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SUMMARY. - When myosin chymotryptic subfragment-1 was treated with dimethyl-
suberimidate or dithiobis (succinimidylpropionate) under nearly physiological
ionic conditions, the alkali light chains Al and A2 were selectively and intra-
molecularly cross-linked to the 95K heavy chain. Experimental conditions were
developed with both reagents for optimal production of Al and A2-containing
dimers. After conversion of reversibly cross-linked S-1 (A1+A2) into (27K-50K-
20K)-8-1 derivative by restricted tryptic proteolysis, the light chains were
found to be attached to the NH2—terminal 27K segment of the heavy chain.

(S~1) of skeletal muscle myosin contains the ATPase catalytic site and
the actin binding site (1,2). It provides the simplest structural model for
the study of the myosin head assembly. S-1 is an oligomeric protein made up
of a heavy chain of Mr 95K and an alkali light chain of Mr 20,7K (Al) or
16,5K (A2) (3,4). The light component is an asymmetric polypeptide (5) the
removal of which is accompanied by loss of ATPase activity; it does modulate
the interaction of actin with myosin head both in the absence and in the pre-
sence of Mg2+—ATP (4,6). However, the molecular basis of these important func-
tions, in particular the positioning of the light subunit within the head and
its critical binding interactions with the heavy chain are unknown. Distances
at the molecular level between thiol groups in the two subunits were recently
investigated by spectroscopic techniques (7,8). Intramolecular chemical cross-
linking of the two subunits represents an alternative powerful approach to-
wards a solution of this problem. The cross~linking reactions previously ap-
plied to analyse the radial disposition of cross-bridges within myosin fila-
ments (9-11) and to probe the dynamic contacts between heads within myosin in
solution (12) have failed to reveal internal cross-linking of the heavy chain
to the light subunits. In the following study we provide evidence that, under
appropriate and mild experimental conditions, intramolecular covalent cross-
links, induced by two different bifunctional reagents, can be established
between the alkali light chains and the 95K heavy chain of native chymotryptic

S-1. This unprecedented light chain-heavy chain chemical cross-linking has
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allowed us to characterize for the first time the possible interaction of

the light chains with the NH_ -terminal 27K segment of the heavy chain; earlier,

2

this portion of the head was proposed as a potential component of myosin ATPase

site (13,14).

MATERIALS AND METHODS

Enzyme preparations : Rabbit skeletal muscle myosin was prepared according to
Offer et al. (15); S~1 was prepared by digestion of myosin filaments with
chymotrypsin (2), purified as a mixture of S-1 isoenzymes (S-1 Al+A2) by gel
filtration over Sephacryl S-200 eluting with 50 mM Tris HC1l, pH 8,2 and resol-
ved into pure S-1 Al and 5-1 A2 species by ion exchange chromatography (2).
S-1 solutions were dialyzed overnight at 4°C against the appropriate buffer of
cross—linking experiments and were used within 2 days of preparatrion. Enzyme
concenziatign was determined by spectrophotometry assuming an E 1§O -

7.5 cm T M (4) and a molecular weight of 115.000 (2). Limited %ryp¥1c proteo-
lysis of cross-linked S-1 was carried out, after dialysis against 0.1 M potas-
sium bicarbonate pH 8, as described (16) using a protease to S-1 weight ratio =
1:10.

Cross-linking reactions with dimethyl suberimidate and dithiobis (succinimidyl-
proprionate) : S-1 (1 mg/ml) was amidinated in 100mM triethanolamine-HCl, pH 8,5
at 20°C with varying concentrations of dimethyl suberimidate (0-4 mg/ml) and for
different reaction times (0-60 min.). Stock solutions (0.07M) of DMS in 100 mM
triethanolamine pH 8,5 were prepared immediately before use. The cross-linking
reaction could be guenched at any time by adjusting the solution to 100 mM
glycine (pH 8.0). 50 ul samples were subsequently withdrawn and were immedia-
tely prepared for electrophoresis by the addition of an equal volume of 10%
NaDodSOu, 10% mercaptoethanol solution and incubation for 2 min. at 100°C.

