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ABSTRACT: Myosin II molecules assemble and form filaments through their C-terminal rod region, and
the dynamic filament assembly-disassembly process of nonmuscle myosin II molecules is important for
cellular activities. To estimate the critical region for filament formation of vertebrate nonmuscle myosin
II, we assessed the solubility of a series of truncated recombinant rod fragments of nonmuscle myosin
IIB at various concentrations of NaCl. A C-terminal 248-residue rod fragment (Asp 1729-Glu 1976)
was shown by its solubility behavior to retain native assembly features, and two regions within it were
found to be necessary for assembly: 35 amino acid residues from Asp 1729 to Thr 1763 and 39 amino
acid residues from Ala 1875 to Ala 1913, the latter containing a sequence similar to the assembly
competence domain (ACD) of skeletal muscle myosin. Fragments lacking either of the two regions were
soluble at any NaCl concentration. We referred to these two regions as nonmuscle myosin ACD1 (nACD1)
and nACD2, respectively. In addition, we constructed anR-helical coiled-coil model of the rod fragment,
and found that a remarkable negative charge cluster (termed N1) and a positive charge cluster (termed
P2) were present within nACD1 and nACD2, respectively, besides another positive charge cluster (termed
P1) in the amino-terminal vicinity of nACD2. From these results, we propose two major electrostatic
interactions that are essential for filament formation of nonmuscle myosin II: the antiparallel interaction
between P2 and N1 which is essential for the nucleation step and the parallel interaction between P1 and
N1 which is important for the elongation step.

Myosins constitute a superfamily of actin-based molecular
motors that are involved in cellular activities such as muscle
contraction, organelle motility, cell migration, and cytokinesis
(for reviews, see refs1 and2). All types of myosins consist
of a conserved N-terminal motor domain containing an actin-
binding site and an ATP-binding site, a neck region that
interacts with light chains and/or calmodulin, and a diverse
C-terminal tail region. Myosin II, one of the best-studied
members of the superfamily, is a hexamer composed of two
heavy chains (MHCs) and two pairs of light chains with a
molecular shape of two globular heads connected to long
tails. Each head (the motor domain and the neck region)
consists of the N-terminal region of the MHC and a pair of
light chains, and the C-terminal regions of the two MHCs

which form anR-helical coiled-coil structure constitute the
rodlike tail. The tails are involved in the assembly of myosin
II molecules into filaments. In the amino acid sequence of
the tail region, the 28-amino acid repeating units containing
four heptad repeats characteristic of coiled-coil proteins
exhibit patches of negative and positive charges spaced 14
residues apart. These repeats were proposed to be responsible
for the packing of the coiled-coil tails for formation of
filaments through electrostatic interaction (3, 4).

Among the two subclasses of vertebrate myosin II mole-
cules, sarcomeric types from skeletal and cardiac muscle
always form stable thick filaments under physiological con-
ditions. On the other hand, the filament assembly-disas-
sembly process appears to be dynamicin Vitro in nonsar-
comeric-type myosin II forms from smooth muscle and
nonmuscle tissues (1, 5). However, smooth muscle myosin
II can form filaments even in the relaxed statein ViVo (6,
7). Dynamic assembly-disassembly transitions of myosin
II molecules are important in nonmuscle cells, and are known
to be organized spatiotemporally in response to certain
signals, as demonstrated in studies ofDictyosteliummyosin
II (8, 9). The understanding of the molecular mechanism for
the filament assembly is advanced also in the studies of
Dictyostelium(10-12) as well as ofAcanthamoeba(13, 14).
It is noted, however, that these protozoan myosin II forms
are classified in subclasses different from those of vertebrate
nonmuscle myosin IIs (1). In vertebrate nonmuscle cells,
there are three isoforms of myosin II termed myosin IIA,
IIB (1, 15-17), and the recently identified IIC (2, 18), each
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consisting of myosin heavy chain IIA (MHC-IIA), IIB
(MHC-IIB), and IIC (MHC-IIC), respectively, and light
chains. Differences in subcellular localization between
myosin IIA and IIB (19-22) suggest that these isoforms may
assemble differentially and form homogeneous filaments
consisting of each isoform in the cells. It was demonstrated
that the assembly of myosin IIA and IIB might be regulated
in a distinct manner (23-25).

