 at
37 "C parallels that observed at 21 "C for the suppression of
one of the fragmentation pathways, reflected in the 27-kDa
peptide, of the 75-kDa peptide (see Fig. 5).
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Effect of cleavage of the heavy chain
on the ATPase activities of SI
The ATPase activity of S1 (K', CaZt and Mg2+activated)
decreased only slightly during digestion (enzyme :substrate =
1 :50, w/w, at 21 "C) with some protection by ADP (see Fig. 8
for Kf/Ca2+-activated ATPase). These results indicate that
the splitting of the 25-kDa peptide into a 21-kDa one as well as
that of 50 kDa into one of 47kDa, which is enhanced by
nucleotides (see above) does not impair the enzymatic site of
myosin.

However, if the digestion was carried out at 37 "C, there
was rapid inactivation of ATPase activity in the absence of a
nucleotide ; ADP produced considerable protection of the
ATPase activities ; except that the actin-activated Mg2
ATPase of the cleaved S1 was not protected. Comparison of
the time course of the change of ATPase activity with the
peptide pattern suggests that the nucleotide both decreases the
susceptibility to trypsin at the higher temperature and protects
the cleaved molecule against further thermal denaturation.
+

Effect of trapped nucleotides
on the fragmentation of SI and H M M

Fig. 5. Comparison of effect of ATP, ADP, AMP, AdoPP[NH]P, PPi
and Pi on tryptic cleavage of S l ( A l ) at the 27-kDa/50-kDa junction.
Tryptic digestion was carried out in the presence of 10mM Mgnucleotides or 2 mM MgPP,. Digestion time, 30 min at 21 "C. Other
conditions as in Fig. 3. Arrow points to the 27-kDa fragment. (a)
Mgz+;(b) MgATP; (c) MgADP; (d) MgAMP; (e) MgAdoPP[NH]P;
(0 MgPPi; (8) MgPi. Electrophoresis was carried out on a 14% gel

The question arose whether trapping of nucleotides by
cross-linking of the SH-1 and SH-2 thiols of the heavy chain
alters the effect on tryptic digestion. We used N,N-p-phenylene dimaleimide, a 1.2 - 1.3 nm-span thiol cross-linking reagent for trapping MgADP. The effects exerted by trapped
MgADP were similar to, but less pronounced than, those of
untrapped MgADP under similar conditions (Fig. 9). Thus the
50-kDa+47-kDa and the 25-kDa+21 -kDa transformation
steps are less accelerated (cf. Fig. 6) and there was less
suppression of the formation of the 27-kDa peptide. Adding
ADP to the cross-linked S1 had no further effect on the
digestion pattern.
HMM was treated with a variety of bifunctional reagents with cross-linking spans of 0.2 - l .3 nm : N,N'-pphenylene dimaleimide, 1.2 - 1.3 nm; 4,4'-difluoro-3,3'-dinitrophenyl sulfone, 1.O nm; N,N'-o-phenylene dimaleimide, 0.4 -0.9 nm; 4,4'-difluoro-3,3'-dinitrobenzene, 0.5 nm;
Nbs,, 0.2 nm. Under conditions leading to the trapping of
MgADP, the formation of the 47-kDa peptide and the
suppression of pathway 2 leading to the 25-kDa peptide were
not apparent (Fig. 10). Shortening of the cross-linking span to
0.5 nm leads to an alteration in the proteolytic susceptibility of
the S1/S2 junction reflected in a decrease in the 60-kDa
fragment of HMM, which contains the 20-kDa peptide stretch
of S1 and the 37-kDa fragment (subunit of the shorter S2), even

Fig. 6. Digestion of S l in thepresenceandabsence ofADPat a higher concentration of trypsin. Digestion of S1 (30 pM) was carried out in a medium
containing 20 mM KCl, 100 mM Tris/HCl, pH 7.8, 5 mM MgC1, and 4.8 mM ADP at an enzymembstrate ratio of 1 :50 (w/w). TI, soy bean
trypsin inhibitor. LC1. and LC,,, are fragments derived from LC1. Electrophoresis was carried out on a 14% gel

226

Fig. 7. Effect of temperatureon the trypticjragmentation ofS1 ( A l ) in thepresenceandabsenceof MgATP. Enzyme:substrateratio 1 :500 (w/w) in
the absence of MgATP, 1 :500 and 1 :375 (w/w) in the presence of MgATP. Digestion time is indicated in the figure; other conditions as in Fig. 3
except that digestion was carried out at 37 "C. Electrophoresis was carried out on 14% gels

