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Regulatory light-chain Cys-55 sites on the two heads of myosin can come
within 2A of each other
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The di-thiol reagent, 5,5'-dithiobis (2-nitrobenzoic acid) is shown to induce disulfide bond formation between Mercenaria regulatory light-chain

Cys-53 sites on either head of scallop hybrid myesin. This indicates that these two siles on opposite heads of myosin can come within 24 of each

other and this confirms a prediction based on earlier data [Chantler, Tao and Stafford (1991) Biophys. J. 59, 1242-1250]. Resuits demonstrate that

myosin heads in solution show a considerable mutual freedom of movement which can be monitored by probes in the vicinity of regulatory
light-chain residue 55. lmplications for light-chain movement on the myosin head are discussed.
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1. INTRODUCTION

The construction of hybrid myosins has been a partic-
ularly useful approach to obtaining information con-
cerning myosin-linked regulation, head-head interac-
tions and proximity relationships [1-7]. The natural
location of sulfhydryl groups in the primary sequence
of myosin regulatory light-chains is variable. Of those
hybrids constructed to date possessing foreign regula-
tory light-chains, it is the Mercenaria regulatory light-
chain that possesses a sulfhydryl group closest to the
N-terminus, at position 55 [8). Scallop hybrid myosins
possessing Mercenaria regulatory light-chains modified
specifically at Cys~55 have been used in cross-linking
[3-5] and fluorescence resonance energy transfer
(FRET) [2,16] studies. Steady-state FRET studies sug-
gested that the mean distance between these Cys-55 sites
on the two heads of myosin is >50 A [2). Nevertheless,
4,4’-dimaleimidylstilbene-2,2’-disulforic acid (DMSDS)
could cross-link this same pair of translationally equiv-
alent sites with high efficiency [3] indicating that the
sites can come within 18 A of each other. The low
efficiency of energy transfer between these sites, as ob-
served by time-resolved fluorimetry [2], indicates that
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these probes spend a small but finite percentage of time
in close proximity with each other.

All of these observations were successfully integrated
into a single theory which demonstrated that there was
no real contradiction between a low probability of en-
ergy transfer and a high efficiency of protein cross-
linking between probes attached to Cys-55 of the Mer-
cenaria regulatory light-chain on either myosin head
[10]. The theory was a general one, but it further pre-
dicted that the two Cys-55 sites, on cither myosin head,
had a finite probability of coming within 2A of each
other. The thiol reagent 5,5'-dithiobis(2-nitrobenzoic
acid) (DTNB) is known to promote disulfide bond for-
mation in favorable cases [9,14]; ‘when this occurs it
indicates that the two cross-linked thiol groups can
come within 2A of each other. Here, we have investi-
gated whether DTNB facilitates cross-linking between
the two Mercenaria regulatory light-chain Cys-55 resi-
dues, one on each head of scallop hybrid myosin.

2. MATERIALS AND METHODS

Myosin regulatory light-chains, scallop myefibrils, myosin and hy-
brid myosins were all prepared by procedures described in earlier
publications [1-3,11,12]. Western blois using polyclonal anti-light-
chain antibodies were performed as described earlier [3]. The second-
ary antibody used in these studies was peroxidase-conjugated swine
anti-rabbil IgG (Accurate Chemicals).

DTNB (Calbiochem) was made as a 0.1 M stock in 3 mM sodium
phosphate, pH 7.0, taking all precautions as deseribed by Lehrer [9]
50 s 10 ensure that the pH did not rise above 7.5 during dissolution.
DTNB-induced cross-linking was performed on hybrid myosin (1 4uM)
for 4 h in 0.6 M NaClt, 10 mM phosphate, 2 mM MgCl., 0. mM
EGTA, 0.} mM CaCl,, nH 7.0, with gentle agitation, prior Lo termina-
tion by the addiiion of iodoacetic acid (IAA) to 2 mM. Material was
allowed to stand for 15 min prior to dialysis against the above buffer
50 as lo remove excess 1AA. Aliquots were lyophilyzed prior to SDS/
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acrylamide (15%) gel electrophoresis (in the absence of reducing agent)
and immunoblotiing. Mercenaria regulatory light-chains (10 uM)
were similarly modified in the same buffer as for myosin, both in the
presence and absence of 2% SDS.

3. RESULTS AND DISCUSSION

In order to assess whether the two Cys-55 residues of
the Mercenaria regulatory light-chain, on either head of
hybrid myosin, can get within 2A of each other, hybrid
myosin was treated with DTNB under conditions de-
scribed in Materials and Methods. Fig, 1 illustrates re-
sults from non-reducing SDS/acrylamide gels and
shows that a four hour incubation of hybrid myosin
with DTNB produces regulatory light-chain homodi-
mers, approximately 10-15% of regulatory light-chains
being converted into dimers during this period. DTNB
promotes disulfide formation through a two-step
sulfhydryl-disulfide exchange reaction via an interme-
diate possessing a single covalently bound 2-nitro-5-
thiobenzoate (NbS) moiety [9]. The apparent decline in
dimer formation with increasing concentrations of
DTNB (Fig. 1) is due to the increased probability of
bound NbS being found at boe sulfhydryl sites, thereby
blocking dimer formation.