Although the precise molecular mechanism of filament
formation remains to be established even in the case of
sarcomeric myosins, it was thought that filament formation
proceeded through two steps, that is, the nucleation and
elongation steps (13, 26, 27). Nucleation involves the
antiparallel association of two myosin II molecules, and
elongation occurs by the addition of monomers to fila-
ment ends. A bipolar minifilament consisting of∼30
molecules was formed from purified platelet myosin II (28),
and the presence of similar minifilaments was observed in
fibroblasts (29).

Attempts to locate the critical regions for filament forma-
tion in myosin II have indicated the importance of the
C-terminal region of the rod (30-36). However, few studies
have pursued a more detailed analysis to date. Sohnet al.
reported that a specific 29-residue region, termed the
assembly competence domain (ACD),1 near the C-terminus
of the rod is critical for sarcomeric myosin II assembly (34).
A region similar to the ACD sequence was found in both
smooth muscle and nonmuscle myosin II. Ikebeet al.
reported that the 28 residues at the C-terminal end of the
coiled-coil domain, distinct from the ACD region, are
important for the filament formation of both smooth muscle
and nonmuscle myosin II (35). The studies of the expres-
sion of the GFP-fused deletion mutant of myosin II heavy
chains in the cultured cell also revealed the importance of
the C-terminal region of the rod for the filament formation
(35, 36).

In this study, we were able to identify the critical regions
for filament formation of vertebrate nonmuscle myosin II
by analyzing the solubility properties of a series of truncated
recombinant rod fragments of nonmuscle myosin IIB.
Further, we constructed a model of anR-helical coiled-coil
structure for the myosin IIB rod fragment, and showed that
the electrostatic interactions between the three identified
regions could be important for the assembly of nonmuscle
myosin II molecules.

MATERIALS AND METHODS

Plasmid Construction.Human brain poly(A)+ mRNA was
prepared from human brain (whole) total RNA (Clontech)
with a BioMag mRNA purification kit (PerSeptive Biosys-
tem). Human brain cDNA was synthesized using a cDNA
synthesis kit (Pharmacia) and poly(A)+ mRNA. The DNA
encoding the MHC-IIB rod fragment (BRF, 1729-1976) was
amplified by PCR using the human brain cDNA library as a
template, and primers Bu1 (5′-CGCGGATCCGGATGAG-
AAGCGGCGTCTGGAAGC-3′) and Bd (5′-CGCGGATC-
CGCAACTTTACTCTGACTGGGGTGG-3′), with theBam-
HI site underlined. The amplified DNA was digested with

BamHI and subcloned into theBamHI site of the pET15b
vector (Novagen) to obtain plasmid pET-BRF, which en-
codes BRF. The entire nucleotide sequence of the amplified
DNA was confirmed by sequencing in both orientations using
a sequencer (LI-COR model 4000L DNA sequencer, Aloka).
The construct encoding BRF∆N146 (1875-1976) was gen-
erated in a similar manner using primer Bu2 (5′-CGC-
GGATCCGGCCAACGCTCGGATGAAGC-3′) instead of
Bu1. The constructs encoding BRF∆C73 (1729-1902) and
BRF∆C102 (1729-1874) were generated by PCR using
pET-BRF as a template, and primer sets of Bu1 and
5′-CGGGATCCTAGAGTTTACGCCGAGATGCG-3′ and
Bu1 and 5′-CGCGGATCCTTACTTCTCCATCTGCTCTT-
TATAC-3′, respectively. The constructs encoding BRF∆N175
(1904-1976) and BRF∆N35 (1764-1976) were generated
by PCR using pET-BRF as a template, and primer sets of
5′-CGCGGATCCGCAGCGGGAACTGGATGATGCC-
ACCG-3′ and Bd and 5′-CGGGATCCGCTACAGGTG-
GAC-3′ and Bd, respectively. For internal deletion, sense
and antisense primers were designed so they would be
hybridized to regions of pET-BRF flanking the target site
for deletion. For the construct of BRF∆ACD28 (deletion
from Ala 1875 to Lys 1902), the following primers were
used in combination with primers Bu1 and Bd: sense primer,
5′-TAAAGAGCAGATGGAGAAGCTCCAGCGGGAA-
CTGGATGATG-3′; and antisense primer, 5′-CATCCAGT-
TCCCGCTGGAGCTTCTCCATCTGCTCTTTATAC-3′. For
the construct of BRF∆ACD56 (deletion from Val 1858 to
Ala 1913), the following primers were used in combination
with Bu1 and Bd: sense primer, 5′-GCTGAAAGAAATCT-
TCATGCAGAACGAGGGCCTGAGCCGCGAAG-3′; and
antisense primer, 5′-CTTCGCGGCTCAGGCCCTCGTTCT-
GCATGAAGATTTCTTTCAGC-3′.