Fig. 8. Time course of changes in ATPase activities of S l during tryptic digestion in the absence andpresence of MgADP at 21'C and 37'C.
S l ( l 0 pM) was digested with trypsin in 100 mM KC1,30 mM Tris/HCl, pH 7.5 at 21 "C and 37 "C in the presence and absence of 10 mM MgADP.
Enzyme: substrate ratio 1 : 75 (w/w) at 21 "C, 1: 375 (w/w) at 37°C. At the times indicated ATPase activities were measured as described under
Materials and Methods. The figures represent the average of three independent experiments. Activity 100% corresponds to a turnover rate in the
range of 9-10s-l and 5-6s-', for K' and Ca2+-activatedATPase activity, respectively. Panel 1, K+-ATPase digestion at 21 "C; panel 2,
K+-ATPase digestion at 37'C; panel 3, CaZ+-ATPasedigestion at 21 < C ;panel 4, Ca2+-ATPasedigestion at 37'C. (a, b) Incubation without
trypsin at the appropriate temperature with and without ADP, respectively; (c, d) digestion at the appropriate times with and without ADP,
respectively. Electrophoresis was carried out on 14 gels
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Fig. 9. Effect of tryptic digestion on SI cross-linked by N,N‘-p-phenylene dimaleimide with trapped MgADP. Conditions for treatment of S1 with
N,N’-p-phenylene dimaleimide (pPDM) in the presence of MgADP were described under Materials and Methods. Tryptic digestion of S1 with
trapped MgADP and of S1 with trapped plus excess MgADP (4.8 mM) was carried out as in Fig. 6. Electrophoresis on 12.5% gel

Fig. 10. Efiect on tryptic digestion o j H M M oftrapping MgADP with
various cross-linkers. HMM :trypsin ratio, 75 :I (w/w), digestion time,
20 min at 21 “C. Conditions for treatment of HMM with various
cross-linkers as described under Materials and Methods. (a) HMM; Fig. 11. Digestion of acto-Sl in the presence of nucleotides. Complex
(b -fJ HMM cross-linked with (b) N,N’-p-phenylene dimaleimide, of S1 (23 pM) and actin (70 pM) was digested with trypsin.
cross-linking span 1.2 - 1.3 nm; (c) 4,4‘-difluoro-3,3’-dinitrophenyl S1 :trypsin ratio 25:l (w/w) in the presence of: (A) 0.16 mM ADP; (B)
sulfone, 1.0 nm; (d) N,N‘-o-phenylene dimaleimide, 0.4 -0.9 nm; (e) 4.8 mM ADP; (C) 4.8mM ATP. 2 mM adenosine(5’)pentaphos4,4’-difluoro-3,3’-dinitrobenzene,
0.5 nm; (9Nbs,, 0.2 nm. Electro- pho(5’)adenosine was added to inhibit possible myokinase contaminant
phoresis was carried out on 14% gels

in the presence of Ca2+.However, there was only a trace of the
20-kDa fragment while there was more material in the 27-kDa
band and a shorter form of S2 having a molecular mass of
33 kDa, instead of 37 kDa, appeared. In the presence of
EDTA tryptic cleavage leads to the formation of the 20-kDa
fragment and to an increase in the total intensity in the 27kDa band and both the 37-kDa S2 and its shorter 33-kDa
form appear.

Effect of nucleotides on thefragmentation of acto-SI complexes

To investigate the effect of complex formation with F-actin
on the change in the proteolytic susceptibility induced by
MgADP, digestions were carried out under conditions permitting different degrees of association between F-actin and S1
(Fig. 11). The typical digestion pattern of the acto-S1 complex
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described by Mornet et al. [6], i.e. the inhibition of splitting at
the 50-kDa/20-kDa junction, can be observed in Fig. 11A.
With the increase of the ADP concentration, however, the
protective effect of actin diminishes (Fig. 11B) and it is
completely abolished in the presence of a large excess of ATP,
indicated by the increase in the amount of the 20-kDa fragment
(Fig. 1lC). Essentially parallel changes can be observed in the
production of the 21-kDa fragment characteristic of the
digestion pattern of S1 saturated with MgADP. When the
amount of the 20-kDa fragment is low as a result of complex
formation between S1 and F-actin, the 21-kDa fragment can
be detected only in very low amounts too (Fig. 11A and 11B)
while there is an almost complete 25-kDa+21-kDa transformation in the presence of ATP when S1 is dissociated from Factin (Fig. 11C).

