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Cross-linking of the 50 kDa heavy chain region to actin subdomain-2
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Abstract

We have identified the region of actin involved in the covalent coupling of maleimidobenzoyl-G-actin to the central 50 kDa segment of the
myosin-S-1 heavy chain by analyzing the structure of the maleimidobenzoyl-G-actin-S-1 conjugate using selective proteolytic digestions, amino acid
sequence determinations and novel cross-linking reactions between S-1 and different maleimidobenzoyl-G-actin derivatives. The cross-linking is
shown to occur only on the stretch of residues 4867 in actin subdomain-2 with Lys-50, residing on the outer part of the DNase-I-binding loop, as
the most likely site of cross-linking. Because the maleimidobenzoyl-F-actin-S-1 complex undergoes the same coupling process, the data provide
experimental evidence in favor of the recent model of the rigor F-actin-S-1 complex suggesting a close contact between structural elements of the

lower domain of the 50 kDa fragment and the top of actin subdomain-2.
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1. Introduction

Previously, we described the production and charac-
terization of maleimidobenzoyl-G-actin (MBS-G-actin)
and maleimidobenzoyl-F-actin (MBS-F-actin) [1,2]. The
former derivative was generated by the reaction of
skeletal monomeric actin with the heterobifunctional
agent, m-maleimidobenzoyl-N-hydroxysuccinimide ester
(MB-S), which resulted in the establishment of few intra-
molecular cross-links and the incorporation of an
average of one maleimidobenzoyl group by the
monofunctional acylation of a lysine residue of the pro-
tein. Although resistant to the salt-and myosin-S-1-in-
duced polymerization, the MBS-G-actin could be readily
converted into MBS-F-actin in the presence of phalloidin
and MgCl, [2,3]. Both modified actins formed reversible
and ATP-sensitive complexes with rabbit skeletal
myosin-S-1 which were earlier investigated [1,3-5]. Most
importantly, the free maleimidobenzoyl group in the G-
or F-MBS-actin was in a position that permits the actin
subunit to couple covalently to the S-1 heavy chain at the
same region at which native F-actin binds to the heavy
chain during rigor and the major covalent cross-link was
shown to involve the central 50 kDa segment of the S-1
heavy chain [1,2]. Hence, the covalent MBS-actin-S-1
complex represents a useful tool for further assessing the
molecular contacts between F-actin and myosin-S-1.

In the present study we have identified the lysine of
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actin engaged in the MBS-promoted conjugation process
by analysing the structure of the major 180 kDa adduct
consisting of the MBS-actin molecule selectively bridged
to the 95 kDa S-1 heavy chain at the 50 kDa region [1].
The data show that the cross-linking takes place exclu-
sively on the actin stretch of residues 48-67 and most
likely involves Lys-50. This segment makes part of the
actin subdomain-2. The findings directly demonstrate
the spatial proximity of this subdomain to the S-1 heavy
chain in both complexes of S-1 with G- or F-actin. They
also provide an experimental support to the recent model
of the rigor F-actin-S-1 complex suggesting a close inter-
action between residues of the 50 kDa fragment and
amino acids in the loop region at the top of actin subdo-
main-2 [6].

2. Materials and methods

2.1. Chemicals and protein preparations

m-Maleimidobenzoic acid-N-hydroxysuccinimide ester (MBS) was
from Sigma. a-Chymotrypsin and subtilisin carlsberg were purchased
from Worhington and Serva, respectively.

G-actin, F-actin and chymotryptic myosin subfragment-1 (S-1) from
rabbit skeletal muscle were prepared as described [1,2]. S-1 was labeled
at SH-1 thiol with 7-diethyl-amino-3-(4’-maleimidylphenyl)-4-meth-
ylcoumarin (CPM) as in [7]. G-actin specifically modified at Lys-61
with fluorescein isothiocyanate (FITC) was obtained as reported earlier
[8]. MBS-G-actin or FITC-labeled MBS-G-actin were prepared as pre-
viously described [4] by mixing G-actin or FITC-G-actin with 20-fold
molar excess of MBS (dissolved at 8.5 mg/ml in dimethylformamide)
in G-buffer (2 mM HEPES, 0.1 mM ADP, 0.1 mM CaCl, and 0.1 mM
NaN,, pH 8.0). After 2 h at 25°C, the protein solution was incubated
with 25 mM KCl and 5§ mM MgCl, for 15 min at 25°C and ultracentri-
fuged at 180,000 x g for 1 h at 4°C; the supernatant was then gel filtered
over a Pharmacia PD-10 column equilibrated in G-buffer. MBS-G-
actin split at Met-47 with subtilisin was produced as described for
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G-actin [9] by treatment of the actin derivative in G-buffer, pH 8.0 for
60 min at 25°C with subtilisin (protease to substrate weight
ratio = 1:250).