Expression and Purification of Recombinant Proteins.The
Escherichia coliBL21(DE3)pLysS cells, transformed with
each pET15b construct, were cultured in 250 mL of LB
medium supplemented with 50µM ampicillin and 34µM
chloramphenicol at 37°C until the OD600 reached 0.6. IPTG
was then added to a final concentration of 1 mM, and the
cells were incubated for a further 6 h. The cells were then
harvested by centrifugation at 6000g for 5 min at 4°C. The
cell pellet was resuspended in 50 mL of 50 mM Tris-HCl
(pH 7.5) and centrifuged at 8000g for 5 min at 4°C. The
supernatant was discarded, and the cell pellet was flash-
frozen in liquid N2 and stored at-80 °C. The frozen cells
were lysed by thawing in a binding buffer [20 mM Tris-
HCl (pH 7.9), 0.5 M NaCl, 5 mM imidazole] containing 10
mM MgCl2, 20 µg of DNase I (Sigma), and 0.1 mM PMSF
and incubated at room temperature for 20 min. After removal
of cell debris by centrifugation at 130000g for 20 min, the
lysate was loaded onto a Ni2+ affinity resin column (His-
Bind, Novagen) equilibrated with binding buffer. The column
was washed with washing buffer [20 mM Tris-HCl (pH 7.9),
0.5 M NaCl, and 60 mM imidazole]. The recombinant His-
tagged proteins were eluted with 20 mM Tris-HCl (pH 7.9),
0.5 M NaCl, and 1 M imidazole. In the case of BRF, the
pooled fraction was dialyzed against a low-salt buffer [50
mM sodium phosphate (pH 6.0), 50 mM NaCl, and 2 mM
MgCl2] containing 0.1 mM PMSF. The assembled BRF was
collected by centrifugation at 12000g for 5 min and then
dissolved in a high-salt buffer [20 mM Tris-HCl (pH 7.5)
and 0.5 M NaCl]. In the case of the other deletion mutants,

1 Abbreviations: ACD, assembly competence domain; BRF, MHC-
IIB rod fragment; ARF, MHC-IIA rod fragment.
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the pooled fraction was dialyzed against a high-salt buffer
containing 0.1 mM PMSF, and then concentrated by ultra-
filtration in a VIVASPIN 6 apparatus (Sartrius). The
recombinant proteins were digested with 2.5 units of
thrombin/mg of protein in 20 mM Tris-HCl (pH 7.5) and
0.25 M NaCl for 16 h at 4°C, and then dialyzed against a
high-salt buffer to remove the His-tag. Each of the resulting
fragments contains an extra sequence of Gly-Ser-His-Met-
Leu-Glu-Asp-Pro at the N-terminus. The concentrations of
the recombinant proteins were measured with the Protein
Assay Reagent (Bio-Rad) using BSA as a standard. The
profiles of the fragments used in this study are summarized
in Figure 1. Figure 2 shows the SDS-PAGE (37) pattern of
the purified fragments.

Measurement of the Solubility of Recombinant Fragments.
The solubility of the recombinant myosin II heavy chain rod
fragments was examined by ultracentrifugal separation of
soluble monomers and precipitation of the assembled frag-
ments after incubation at various salt concentrations. The
recombinant rod fragments (0.1 mg/mL) were incubated in
0.05-0.5 M NaCl, 20 mM Tris-HCl (pH 7.5), and 2 mM
MgCl2, for 1 h at 4°C, and then ultracentrifuged at 420000g
for 20 min at 4°C. Both the supernatants and the initial
reaction mixture before centrifugation were subjected to
SDS-PAGE (37). The concentrations of monomers in the

supernatant and total protein in the initial reaction mixture
were determined by a densitometric scan of the CBB-stained
gel bands using ATTO Densitograph (ATTO). The solubility
was calculated on the basis of the concentration of total
protein in the initial reaction mixture being 100%.