DISCUSSION
We have shown that the addition of divalent cations,
Ca2+or Mg2+,to S1 changes the rate and extent of splitting of
S1 heavy chain. C a z f , and to a lesser extent MgZ+,accelerated
the breakdown of the 75-kDa fragment of the heavy chain
formed in the initial 95-kDa+75-kDa+20-kDa and of the
50-kDa-47-kDa step. The A1 light chain was also degraded
to a shorter form. The findings are consistent with the
enhancement by divalent cations of the cleavage at the 25kDa/SO-kDa junction [18]. The effect of divalent cations is
most likely due to an induced conformational change in S1
rather than an increased activity of trypsin [18]. The fact that
some steps appear more accelerated than others further
supports the view that the metal effects are exerted by direct
action on S1. It is noteworthy that the Nbsz light chain is not
present in the chymotryptic S1. Therefore, the results suggest
that the effect of Caz is exerted directly via binding to heavy
chains. Divalent cation binding to the alkali light chains has
been recently considered by Morita and Matsumoto [30,31]
but that binding appears too weak to account for the observed
effect.
We also found that the fragmentation of S1 by trypsin is
changed in the presence of ATP, ADP, AdoPP[NM]P and
PPi. At room temperature the breakdown of the 75-kDa
fragment into 25-kDa + 50-kDa peptides is slowed down while
the 50-kDa+47-kDa and 25-kDa+21-kDa steps are accelerated. There is no significant effect on the cleavage at the 50kDa/20-kDa junction, but the formation of the 27-kDa
fragment, which Hozumi and Muhlrad [5] suggested is an
intermediate in an alternative pathway to the formation of the
25-kDa fragment, is suppressed. We are using apparent masses
for the fragments that are consistent with our earlier determinations. More recently several authors have adopted a
larger mass for the N-terminal fragment. Thus instead of the
27-kDa/25-kDa pair reference is made to a 29-kDa/27-kDa
pair of peptides [18]. Small changes in the conditions under
which the gels are run may cause variation in the estimates. It
should be noted that a recent sequence determination of the Nterminal fragment of myosin yields a molecular mass of
23 kDa [32]. This indicates that some uncertainty attaches to
the absolute value of molecular masses for proteolytic fragments. Furthermore, we found that the effect of nucleotides
does not depend on the presence of divalent cations. Our
finding that ATP does not accelerate the breakdown of the 27kDa fragment formed in the absence of ATP into a 25-kDa
fragment supports the view that the 27 kDa-fragment is on an
+