2.2. Cross-linking reactions and proteolytic cleavages of the covalent
complexes

The purified MBS-G-actin, FITC-labeled MBS-G-actin or subtilisin-
split MBS-G-actin (1.5 mg/ml) was supplemented with a convenient
volume of S-1 solution (15 mg/ml) in 20 mM MOPS, pH 7.5 (final
actin/S-1 molar ratio = 1:1). After incubation for 45 min at 25°C the
coupling process was terminated by adding dithioerythreitol (adjusted
to pH 7.5) to 1 mM and the reaction mixture was ultracentrifuged at
180,000 x g for 1 h at 4°C. The supernatant containing the covalent
complex of S-1 and either MBS-G-actin or FITC-labeled MBS-G-actin
was treated at 25°C with a-chymotrypsin (protease to actin weight
ratio = 1:50) in the presence of 2 mM EDTA. The same complexes were
also digested in the absence of EDTA with subtilisin added at a protease
to actin weight ratio of 1:250. The proteolytic reactions were monitored
over the time interval 0—60 min by gel electrophoresis.

2.3. Electrophoresis and sequence analyses

SDS-PAGE was carried out using a 5-18% acrylamide gradient and
a 50 mM Tris, 100 mM borate buffer pH 8.0 [10]. Fluorescent bands
were located in the gel by ultraviolet illumination before staining with
Coomassie blue. Molecular weight markers were: myosin heavy chain
(200 kDa), S-1 heavy chain (95 kDa), bovine serum albumine (68 kDa)
and actin (42 kDa). Protein bands containing the intact NH,-terminal
segment of actin were identified by Western blotting using polyclonal
antibodies specifically directed against the actin sequence of residues
1-12 [11]. Isolation of pure protein material for sequence analyses was
achieved either by electroelution from gel slices or by reverse-phase
HPLC on a C-4 Aquapore column (2 x 100 mm) eluted with 0-90%
acetonitrile gradient containing 0.1% triflucacetic acid. NH,-terminal
sequencing was performed on an Applied Biosystems 470-A instrument
connected to an online phenylthiohydantoin amino acid analyzer [11].

2.4. Binding assays

The association of F-actin with the covalent 105 kDa S-1-actinopep-
tide complex was studied by cosedimentation at 180,000 x g for 30 min
in a Beckman Airfuge at 20°C in 20 mM MOPS, pH 7.5.

3. Results

3.1. MBS-promoted cross-linking of S-1 to the actin
sequence of residues 1-67

The cross-linked MBS-G-actin-S-1 preparation in-
cludes, besides the uncross-linked MBS-actin-S-1 com-
plex, the prominent 180 kDa species resulting from the
covalent union between the maleimidobenzoylactin and
the 95 kDa S-1 heavy chain (Fig. 1A, lane 0). It was first
subjected to a controlled digestion with a-chymotrypsin
in the presence of EDTA. This protease is known to
cleave specifically native G-actin at Met-44 and Leu-67
[12] but it does not act at all on native S-1 [13]. The same
sites are also split upon addition of EDTA [14] which
unfolds the remaining actin core of residues 68-375 and
induces its proteolytic degradation without affecting the
structural integrity of S-1. Therefore, as shown in Fig.
1A, under the employed conditions, both the un-cross-
linked actin and the covalently attached actin moiety of
the 180 kDa adduct were selectively attacked by chymot-
rypsin. The former was rapidly cut into small peptides
whereas the 180 kDa band was progressively converted
into a new 105 kDa entity which incorporated the fluo-
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rescence of the S-1 heavy chain when the fluorescent
CPM-labeled S-1 was employed (Fig. 1B). The 105 kDa
product was eluted from the electrophoretic gel and after
further purification by reversed-phase HPLC, it was sub-
mitted to NH,-terminal microsequencing and to im-
munostaining with antibodies directed to the extreme
NH,-terminus of actin. The sequence analyses did not
reveal any free NH,-terminal amino acid and the im-
munoblot depicted in Fig. 1C, lanes ¢ and d, demon-
strated that the actin antibody strongly reacts with the
105 kDa derivative but not with the 95 kDa S1 heavy
chain. It recognized also the MBS-actin and 180 kDa
bands as well as faint bands in the 85-90 kDa position
which presumably correspond to traces of intermolecu-
larly cross-linked MBS-actin dimers. Collectively, these
findings clearly indicate that the 105 kDa species is com-
posed of the intact 95 kDa S-1 heavy chain cross-linked
to the chymotryptic NH,-terminal actin fragment span-
ning residues 1-67. Both components are known to bear
an acetylated NH,-terminus. The complete absence of
peptide bond cleavage at Met-44 of the covalently bound
actin peptide is in agreement with the recently described
ability of S-1 to protect the segment of residues 4450 of
G-actin against chymotryptic hydrolysis [15]). Actually,
the protection afforded by S-1 was reported to extend to
the actin stretch 60-69. However, the use we made of
EDTA during the digestion has certainly facilitated pep-
tide bond scission at Leu-67 since the 105 kDa material
was also released by chymotrypsin in the absence of
EDTA but at a much slower rate.