S-1 (1 mg/ml) was acylated in 100 mM N-2-hydroxyethylpiperazine-N'-2-ethane
sulfonic acid (Hepes) buffer, pH 7,5 at 20°C with varying concentrations of
dithiobis (succinimidylproprionate) (0-0,5 mg/ml) and for various reaction
times (0-15 min.). Stock solutions (0,05 M) of DSP were made in dry acetone im-
mediately prior to use; the amount of acetone introduced into the sample solu-
tion never exceeded 5% (v/v) and had no apparent effect on the enzyme as jud-
ged by measurements of ATPase activities. The reactions were terminated by the
addition of 0,1 volume of 1 M glycine and 50 ul aliquots were taken, mixed with
an equal volume of 10% NaDodSO, solution (without mercaptoethanol) and denatu-
red by heating at 37°C for 90 min. (17).

NaDodSO, polyacrylamide gel electrophoresis : one dimensional NaDodSO electro-
phoresis was carried out in the slab gel mode (18) (15x15x0,3 em) according to
Laemmli (19). The acrylamide and bisacrylamide concentrations were 10% and 0.28%
respectively; reducing agents were omitted with proteins cross-linked by DSP.
Gels were run for 18 h. at 4 mA. They were stained with Coomassie Blue R-250 and
destained in 10% acetic acid. A Joyce-Loebel densitometer was used for scanning
gels. Quantification of protein bands on gels of cross-linked samples was perfor-
med and expressed according to Sutoh and Harrington (9) with actin as internal
standard protein.

The molecular weight of the cross-linked heavy chain-light chains species was
estimated on 10% polyacrylamide gels calibrated with the following marker
proteins : phosphorylase b (20); a and B subunits of phosphorylase b kinase (21);
skeletal muscle myosin light chain kinase and chymotryptic S-1 heavy chain (22).
Two-dimensional diagonal gel electrophoresis was accomplished as follows : an

8 mm wide strip was cut from an unstained first-dimension gel (5-18% gradient
acrylamide) and placed horizontally above a 1 ¢m high top gel layer which was

% (w/v) agarose in the NaDodSOJ1l buffer containing 10% (v/v) mercaptoethanol.
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Figure 1.- Dimethyl suberimidate-induced cross-linking of the heavy and light
chains in myosin S-1. A/ S-1 (A1) B/ S-1 (A2) (1 mg/ml) were treated with DMS
(0.200 mg/ml) in 100 mM triethanolamine pH 8,4, 20°C. Samples were withdrawn at
the times indicated and analyzed on NaDodSQ, - 10% acrylamide slab gels. All
lanes contained 25 g of protein; HC = 95K heavy chainj; HC-LC = presumed heavy
chain-light chain cross-linked species.

A lower layer of 5-18% polyacrylamide slab gel was then cast underneath the re-
ducing agarose gel and used as a second dimension gel. The slabs were run 2 h.
at 2 mA to ensure cleavage of disulfide-containing cross-links and then 18 h.
at 4 mA.

Ammonolysis of DMS-treated samples was attempted by soaking the first dimension
gel strip in a solution containing 35% ammonium hydroxyde, 10% NaDodSOu, gla-
cial acetic acid (12:1:1, v/v) for 24 h. at 25°C (23).

RESULTS

Cross-linking of S-1 isoenzymes with dimethyl suberimidate : When a mixture

of S-1 isoenzymes (A1+A2) or when pure S-1 (Al) and S-1 (A2) (Fig.lA and 1B)
were treated with DMS under approximately physiological ionic conditions exclu-
ding intermeolecular interactions between S-1 molecules and using an optimal
weight ratio of reactants (100 mM triethanolamine, pH 8, 20°C, 0.200 mg reagent
for 1 mg protein/ml) a major new protein band, with a mobility lower than the
initial 95K heavy chain, appeared on NaDodsoq- 10% polyacrylamide gels; its ap-
parent mass was approximately 120K. Examination of the time course of changes

in the electrophoretic pattern of the enzyme (Fig.lA) showed clearly that conco-
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mitantly with the formation of this component there was a significant progres-
sive decrease of the intensity of the’bands corresponding to the original heavy
and light chains. No significant alteration in this pattern was noticed when the
salt concentration was increased to 200 mM nor when the protein concentration was
lowered to 0.500 mg/ml. DMS was without effect on the electrophoretic profile of
native S-1 when it was preincubated for 30 min. at 20°C, pH 8,5 before being

added to the enzyme.