alternative pathway for the breakdown of the 75-kDa
fragment.
At 37 "C S1 becomes more susceptible to trypsin, presumably owing to temperature-induced conformational changes
[33,34]. The 75-kDa peptide of the heavy chain is rapidly
degraded to smaller fragments. However, in the presence of
ATP or ADP the tryptic digestion pattern was the same as at
21 "C. This means that not only the N-terminal 27-kDa
segment containing a nucleotide interaction site is affected by
nucleotide binding but also the 50-kDa fragment is stabilized
upon binding of nucleotides at 37°C. The loss of cationdependent ATPase activities at 37 "C is greater than in the case
of S1 not subjected to further proteolysis at 37 "C, presumably
reflecting the greater thermal lability of nicked S1. Muhlrad
and Setton [35] also found a nucleotide effect on heat
denaturation (35 "C) of S1 reflected in protection against loss
of ATPase activity and degradation of the 50-kDa fragment on
subsequent tryptic digestion at a lower temperature. They
suggest that changes in structure containing the 50-kDa
peptides in intact S1 lead to loss of ATPase activity.
Sivaramakrishnan and Burke [24]have shown that at 37 "C
in the presence of MgATP the exchange between free and
bound alkali light chains is enhanced although no evidence for
an actual shift in the light chain/heavy chain association
equilibrium can be detected. More recently Burke et al. [36]
have shown that the digestion pattern of the heavy chain of S1
differs from that of intact S1 in that the digestion of heavy
chain yields an 18-kDa peptide instead of the 21-kDa peptide
of the intact S1. Their data (cf. Fig. 1 of [36]) also show that the
peptide corresponding to the 27-kDa one in the intact S1 moves
more slowly in the case of digestion of the heavy chain. Our
results obtained at 37 "C in the presence of MgATP, showing
no difference in the 20-kDa region in comparison with the
digestion at 21 "C, also support the view that no essential
dissociation of the light chain occurs under these conditions.
This is consistent with the finding [25]that the formation of S1
hybrid with respect to A1 and A2 light chains is a first-order
process.
The nucleotides trapped at the protein's active site were
only partially effective in inducing changes in the tryptic
fragmentation patterns. Thus the trapped nucleotide had a
smaller effect on the appearance of the 27-kDa band in the case
of S1 and none in the case of HMM. The difference between the
effect of CaATP or MgATP or MeZ+,on the one hand, and
that of cross-linking under conditions leading to the trapping
of the nucleotide, on the other, is unlikely to be due to a
difference between the nature of nucleotide binding under
these different conditions. It is more likely due to some changes
in structure brought about by cross-linking itself. This view is
supported by the fact that in the presence of vanadate and
MgATP, conditions that lead to the formation of an ADP . Pi
complex, the digestion pattern is identical to that described in
this paper for ATP and metal-ATP. It should be pointed out
that it has been suggested that the conformation stabilized S1
by modification with N,N'-p-phenylene dimaleimide mimics
that induced by the binding of ATP [37]. Despite the large
range of movement (0.5 -1.3 nm) within the myosin head in
response to binding of nucleotide deduced from cross-linking
experiments, the same digestion patterns were observed with a
variety of bifunctional reagents. However, in the case of HMM
when the cross-linked thiols in the 20-kDa peptide region
moved toward each other by 0.5 nm, a considerable change
was found in the tryptic sensitivity of the S1/S2 junction
manifested in the appearance of a shorter form of the 37-kDa
fragment of S2.
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We showed that complex formation of S1 with F-actin
abolished the effect of MgADP on tryptic fragmentation
manifested in the changes in the 25-kDa- 21-kDa transformation characteristic of the digestion pattern of S1. The
association of S1 with actin reduces the binding constant of
ADP by at least one order of magnitude [38,39]. Using a
binding constant of 3 x 104M-l under the experimental
conditionos of Fig. 1IA, the ternary complex would amount to
about 80 A,but in spite of this it was not possible to detect the
25-kDa-+21 -kDa transformation characteristic of the digestion pattern of the S1 . MgADP complex. In the presence of the
higher ADP concentration when partial dissociation of the
acto-S1 complex occurs (Fig. 11B) the amount of the 21-kDa
fragment roughly corresponds to that of the S1 dissociated
from the complex. It is unlikely that the inhibition of the 25kDa+21-kDa transformation in the S1 . MgADP. actin complex is a consequence of steric blocking by F-actin of the
protease sensitive region in the 25-kDa fragment since recent
cross-linking experiments [7,1I ] have shown no interaction
between the 25-kDa fragment and actin.
Our results indicate that in the S1. MgADP . actin ternary
complex the ADP-induced conformational change of S1 is not
the same as in the binary S1 .MgADP complex. Thus the
conformation of a region within the N-terminal 25-kDa
fragment appears to be dependent on the presence of both
nucleotide and actin. Therefore, it is suggested that this region
has an important role in the process of the mechanochemical
energy transduction.
This work was supported by grants from the National Institutes of
Health (HL-5949, AM-28401), the National Science Foundation,
American Heart Association, and Muscular Dystrophy Association.
It was carried out during the tenure by G. M. of a Postdoctoral
Research Fellowship of the Muscular Dystrophy Association.

REFERENCES
1. Balint, M., Wolf, I., Tarcsafalvy, A., Gergely, J. & Sreter, F.
(1978) Arch. Biochem. Biophys. 190, 793 -799.
2. Lu, R., Sosinski, J., Balint, M. & Sreter, F. A. (1978) Proc. Fed. 37,
1695.
3. Mocz, G., Szilagyi, L., Biro, E. N. A. & Balint, M. (1981) Acta
Biochim. Biophys. Acad. Sci. Hung. 16, 31 -39.
4. Szilagyi, L., Balint, M., Sreter, F. A. &Gergely, J. (1979) Biochem.
Biophys. Res. Commun. 87, 936 -945.
5. Hozumi, T. & Muhlrad, A. (1981) Biochemistry 20, 2945 -2950.
6. Mornet, D., Pantel, P., Andemard, E. & Kassab, R. (1979)
Biochem. Biophys. Res. Commun. 89, 925 -932.