Electron Microscopic Analysis.Transmission electron
microscopy was performed by using a JEOL instrument
(JEM-1200EX) at an acceleration voltage of 120 kV. A drop
of aggregated rod fragments [0.1 mg/mL fragments, 50 mM
NaCl, 20 mM Tris-HCl (pH 7.5), and 2 mM MgCl2] of 10
µL was put on carbon-coated 200 mesh grids that were
rendered hydrophilically by glow discharge at a reduced
pressure. After 180 s had passed for adsorption, the grids
were stained with 10µL of 1% (w/v) uranyl acetate (pH
4.0).

Construction of theR-Helical Coiled-Coil Structure Model
of the Myosin IIB Rod Fragment.The CR coordinates of the
left-handed coiled-coil structure of the myosin IIB rod
fragment were computed on the basis of the parametric
equations proposed by Crick (38, 39). The following
parameters were used.The radius, the pitch per turn, and the
number of residues per turn inR-helix were 2.3 Å, 5.4 Å,
and 3.5, respectively; the radius of the coiled coil was 5.2
Å, and the number of heptad repeats in one repeat of the
coiled coil was 13. Thus, a pitch of a repeat distance of the
computed coiled-coil structure was 140.4 Å. On the basis
of the CR coordinates, a model structure of a coiled-coil
region (Asp 1729-Gly 1932) of BRF was constructed using
the molecular modeling software SYBYL/COMPOSER
(Tripos, Inc.). To maintain the heptad repeat, the initial
model was constructed without Lys 1811 that protruded into
the heptad structure. The coordinates of the main and side
chains of each amino acid except Lys 1811 were added to
the constructed CR coordinates, and then Lys 1811 was in-
serted into that model. The construction of the coiled-coil
model was completed after optimization of the side chain
rotamers, addition of the hydrogens, and energy minimiza-
tion. Construction of the surface structure and the electrostatic
potential mapping were performed using SYBYL/MOLCAD
(Tripos, Inc.).

RESULTS

Short Rod Fragments Contain the Minimum Sequences
Critical for Assembly.Since myosin II molecules assemble
into filaments at low ionic strengths and solubilize with an
increase in the salt concentration through their electrostatic
interaction, quantification of a salt-dependent solubility
change in myosin II molecules has been one of the means
of estimating the assembly properties of them. The method
has also been used to demonstrate the assembly properties
of the bacterially expressed rod fragments of various kinds
of myosin II heavy chains. In this study, we tried to define
the regions critical for the filament assembly of vertebrate
nonmuscle myosin II. We expressed various rod fragments
of the human nonmuscle myosin heavy chain IIB (Figure 1)
and assessed the solubility of these fragments at various NaCl
concentrations. We initially chose a MHC-IIB rod fragment
(BRF) comprising 248 amino acid residues from the C-ter-
minus (Asp 1729-Glu 1976), and the result was compared
with that of peptide ARF (Glu 1722-Glu 1960) derived from
a similar region of nonmuscle myosin heavy chain IIA. At

FIGURE 1: Fragments of the C-terminal rod region from human
nonmuscle myosin heavy chain IIB expressed inE. coli. The size
of the human nonmuscle myosin IIB rod fragment, BRF (1729-
1976), is approximately one-fifth of the full-length rod. Residue
numbers at the regions noted in this study are indicated. Black and
gray regions indicate the assembly competence domain (ACD)-
like region and the nonhelical tail piece, respectively.

FIGURE 2: SDS-PAGE patterns of the purified rod fragments of
nonmuscle myosin II isoforms expressed inE. coli: lane 1,
Precision Plus Protein Standards (Bio-Rad); lane 2, ARF; lane 3,
BRF; lane 4, BRF∆C73; lane 5, BRF∆C102; lane 6, BRF∆N146;
lane 7, BRF∆N175; lane 8, BRF∆ACD28; lane 9, BRF∆ACD56;
and lane 10, BRF∆N35.
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the N-terminus, BRF contains one (Asp 1729-Gln 1749)
of the regions exhibiting marked amino acid sequence
identities among the nonsarcomeric MHCs as pointed out
previously (40). The nonhelical tail piece and a sequence
(Ala 1875-Leu 1903) similar to the ACD of sarcomeric
myosins are also contained in BRF.