One must be careful to rule out the possibility that
dimers are formed because of trivial reasons. For exam-
ple, although IAA will quench unreacted sulfhydryl res-
idues, bound NbS groups will survive and remain on a
subpopulation of light-chains, potentially initiating
dimer formation after dissociation from the heavy chain
during the preparation and execution of non-reducing
SDS/acrylamide gel electrophoresis. To negate this hy-
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Fig. 1. Reaction of DTNB with scallop hybrid myosin possessing
Mereenaria regulatory light-chains. Hybrid myosin was incubated
with various concentrations of DTNB for4 h in 0.6 M NaCl, 10 mM
phosphate, 2mM MgCl,, 0.1 mM EGTA, 0.1 mM CaCl,, pH 7.0 prior
to termination of the reaction by addition of iodoacetic acid to 2 mM.
[Myosin] = 1 uM. Aliquots were dialyzed against the above buffer then
lyophilyzed prior (o 5DS/acrylamide (15%) gel electrophoresis (in the
absence of reducing agent) and immunobloiting, Lanes | through §
contuin aliquots of myosin reacted with 0,0.1,0.2,0.5, 1.0 and 2.0 mM
DTNB, respectively. (A) Coomassie-blue stained gel. (B) Immunoblot
of a sister gel of (A). Primary antibody is rabbit anti-Mercenaria
regulatory light-chain IgG (1:250 dilution).
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pothesis, purified Mercenaria regulatory light-chains
were subjected to DTNB muodification, both in the ab-
sence and presence of 2% SDS, the latter to simulate
conditions during sample preparation for electrophore-
sis. In either condition minimal dimer formation was
observed, even at a five-fold higher concentration of
light-chain than was possible in the myosin experiment
(Fig. 2). This substantiates our interpretation that dimer
production in the hybrid myosin experiment (Fig. 1)
represents intramolecular events occurring in solution
on the intact myosin molecule and is of non-trivial ori-
gin.

The myosin results seen in Fig. 1, together with the
control light-chain data shown in Fig. 2, demonstrate
that DTNB can promote disulfide bridging between
Mercenaria regulatory light-chain Cys-55 residues, one
on either head of the hybrid myosin molecule. Disulfide
bond formation indicates that these residues can come
within 2A of each other. The two heads of myosin there-
fore show considerable mutual flexibility in this region
where Cys-55 is located. Quantitative analysis of dimer
production suggests that our practical results are in
harmony with theory. A 10-15% vyield of regulatory
light-chain homodimers in a four hour period corre-
sponds to a pseudo-first-order rate constant in the range
7.3-11.0x107° s™\. Using the differential probability dis-
tribution functions shown in Fig. 6 of Chantler et al.
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Fig. 2. Reaction of DTNB with Mercenaria regulatory light-chains,
in the presence and absence of SDS. Mercenaria regulatory light-
chains were incubaled with various concentrations of DTNB for4 h
in 0.6 M NaCl, 10 mM phosphate, 2 mM MgCl,, 0.1 mM EGTA, 0.1
mM CaCl,, pH 7.0, £2% SDS, prior to termination of the reaction by
addition of iodoacetic acid to 2 mM. [Regulatery lighi-chain] = 10
MM. Aliquots were dialyzed against the above buffer then lyophilyzed,
prior to SDS/acrylamide (15%) gel electrophoresis (in the absence of
reducing agent) and staining with Coomassie blue. Lanes 1 through
6 contain aliquots of light-chain reacted with 0, 0.1, 0.2, 0.5, 1.0 and
2.0 mM DTNB, respectively, in the presence of 2% SDS; lanes 1”
through 6’ contain aliquols of light-chain reacted with 0,0.1, 0.2, 0.5,
1.0 and 2.0 mM DTNB, respectively, in the absence of SDS. A lane
of proiein slandards is seen on the LHS. One nele of caution: these
results were obtained on freshly purified material that had been fully
reduced with 15 mM S-mercantoethanol, prior to exhaustive dialysis
to remove the reducing agent. When frozen stocks of light-chain were
used, the same protocol did not work as well: non-reducing gels dem-
onstrated the presence of dimer bands in alf samples - including
control samples that had never been exposed to DTNB.
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1991 [10], together with an estimation of the rate of the
second order reaction of DTNB with sulfhydryl groups
(400 M~! 57! for DTNB and S-mercaptoethanol at pH
7.0 [15]), the calculated pseudo first order rate constant
for disulphide formation between Cys-55 residues on
either myosin head is in the range 2.9-47.0x107% s7!,
The measured rates are clearly within the theoretical
range and emphasize the predictive value of our earlier
treztment [10].

The photolabile ¢ross-linker, BPM, linked at one end
to the same light-chain Cys-55 residue in the hybrid
myosin we have employed, has been shown to give rise
to regulatory light-chain dimers in a nucleotide-inde-
pendent manner [4,5]. Although the exact site of attach-
ment at the photolabile end was never determined, our
current results would suggest that attachment in the
vicinity of the translationally equivalent site on the
other head is plausible - for we have now bracketed the
BPM cross-linking distance (9 A span) by two other
sulfhydryl-specific cross-linkers: DTNB (2A span) (this
paper) and DMSDS (18 A span) [3). Furthermore, two-
dimensional SDS/ acrylamide gels of BPM and
DMSDS cross-linked material, subjected to digestion
by S. aureus V8 protease in the second dimension, ap-
peared to give rise to identical cleavage products, when
analysed by Western blotting using anti-Mercenaria
regulatory light-chain IgG as primary antibody
(Chantler, P.D. and Bower, S.M., unpublished observa-
tions). Given that BPM can cross-link translationally
equivalent sites in the region of regulatory light-chain
Cys-55, it follows that the ligand- dependent cross-link-
ing of the regulatory light-chain to the essential light-
chain, observed at this location when conditions are
altered from ‘rest’ to ‘rigor’ and interpreted as light-
chain movement [4], must be due to the movement of
the essential light-chain - for regulatory-regulatory
dimers are produced independent of the presence or
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absence of calcium and ATP [4]. This interpretation was
suggested earlier by others [4,5) and is substantiated
further here.
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