The reaction with fresh DMS produced also a small amount of polymers appearing
at the top of the gels; the level of this material was substantially increased
by the use of reaction times exceeding 30 minutes or reagent concentrations
higher than 0.200 mg for 1 mg protein. The two latter non optimal conditions
resulted also in some diffusion and spreading of the major protein bandin the
gel. Quantitative scanning of <he gels of DMS-treated S-1 (Al) showed that the
95K heavy chain and Al were lost at about the same rate which was also quite
similar to the rate of appearance of the new protein species in the cross-
linking reaction. Multiple estimations based on band intensities corresponding
to the free and covalently combined subunits of S-1 (Al) present in the gel in-
dicated that the maximal extent of DMS-induced cross-linking was 40% + 5%. This
yield could not be improved by supplementing the reaction medium with fresh DMS
after an initial 30 min. cross-linking period. In contrast, it was greatly dimi-
nished when aged S-1 preparations were employed. Our best results were obtained
with one day-old S-1 material. As expected from the pH-dependence of the reac-
tion of imidoesters with amino groups, the extent of cross-linking decreased
significantly below pH 8 (10% and 20% at pH 7,0 and 7,5 respectively for S-1
(Al). Lowering the temperature to 2°C did not change the extent of modification

observed at 20°C.

Because the electrophoretic mobility of cross-linked proteins may be changed
(24), another cross-linking approach was developped to identify unequivocally

the protein content of the 120K species.

Reversible cross-linking of S-1 (A1+A2) with the cleavable dithiobis (succinimi-

dylpreoprionate) : This disulfide cross-linking agent offers the advantages of a

different reactive group and a longer lifetime in aqueous solution. The time
course of the reaction of DSP with S-1 (A1t+A2) under optimized experimental
conditions (100 mM Hepes, pH 7,5, 20°C, weight ratio of cross-linker to 5-1,
0,025 : 1) was studied using gradient gel electrophoresis (Fig.2). The band pat-
tern showed the formation of two components in the molecular weight range of

120K; these were clearly distinguishable at an early stage of the reaction (1 min.
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Figure 2.- Acylation of S-1 (Al+A2) with dithiobis (succinimidylpropionate}.
S-1 (A1+A2) (1 mg/ml) was treated with DSP (0.025 mg/ml) in 100 mM N-2-hydroxy-
ethylpiperazine-N'-2-ethane sulfonic acid buffer, pH 7,5, 20°C. At the times
indicated samples were taken for analysis on 5-18% acrylamide gels. All lanes
contained 50 pg protein.

The DSP-induced reaction was of much greater efficiency than observed with DMS
as the maximal intensity of the 120K band was reached within a 15 min. period

using 8~fold less reagent.

Protein content of the DSP-cross-linked 120K species : A direct evidence that

the 120K product was a cross-linked dimer of 95K heavy chain and alkali light
chain was provided by a diagonal electrophoretic analysis of the enzyme treated
for 5 min. with DSP. This reaction time was selected in order to minimise the
formation of polymers; it provides also sufficient amount of cross-linked light
chains for clear identification on the gels. Upon reduction of the cross-links,
the 120K band was quantitatively converted intc 3 off-diagonal proteins migra-
ting identically to the original 95K heavy chain and Al + A2 subunits (Fig. 3).
When the dimethyl suberimidate-cross-linked enzyme was subjected to diagonal
analysis (substituting ammonolyse for disulfide reduction) a fractional but dis-
tinguishable release of the same components from the 120K species was also ob-

tained.
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Figure 3.- Diagonal analysis of DSP-cross-linked S-1 (Al1+A2). An unstained
sample lane was cut out from a first-dimension gel, embedded above a two-

layer gel slab and reelectrophoresed at 30° to the original direction to display
proteins released by thiolysis of DSP cross-links in the upper agarose gel
layer. A stained duplicate strip of the first-dimension gel was placed over

the cross-linked products. A stained lane of native $-1 (A1+A2) is shown at

left for comparison.

Identification of the heavy chain segment cross-linked to the alkali light

chains : Restricted tryptic proteolysis of native chymotryptic $-1 (A1+A2)
converts the enzyme into (27K-50K-20K)S-1 derivative the heavy chain of which is
a complex of three fragments (14,16); while the A2 light chain remains intact,

the Al subunit is degraded at its lysine-rich NH ~terminal portion and largely

2
converted fnta A 17K nolvnentide (16). Mindful of these important proteolytic

properties, we attempted to identify the heavy chain segment (s) cross-linked
to the alkali light chains using diagonal gradient gel electrophoresis of re-
versibly cross-linked and tryptically fragmented S-1 (Fig.u4). When the digest
of DSP-cross-linked S-1 was analyzed in the first dimension, its protein band
pattern showed two major differences as compared to that of the unmodified en-
zyme. 1- the amount of 27K fragment was significantly lower. 2- a new protein

component was present with Mr 45K comigrating with actin used as marker. Upon
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Figure 4.- Diagonal analysis of DSP-cross-linked S-1 (Al+A2) after limited
tryptic proteolysis. S-1 was reacted with DSP for 15 minutes. Other experimen-
tal conditions were as in Fig.3. A stained lane of (27K-50K-20K)-S-1 (Al+A2),
prepared as described (25), is shown at right for comparison.