As shown in Figure 3, the solubility of BRF and ARF
decreased with a decrease in the concentration of NaCl. BRF
appeared to suffer a decrease in solubility under ionic con-
ditions of around 300 mM NaCl and was almost completely
insoluble under physiological salt conditions (150 mM), a
concentration at which more than half of the ARF remained
soluble. The properties of the solubility of these fragments
were similar to the reported properties of much longer rod
fragments containing the C-terminal region of each isoform
(23). This result indicates that BRF and ARF could contain
the minimum sequences critical for the assembly of non-
muscle myosin II forms.

Two Regions Are Required for the Assembly of the IIB
Rod Fragment.To study whether the ACD-like sequence
was important for the assembly of BRF, we made six
truncated mutants focusing on the region near the ACD-like
sequence (Figures 1 and 2). In the creation of the internal
deletion mutants, a 28-residue unit was taken into consid-
eration to maintain the periodicity of charged residues. A
variety of expressed rod fragments were examined for their
solubility at various NaCl concentrations, and the results are
shown in Figure 4. BRF∆C73 lacking 73 residues from the
C-terminus of BRF but retaining the ACD-like sequence was

soluble at a concentration of NaCl of<0.15 M, indicating
its weaker ability to assemble compared to the ability of BRF.
BRF∆C102 with a further C-terminal deletion, lacking the
ACD-like sequence as well, was completely soluble even at
0.05 M NaCl. These results indicate that the ACD-like
sequence is necessary but not sufficient for the assembly of
BRF, and some residues on the C-terminal side of the ACD-
like sequence are also required. Since BRF∆N146 consisting
of a region from the ACD-like sequence to the C-terminal
end was completely soluble even at lower NaCl concentra-
tions, some of the N-terminal region of the ACD-like
sequence is also required for assembly. BRF∆N175, lacking
the ACD-like sequence region of BRF∆N146, was also
completely soluble under all conditions that were tested (data
not shown). BRF∆ACD28 lacking 28 residues of the ACD-
like sequence of BRF was barely insoluble at the concentra-
tion of NaCl lower than 0.1 M, indicating its ability to
assemble is weaker than that of BRF∆C73. BRF∆ACD56
lacking a further 17 and 10 residues of the N-terminal and
C-terminal sides of ACD-like sequence, respectively, from
BRF∆ACD28 failed to precipitate under any conditions that
were tested. These results taken together suggest (1) there
is a region necessary for the assembly of myosin IIB within
the 39 residues (Ala 1875-Ala 1913) which includes the
ACD-like sequence and (2) there is another essential region
for assembly somewhere within the N-terminal region of
BRF that can interact with the region (Ala 1875-Ala 1913).
The results showing both BRF∆C102 and BRF∆N146, each
consisting of the N-terminal side of Lys 1874 and the
C-terminal side of Ala 1875, respectively, failed to precipitate
under any conditions that were tested strongly support this
assumption.

The amino acid sequence of the 39-residue region (Ala
1875-Ala 1913) shows a characteristic arrangement of
charged residues. Positive and negative clusters are alterna-
tively aligned twice from the N-terminus of this region
(Figure 5). We have searched for a region accommodating
and interacting with the characteristic arrangement of the
39-residue region within the N-terminal side of BRF on the
basis of the primary structure. An N-terminal region of
BRF consisting of 35 residues (Asp 1729-Thr 1763) was
suggested as a candidate. To check this possibility, we
constructed a deletion mutant (BRF∆N35) of this region and
examined its solubility (Figure 4). BRF∆N35 could not be
precipitated at any salt condition, which supports the idea
that the N-terminal 35-residue region (Asp 1729-Thr 1763)
could be a region interacting with the 39 residues (Ala 1875-
Ala 1913). The regions were termed nACD1 and nACD2,
respectively.