3.2. Localization of the cross-linking site on the actin
subdomain-2 within the segment 48—67

The cross-linked actin fragment contains three lysines
at positions 18, 50 and 61. To delineate the MBS-substi-
tuted lysine mediating the cross-linking, we coupled S-1
to subtilisin-cleaved MBS-G-actin. This protease was
shown to clip native G-actin at Met-47 into 9 kDa N-
terminal and 35 kDa C-terminal fragments which remain
noncovalently associated [9]. The proteolytic MBS-actin
derivative displayed an identical electrophoretic profile
except that the 35 kDa peptide migrated as a doublet
band reflecting the doublet composition of the parent
MBS-actin (Fig. 2A, lane O). Amino acid sequencing of
the latter isolated fragment identified Gly-48 as the
unique NH,-terminal residue as well as its first 17 resi-
dues between Gly-48 and Ile-64 (Table 1). The conjuga-
tion of the subtilisin-split MBS-actin to S-1 led to a single
new 170 kDa species (Fig. 2A) which must be the adduct
of the 95 kDa heavy chain and the 35 kDa actin frag-
ment. The generation of this product excludes the partic-
ipation of Lys-18 in the coupling reaction and, combined
with the data presented above, it is consistent with the
location of the cross-linking site on the actin stretch
48-67. It is worth noting that the yield of the 170 kDa
material was noticeably lower as compared to the 180
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kDa species issued from the condensation of S-1 with the
intact MBS-actin (Fig. 2A, lane T2), suggesting that
cleavage at Met-47 affects the efficiency of the cross-
linking between the adjacent actin segment and S-1. To
confirm that the actin region 48-67 is involved in the
cross-link between S-1 and the intact MBS-actin, we di-
rectly treated the covalent MBS-G-actin-S-1 complex
with subtilisin (Fig. 2B). The digestion led to the break-
down of the 180 kDa adduct and the concomitant forma-
tion of the 170 kDa band with very little influence on the
S-1 heavy chain structure whereas the uncross-linked
MBS-actin was split into the 9 kDa and 35 kDa peptides.
The 180-170 kDa conversion was only partial although
the conditions used ensure the complete hydrolysis of the
subtilisin-sensitive bond of MBS-actin in the absence of
S-1. This feature is also in agreement with the reported
protection of G-actin by binding to S-1 against the sub-
tilisin cut at Met-47 [15].

Finally, we investigated the cross-linking of S-1 to
FITC-G-actin stoichiometrically modified at Lys-61 [8]
and then converted into (FITC)-MBS-actin. The incor-
poration of the fluorophore into native G-actin does not
impair the interaction with S-1 [16] and the latter MBS-
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actin derivative could be coupled to S-1 with an effi-
ciency as high as for unlabeled MBS-actin (Fig. 3A,B).
Furthermore, the fluorescence of the resulting 180 kDa
product was transfered by chymotryptic digestion to the
corresponding 105 kDa entity (Fig. 3A,B, lanes a),
hence, confirming the sequence 1-67 we assigned to the
cross-linked, chymotryptic NH,-terminal actin frag-
ment. These results rule out the involvement of Lys-61
and point towards Lys-50 as the residue most likely en-
gaged in the formation of the cross-link from MBS-actin
to S-1. In the tertiary structure of actin, this side-chain
resides on the outer part of subdomain-2 at the end of
the DNAse I-binding loop [17].