electrophoresis at right angle in the presence of reductant, this protein en-
tity was entirely split into 3 off-diagonal proteins; one migrated as 27K frag-
ment and the two others as 16K and 17K peptides. The latter two could only re-
present the A2 light chain and the breakdown product of the labile Al subunit
respectively. A small amount of a signle component migrating as 20K peptide

was also observed to lie off-diagonal; in the first dimension it was moving
with Mr = 27K. This finding suggest that, before disulfide reduction, a frac-
tion of the 20K fragment was associated with a peptide segment which, owing to

its small mass, could not be identified in the free state on the same gel.

DISCUSSION

The present cross-linking study shows the formation, under highly controlled

experimental conditions, of a covalent stable complex between the heavy and
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alkali light chains Al and A2 within chymotryptic S-1. The ability of the

light subunits to be readily joined to the heavy chain is illustrated by the
comparable results obtained with the two different cross-linkers employed, di-
methyl suberimidate which bears a straight chain and dithiobis (succinimidyl-
proprionate) a reagent with an angled structure (26). Although the yield of
cross-linking obtained with both reagents is not quantitative, a substantial
amount of covalent heavy chain-light chain dimer can be derived under condi-
tions where formation of high molecular weight polymers is kept minimal. Mani-
pulation of reagent concentration or incubation time resulted in accumulation
of heavily cross-linked products in particular when DMS was used. DSP proved to
be the most useful cross-linking agent; it induced a large extent of cross-
linking between the heavy and light chains with, under the conditions employed
very little intramolecular cross-links within the heavy chain as illustrated

by the diagonal peptide map of the cross-linked fragmented protein. Cross-lin-
king experiments with bifunctional reagents of different chain length and struc-
ture should be useful in probing further the molecular interactions existing

between the heavy and light chains.

The heavy chain of skeletal myosin subfragment-1 appears to be composed

of three structural domains of Mr 27K, 50K and 20K (27) which offer the pos-
sibility for precise characterization of the sites of covalent attachment of

the light chains. The use of (27K-50K-20K)-S-1 has revealed unequivocally that
the NHz—terminal 27K segment of the heavy chain was involved in the DSP-induced
cross-linking process. Identification of the 27K peptide was made possible be-
cause cross-linking occurred between it and the proteolytically stable homolo-
gous C-terminal portions of the light chains. The linkage of the basic amino-
terminal region of Al to any heavy chain peptide will be more difficult to
assess because it is readily split by trypsin. However, the observed behaviour
of the 20K fragment on the gels offers the possibility that cross-linking betwee:
it and the NHQ—terminal segment of Al might have occurred. Alkali light chains
are known to affect both the affinity of S-1 to actin and the kinetic parameters
of the acto-S-1 ATPase (4). These properties are, most probably, elicited by

specific heavy chain-light chain interactions. The NH,-terminal 27K peptide of

S-1 heavy chain contains the site of attachment of anjinhibitory arylazido
analogue of ATP (13) as well as the reactive lysine residue whose trinitro-
phenylation specifically alters the ATPase activities (14); in a forthcoming
paper we will describe the specific structural changes induced in the 27K
domain by metal-nucleotide binding to S-1. The data presented in this work
suggest the possible interaction of the alkali light chains with this potent

constituent of the myosin ATPase site and provide, for the first time, a mole-

cular basis for their mode of action. The molecular relationship between the
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ATPase site and alkali light chains is obvious from a number of previously
reported observations; in particular, nucleotide binding to myosin was shown
to impair dissociation of the light chains by chaeotropic salts (28) and inte-
raction of Mg-ATP with gizzard myosin is accompanied by structural changes in
the 17K subunit (29); also, occupation of myosin ATPase site by nucleotides
affects the thiol reactivities in the alkali light chains (30) and enhances
the rate of their affinity labeling with a purine disulfide analogue of ATP
(31). The proximity of the alkali light chain to the 27K domain rationalizes
all these data and may be essential for the function of the actomyosin complex.
Studies are underway to assess the impact of the cross-linking events on the

functional properties of the heads.
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