Next, we attempted to assess the critical monomer
concentration for assembly of the three fragments, BRF,
BRF∆C73, and BRF∆ACD28. Since BRF was precipitated
even at concentrations as low as 10µg/mL at 125 mM
NaCl, we could not determine the exact critical concentration
by this method (Figure 6). In contrast, almost all of the
BRF∆C73 and BRF∆ACD28 added to the reaction mixtures
was recovered in the supernatant at 125 mM NaCl. Even at
the increased concentration of 500µg/mL, both fragments
were not precipitated under this ionic condition (data not
shown). At 50 mM NaCl, the critical concentrations of
BRF∆C73 and BRF∆ACD28 were estimated to be∼10 and
∼20 µg/mL, respectively. These results are consistent with

FIGURE 3: Solubility of the rod fragments of nonmuscle myosin II
isoforms as a function of NaCl concentration. ARF (9) and BRF
(b) were incubated in 20 mM Tris-HCl (pH 7.5) and 2 mM MgCl2
with various concentrations of NaCl. After ultracentrifugation, the
concentration of soluble monomers remaining in the supernatant
was determined as described in Materials and Methods. The
solubility was calculated on the basis of the concentration of total
protein in the initial reaction mixture.

FIGURE 4: Solubility of BRF and its truncated fragments as a
function of NaCl concentration. The concentration of soluble
monomers was estimated as described in the legend of Figure 2:
BRF (b), BRF∆C73 (2), BRF∆ACD28 (9), BRF∆N35 (4),
BRF∆ACD56 (0), BRF∆C102 (]), and BRF∆N146 ([).
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the assembly properties of these fragments evaluated from
the solubility at various NaCl concentrations.

The structures of BRF, BRF∆C73, and BRF∆ACD28
were observed by electron microscopy at 50 mM NaCl. The
BRF was shown to be a filamentous structure (Figure 7).
On the other hand, BRF∆C73 and BRF∆ACD28 experienced
disordered aggregation. These results suggest that only BRF
would be capable of carrying out ordered assembly like a
native filament.

Construction of anR-Helical Coiled-Coil Model of the
IIB Rod Fragment.There is no question that the myosin II
tail forms anR-helical coiled-coil structure consisting of two
heavy chains because of the highly distinctive feature of its
primary structure and also of its electron microscopic image.

FIGURE 5: Alignment of the sequences of human myosin II heavy chains in regions homologous to BRF. Heptad repeat positions are
indicated above the sequences. Double and single underlines indicate the ACD sequence and ACD-like sequence of various human myosins,
respectively (34). Wave and dotted lines indicate nACD1 and nACD2 identified in this study, respectively. Bold characters indicate the
negative charge cluster (N1) and the two positive charge clusters (P1 and P2). Italic characters indicate nonhelical tail pieces. Residue
numbers for MHC-IIB are given. Sequence data were obtained by GenBank from the following sources: MYH10 (41), MYH9 (42), MYH14
(2), MYH11 (43), MYH1 (44), MYH6 (45), and MYH7 (46).

FIGURE 6: Critical monomer concentration for assembly of BRF
and its truncated fragments. The critical concentrations for BRF
(circles), BRF∆C73 (triangles), and BRF∆ACD28 (squares) were
estimated under the following conditions: 20 mM Tris-HCl (pH
7.5) and 2 mM MgCl2 with 125 mM NaCl (filled symbols) or with
50 mM NaCl (empty symbols).
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BRF has a typical amino acid sequence for theR-helical
coiled-coil structure except for the nonhelical tail pieces
(Figure 5). A quaternary structure model of a coiled-coil
region (Asp 1729-Gly 1932) of BRF was constructed on
the basis of Crick’s coiled-coil model (Figure 7). Lys 1811
is a skip residue interrupting the regular heptad repeat;
therefore, a basic model with the exception of this residue
was first constructed, and then this residue was inserted into
the model. Mapping of electrostatic potential on the surface
of the constructed model revealed a remarkable negative
charge cluster (Glu 1742-Glu 1753, termed N1) and a
positive charge cluster (Lys 1874-Arg 1884, termed P2)
present within nACD1 and nACD2, respectively. Moreover,
another positive charge cluster (Lys 1842-Lys 1852, termed
P1) was present in the N-terminal side of nACD2. These
three regions, two of which are involved in nACD1 and
nACD2, may be important for electrostatic interactions
between the fragments for their assembly.