Earlier, we showed that the coupling of S-1 to MBS-
G-actin at the 50 kDa heavy chain fragment inhibits its
cosedimentation with F-actin suggesting that the cross-
linking took place at or very close to the strong F-actin-
binding region of the heavy chain [1]. Following the
chymotryptic digestion of the MBS-G-actin-S-1 complex
and exhaustive dialysis to remove the small actin pep-
tides, the resulting protein solution, which included only
the covalent 105 kDa S-1-actin peptide complex and un-
cross-linked S-1 (Fig. 4A, lane c¢), was ultracentrifuged
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Fig. 1. Chymotryptic conversion of the 180 kDa MBS-actin-S-1 heavy chain adduct into a 105 kDa S-1 heavy chain-actinopeptide complex. (A) The
MBS-G-actin-S-1 conjugate was digested with a-chymotrypsin in the presence of EDTA, as described in section 2; at the times indicated, samples
were analyzed by gel electrophoresis. (B) The proteolytic reaction was also carried out on the complex of MBS-G-actin and fluorescent CPM-labeled
S-1. (C) The isolated 105 kDa band (lane c) and the cross-linking reaction mixture before digestion (lane d) were submitted to immunoblotting with
antibodies directed to the actin sequence 1-12 and to staining with Coomassie blue (lanes a and b, respectively).
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Fig. 2. Covalent coupling of the S-1 heavy chain to the 35 kDa COOH-terminal fragment of subtilisin-cleaved MBS-G-actin. (A) Isolated MBS-G-actin
(lane T1) was first split by subtilisin into the (9-35 kDa) derivative (lane O) which was then conjugated to S-1, as described in section 2; lane T2 = the
45-min coupling reaction between MBS-G-actin and S-1, used as control. (B) Breakdown by subtilisin of the 180 kDa MBS-actin-S-1 heavy chain
conjugate into a new 170 kDa species; the digestion of the covalent MBS-G-actin-S-1 complex (lane O) was done as reported in section 2.

with F-actin added at molar ratios to total S-1 of 1:1 or
2:1 (Fig. 4B, lanes d and g, respectively). These F-actin
concentrations were similar to those previously em-
ployed with the S-1-MBS-G-actin conjugate [1] so that
the F-actin affinity of the S-1-actin peptide adduct could
be qualitatively compared with that observed for the
former complex. The electrophoretic analyses showed
most of the 105 kDa species to remain in the superna-
tants dissociated from F-actin (Fig. 4B, lanes e and h) in
contrast to the residual nonconjugated S-1 which accu-
mulated in the F-actin pellets (Fig. 4B, lanes f and i).
Thus, the rigor F-actin-S-1 binding appears also blocked
within the 105 kDa complex. However, a similar chymot-
ryptic 105 kDa derivative produced from the EDC-cross-
linked MBS-actin-S-1 complex which involves the EDC-
cross-linkable sites flanking the 50-20 kDa junction of
the heavy chain [1], did fully cosediment with F-actin
under identical experimental conditions (data not
shown). This indicates that the observed inhibition of
F-actin binding is dependent not on the actin peptide by
its own but rather on the location of the heavy chain sites
to which it has been attached. Therefore, the proper
access to and positioning on F-actin of the subregion of

Table 1
Sequence analysis of the C-terminal 35 kDa fragment isolated from
subtilisin-split MBS-G-actin

Cycle no. Residue identified Yield (pmol)*
1 Gly 265
2 Gln 182
3 Lys 115°
4 Asp 158
5 Ser ND°
6 Tyr 155
7 Val 167
8 Gly 144
9 Asp 129

10 Ghu 112

11 Ala 180

12 Gln 113

13 Ser ND

14 Lys 113

15 Arg 144

16 Gly 123

17 Ile 150

*Sequencing was performed with an average yield per cycle of 97%.
*The yield of Lys-50 is about 40% lower than the theoretical value and
must result from its partial conversion into maleimidobenzoyllysine.
°ND means not determined by sequence.
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Fig. 3. Cross-linking of S-1 to MBS-G-actin fluorescently labeled at Lys-61. (A) Isolated FITC-G-actin was derivatized into (FITC)-MBS-G-actin
(lane O) which was conjugated to S-1, as outlined in section 2. After 60-min cross-linking, the protein mixture was treated with a-chymotryp-
sin + EDTA, as in Fig. 1A, and the 60-min digest was electrophorezed (lane a); lane T = control MBS-G-actin-S-1 conjugate. (B) The gels in (A)

were viewed under ultraviolet light.

the 50 kDa segment that was cross-linked by MBS to the
actin stretch of Lys-50, seem to be crucial for determin-
ing the high-binding affinity of S-1.