7. Yamamoto, K. & Sekine, T. (1979) J. Biochem Tokyo) 86,
1863-1868.
8. Yamamoto, K. & Sekine, T. (1979) J. Biochem. Tokyo) 86,
1869 -1881.
9. Yamamoto, K. & Sekine, T. (1979) J. Biochem. Tokyo) 87,
219-226.
10. Hozumi. T. (1980) Biochemistrv 22. 799-804.
11. Mornet, D., Bertrand, E., Pantel, P., Audemard, E. & Kassab, R.
(1981) Biochemistry 20, 2110-2120.
12. Mornet, D., Bertrand, R., Pantel, P., Audemard, E. & Kassab, R.
(1981) Nature (Lond.) 292, 301 -306.
13. Szilagyi, L., Kurennoy, I., Balint, M. & Biro, E. N. A. (1 975) Proc.
9th FEBS Meet. 31, 47 - 59.
14. Mocz, G., Lu, R. C. & Gergely, J. (1982) Biophys. J. 37, 38a.
15. Muhlrad, A. & Hozumi, T. (1 982) Proc. Nut1 Acad. Sci. USA 79,
958 -962.
16. Ajtai, K., Szilagyi, L., Biro, E. N. A. (1982) FEBS Lett. 141,
74 -77.
17. Balint, M., Schaefer, A,, Biro, E. N. A,, Menczel, L. & Fejes, E.
(1971) J. Physiol. Chem. Phys. 3, 455.
18. Balint, M., Wolf, I., Tarcsafalvy, A,, Gergely, J. & Sreter, F.
(1975) J. Biol. Chem. 250, 6177-6188.
19. Weeds, A. G. & Pope, B. (1977) J. Mol. Biol. 111, 129-145.
20. Bagshaw, C. R. (1977) Biochemistry 16, 59 -66.
21. Yamamoto, K. & Sekine, T. (1979) J. Biochem. (Tokyo) 86,
1855-1862.
22. Wells, J. A. & Yount, R. G. (1980) Biochemistry 19, 1711 -1717.
23. Wells, J. A,, Knoeber, C., Sheldon, M. C., Werber, M. M. &
Yount, R. G. (1980) J. Biol. Chem. 255, 11135-11140.
24. Sivaramakrishnan, M. & Burke, M. (1981) J . Biol. Chem. 256,
2607-2610.
25. Burke, M. & Sivaramakrishnan, M. (1982) Biophys. J. 37, 56a.
26. Weeds, A. G. &Taylor, R. S. (1975) Nature (Lond.) 257,54-55.
27. Spudich, J. A. &Watt, S. (1971) J . Biol. Chem. 246,4866-4871.
28. LeBel, D., Poirier, G. G. & Beaudou, A. R. (1978) Anal. Biochem.
85, 86-89.
29. Laemmli, U. K. (1970) Nature (Lond.) 227, 680-685.
30. Morita, F. & Matsumoto, A. (1980) J. Biochem. (Tokyo) 88,
1883 - 1886.
31. Morita, F. & Matsumoto, A. (1981) J. Biochem. (Tokyo) 90,
317-323.
32. Tong, S. W. & Elzinga, M. (1983) J. Biol. Chem. 258,
13100 - 131 10.
33. Takahashi, K. (1962) Arch. Biochem. Biophys. 99, 45 -51.
34. Yasui, T., Hashimoto, Y. & Tonomura, Y. (1962) Arch. Biochem.
Biophys. 99, 45 -51.
35. Muhlrad, A. & Setton, A. (1 982) J. Muscle Res. Cell Motil. 3,466.
36. Burke, M., Sivararnakrishnan, M. & Kamolakanuan, V. (1983)
Biochemistry 22, 3046 -3053.
37. Chalovich, J. M., Greene, L. E. & Eisenberg, E. (1983) Proc. Nut1
Acad. Sci. U S A 80, 4909 -491 3.
38. Marston, S. B. (1973) Biochim. Biophys. Acta 305, 397-412.
39. Beinfeld, M. C. & Martonosi, A. (1975) J . Biol. Chem. 250,
7881 -7878.

G. Mocz, L. Szilagyi, F. Fabian, and M. Balint, Biokemiai Tanszek, Eotvos Lorand Tudomanyegyetem,
Puskin utea 3, H-1088 Budapest, Hungary
R. C. Lu and J. Gergely, Department of Muscle Research, Boston Biomedical Research Institute,
20 Staniford Street, Boston , Massachusetts, USA 02114