DISCUSSION

In this report, we described the role of two regions in the
C-terminal region of nonmuscle MHC-IIB that are required
for filament assembly. It was shown that fragments lacking
either nACD1 or nACD2 were soluble at any NaCl concen-
tration. We constructed anR-helical coiled-coil structure
model of the MHC-IIB rod fragment, which indicated the
existence of negative charge cluster N1 and two positive
charge clusters, P1 and P2 (Figure 8). We hypothesize that
the electrostatic interaction among these charge clusters
would be important for the nucleation step of filament
formation and also for elongation.

We considered the mode of the interaction between the
two rod fragments on the basis of the electrostatic potential
map on the molecular surfaces of the constructed model
(Figure 9). Figure 9A shows the best match mode for
antiparallel interaction, which is formed mainly by the

electrostatic interactions between N1 and P2, and additionally
between the C-terminal region from nACD1 and P1 of each
fragment. The length of the antiparallel overlap between
myosin II molecules has not been established yet. Kendrick-
Joneset al. first indicated that smooth muscle myosin rods
formed a 43 nm antiparallel overlap when they were
precipitated with divalent cations (47). Nonmuscle myosin
II rods from brain formed an equivalent assembly structure
(48). 10S monomers of smooth muscle myosin formed an
antiparallel folded dimer with an approximately 45 nm
overlap at very low ionic strengths (49, 50) as well as 6S
monomers (51). Interestingly, our antiparallel model exhibits
a molecular overlap similar to the reported length (Figure
9A) if we add the nonhelical tail pieces to each C-terminal
end, although the exact length of the nonhelical tail piece
has not been determined yet. On the other hand, Figure 9B
shows the best mode for parallel interaction of the con-
structed model, which is formed mainly by the electrostatic
interaction between N1 and P1 of each fragment, giving an
∼14 nm stagger between two fragments. This length is close
to that of widely observed axial stagger between neighboring
molecules in the filament of sarcomeric myosin (52) as well
as nonsarcomeric myosins (53). The positions of the charged
residues in both nACD1 and nACD2 are compatible with a
common 28-residue repeating unit involved in the interaction
between neighboring molecules. Besides the agreement with
the periodicities in sequence, the extent of negative and
positive charges at N1 and P1 or P2, respectively, was
prominent in the constructed model. The expected strong
interactions among these clusters can be supported further
by the charge distribution in the vicinity which is favorable
for the stabilization of filaments. The antiparallel interaction
could be much more stable than the parallel one, because
the former contains two strong interaction sites consisting
of N1 and P2 while the latter contains only one site consisting
of N1 and P1 between two molecules (Figure 9). It is
noteworthy that both the antiparallel and parallel models
presented here showed good fits between two fragments in
shape as well as in electrostatic interaction.

We demonstrate here that the corresponding region of the
ACD proposed in sarcomeric myosin with a few residues at
its C-terminal sides, nACD2, would be important for
molecular assembly even in nonsarcomeric-type myosin II
by estimation of the solubility properties of rod fragments.
It is noted that the region of nACD2 considerably overlaps
with the extended ACD proposed by Cohen and Parry (54).
Further, we found the presence of the region (nACD1)
interacting with the ACD or extended ACD in nonmuscle
myosin II, which was predicted previously in sarcomeric
myosin (34, 54). The sequence of nACD1 is specific for
nonsarcomeric-type myosin II molecules, although that of
nACD2 is conserved among the corresponding regions of
myosin II molecules (Figure 5). The remarkable property of
the nACD1 is the paucity of positive charge residues at the
central portion. There is a long stretch with eight negative
and no positive charge residues within 20 amino acids (Ile
1738-Asp 1757), possibly leading to a negative charge
cluster, N1, in this region. A long stretch without positive
charge (18 or 19 amino acids) also exists within a corre-
sponding region of nACD1 in sarcomeric-type myosin II
forms, though there are not so many negative charge residues
compared to the number in nonsarcomeric-type myosin II

FIGURE 7: Electron micrographs of rod fragments under low-salt
conditions. The structure of BRF and its truncated fragments was
observed by electron microscopy at 50 mM NaCl, 20 mM Tris-
HCl (pH 7.5), and 2 mM MgCl2: (A) BRF, (B) BRF∆C73, and
(C) BRF∆ACD28. The bar represents 1.0µm.
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forms (Figure 5). Actually, the fragment of skeletal muscle
myosin II equivalent to BRF was able to assemble, but the
one lacking this region was not (34). Although we need
further information about whether this region has properties
similar to those of nACD1, the nucleation step of myosin II
molecules might be basically similar in the sarcomeric and
nonsarcomeric types.