4. Discussion

The MBS-catalyzed coupling of actin subdomain-2 to
S-1 rationalizes the decreased levels of cross-linking pre-
viously observed [2] for MBS-F-actin relative to MBS-G-
actin, which may reflect the conformation changes
known to occur in this domain during the G-F-conver-
sion [18-20] as well as the change in the environment of
Lys-50 earlier noticed upon actin polymerization [21].
The much lower chemical reactivity of the latter residue
in F-actin could explain, at least in part, the failure of the
preformed F-actin-S-1 complex to be cross-linked by di-
rect reaction with MBS [2]. It is worth noting that al-
though the cross-linking of MBS-actin to S-1 appears to
involve only Lys-50, this side-chain is not the unique
lysine in actin which carries a free maleimidobenzoyl
group. This is indicated by the incorporation of fluores-
cence we observed within the 180 kDa MBS-actin-heavy
chain adduct upon reaction of the conjugate with an

excess of thiolated N-(5-sulfo-1-naphthyl) ethylenedi-
amine (EDANS) [2] which readily attaches to the
maleimide moiety of some other(s) MBS-lysine(s) not
participating in the cross-linking. Thus, the various
structural analyses we performed on the 180 kDa prod-
uct are required to ensure the identification of the cross-
linked actin region.

Most importantly, the conjugation of the actin subdo-
main-2 to the 50 kDa heavy chain fragment provides an
experimental support to the recently proposed structural
model of the F-actin-S-1 complex [6]. In this model S-1
spans two longitudinal actin monomers and bears a set
of primary actin recognition sites with binding to subdo-
main-1 of an actin monomer and interaction with the top
of subdomain-2 on the next actin subunit. The latter
close contact is thought to involve the actin residues
40-42 and the peptide stretch 552-558 located in the
lower domain of the 50 kDa fragment. The length of the
maleimidobenzoyl arm on the g-amino group of Lys-50
(0.9-1.0 nm) which is located in the model very near the
lower domain of the 50 kDa region, makes possible the
cross-linking at this heavy chain segment. The conjuga-
tion at this cricital subregion of the 50 kDa fragment
may explain the observed ability of the covalently at-
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Fig. 4. Blocking of F-actin binding to S-1 cross-linked at the 50 kDa heavy chain region to the chymotryptic actin peptide of residues 1-67. (A) Purified
MBS-G-actin (lane a) was conjugated to S-1 (lane b) and the resulting protein mixture was incubated for 60 min with a-chymotrypsin + EDTA, as
described in section 2, to produce the 105 kDa S-1-actinopeptide complex (lane ¢). (B) The chymotryptic digest was supplemented with F-actin added
at a molar ratio to S-1 of 1:1 (lane d) or 2:1 (lane g); the supernatants (lanes ¢ and h, respectively) and pellets (lanes f and i, respectively) obtained

by ultracentrifugation were analyzed by gel eletrophoresis.

tached intact MBS-G-actin [1] or its 67-residue chymot-
ryptic peptide to interfere with further tight binding of
S-1 to F-actin. Because the maleimide group can react
with cysteines or lysines of proteins, the nature of the
cross-linked heavy chain site cannot be envisioned from
the reconstructed acto-S-1 complex; current structural
studies on the 180 kDa species are underway for its
characterization.

The MBS-G-actin monomer was reported to undergo
an equilibrium with a dimer form [5], similarly to native
G-actin [22] to which S-1 could bind, and interaction of
S-1 at subdomain-1 of MBS-G-actin was earlier demon-
strated [1]. Therefore, the solution binding of S-1 to the
dimeric MBS-G-actin species might have driven its spe-
cific cross-linking to subdomain-2 as with MBS-F-actin.
Parallel investigations from our laboratory [23] have also
identified within the native F-actin-S-1 complex the
cross-linking of the 50 kDa fragment to the actin se-
quence 48-67, using glutaraldehyde as cross-linker.
Thus, the spatial relationships of these two regions are
similar in the complexes of S-1 with G- or F-actin. The
interaction of S-1 with either MBS-G-actin [4] or native
G-actin [24] is highly salt-sensitive involving mainly elec-

trostatic bonds but not the strong hydrophobic contacts
that operate in the rigor F-actin-S-1 complex. These are
represented by stereospecific bonds between the lower
domain of the 50 kDa fragment and hydrophobic resi-
dues at the bottom surface of actin subdomain-1 facing
the subdomain-2 loop of the actin protomer below [6].
The dual association of S-1 to these two adjacent subdo-
mains within a stable F-actin dimer appears essential for
the precise orientation of the actin binding cleft in the 50
kDa fragment to its hydrophobic recognition sites on the
actin molecule.
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