The truncated fragments (BRF∆C73 and BRF∆ACD28)
that failed to assemble under physiological ionic conditions
might associate in ways different from those of the regular
modes indicated in Figure 9 under very low-salt conditions.
Actually, electron micrographic observation revealed that
BRF∆C73 and BRF∆ACD28 experienced disordered ag-
gregation (Figure 7). The distribution of electrostatic potential

FIGURE 8: Structural model of theR-helical coiled-coil portion (Asp 1729-Gly 1932) of BRF. (A) Electrostatic surface potential. The
intensity of surface colors red and blue represents the extent of electrostatic potential, negative and positive, respectively. The regions
nACD1 and nACD2 are indicated by colored underlines. The remarkable negative charge cluster (N1) and positive charge clusters (P1 and
P2) are also indicated. Shown here are four views obtained by rotating the molecules counterclockwise viewed from N-terminal side along
a rod axis (0°, 45°, 90°, and 135° as indicated). (B) N1, P1, and P2 regions of BRF. All protein atoms are shown as space-filling models.
Each myosin heavy chain is shown with different colors, cyan and yellow. In these images, nitrogen atoms (as a positive charge indicator)
and oxygen atoms (as a negative charge indicator) are colored blue and red, respectively. Enlarged views of N1, P1, and P2 regions were
shown with their amino acid sequences.
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on the surface of these fragments changed slightly from the
original one (data not shown), causing a different mode of
association. The truncated fragments (BRF∆C102 and
BRF∆ACD56) failed to precipitate even at very low ionic
strengths. These fragments might be able to perform only
parallel interactions. The nucleation step caused by antipar-
allel interactions would be indispensable for a filament
formation so that both BRF∆C102 and BRF∆ACD56 might
fail to assemble.

It has been demonstrated that the C-terminal region from
nACD2 was also important for filament formation (23-25,
33, 35, 55, 56). The 28 residues from the C-terminal end of
the coiled-coil domain of smooth muscle myosin and
nonmuscle myosin IIA were shown to be critical for filament
formation (35). It was shown that the antibodies recognizing
the 28 residues from the C-terminal end of the coiled-coil
domain of smooth muscle myosin inhibited filament forma-
tion (35). We suppose that the antibody against this region
may sterically prevent the interaction between nACD1 and
nACD2 because of its large size, like the inhibitory effect
of mts1 (a member of the S100 family of Ca2+-binding
proteins) on the assembly of nonmuscle myosin IIAin Vitro
(24, 25). This region would have a regulatory role for
filament formation when nACD1 and nACD2 interact with
each other between myosin II molecules. The nonhelical tail
piece might also influence the interaction between nACD1
and nACD2. Deletion of the nonhelical tail piece of myosin
IIA resulted in an increase in the critical concentration for
assembly (33). Assembly of myosin IIB was significantly
inhibited by the phosphoryltaion of its nonhelical tail piece
(23, 24). The alternatively spliced isoforms of smooth muscle
myosin heavy chains that differ at their nonhelical tail pieces
exhibited different properties during filament assembly (55,

56). The filament assembly ofDictyosteliummyosin II is
regulated by phosphorylation at three Thr residues in the tail
region (10-12). Besides the regulation by phosphorylation
of the regulatory light chains, vertebrate nonmuscle myosin
II molecules might have a regulatory mechanism for as-
sembly in the tail region analogous to that ofDictyostelium
myosin II. The C-terminal region of nACD2 could take part
in such a regulatory mechanism by affecting the interaction
between nACD1 and nACD2, which is required for the
nucleation step of filament formation.

The solubility properties of truncated rod fragments and
the results of molecular modeling presented in this paper
indicated that the extended ACD-like region (nACD2) is
important for the filament formation of nonmuscle myosin
II. Moreover, we identified nACD1 as the target site of
nACD2. We propose that the antiparallel interaction between
N1 and P2 located within these regions is essential for the
nucleation step of nonmuscle myosin II assembly and the
parallel interaction between N1 and P1 is important for the
elongation step. Further studies will reveal how myosin II
molecules form filaments through the interaction of these
regions.
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