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Summary 

Myosin II molecules assemble into filaments through their C-terminal rod region, and are 

responsible for several cellular motile activities. Three isoforms of nonmuscle myosin II (IIA, IIB 

and IIC) are expressed in mammalian cells. However, little is known regarding the isoform 

composition in filaments. To obtain new insight into the assembly properties of myosin II 

isoforms, especially regarding the isoform composition in filaments, we performed a combination 

analysis of fluorescence correlation spectroscopy (FCS) and fluorescence cross-correlation 

spectroscopy (FCCS), which enables us to acquire information on both the interaction and the 

size of each molecule simultaneously. Using C-terminal rod fragments of IIA and IIB (ARF296 

and BRF305) labeled with different fluorescent probes, we demonstrated that hetero-assemblies 

were formed from a mixture of ARF296 and BRF305, and that dynamic exchange of rod 

fragments occurred between pre-formed homo-assemblies of each isoform in an 

isoform-independent manner. We also showed that Mts1 (S100A4) specifically stripped ARF296 

away from the hetero-assemblies, and consequently, homo-assemblies of BRF305 were formed. 

These results suggest that IIA and IIB can form hetero-filaments in an isoform-independent 

manner, and that a factor like Mts1 can remove one isoform from the hetero-filament, resulting in 

a formation of homo-filaments consisting of another isoform. 

 

 

Key words: myosin II, assembly, FCS, FCCS, Mts1 (S100A4) 
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Introduction 

 Myosins constitute a superfamily of actin-based motor proteins (1). All members of the 

myosin family have a highly conserved globular motor domain that contains an actin-binding 

region and an ATPase region, followed by a neck domain to which the light-chains bind, and a 

variety of functionally specialized C-terminal tail regions (1, 2). Myosin II, one of the 

best-studied members of the superfamily, is composed of two heavy chains (MHCs) and two pairs 

of light chains. The tail of myosin II forms an -helical coiled-coil rod-like structure, and is 

involved in the assembly of myosin II molecules into filaments (1-3). It has been shown that the 

C-terminal region of the rod is involved in filament formation of myosin II molecules (4-7). To 

perform its contractile functions with actin filaments, myosin II must be assembled into filaments. 

 All vertebrate cells, including muscle cells, contain a form of myosin II referred to as 

nonmuscle myosin II, which functions in a number of cellular processes such as cytokinesis, 

migration, morphogenesis and adhesion (1, 8, 9). The dynamic filament assembly-disassembly 

transitions of myosin II molecules are particularly important in nonmuscle cells. In mammalian 

cells, there are three different isoforms of nonmuscle MHCs referred to as MHC-IIA, MHC-IIB 

and MHC-IIC (10-13), which together with two pairs of light chains form nonmuscle myosin IIA, 

myosin IIB and myosin IIC, respectively. These three isoforms are expressed in a 

tissue-dependent manner (13), and display distinct properties with respect to ATPase and motor 

activities (13-15). Concerning two of the isoforms, IIA and IIB, the functional differences are 

suggested by the phenotypes following their ablation in mice (16-18), or by their distinct 

subcellular localization (19-21). To function effectively, it is reasonable to consider that they 

assemble in an isoform-specific mode to form homo-filaments (homogeneous with respect to 

their subunit composition) in cells. However, little has been reported regarding the isoform 

composition in filaments except for a few in vitro studies. Murakami et al. demonstrated that the 

rod fragments of myosin IIA and IIB would coassemble in vitro as judged by their salt-dependent 

solubility (22). 
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 The mts1 gene has been isolated as a gene expressed at high level in metastatic cells, and 

also been observed in normal tissues (23). The protein product of the mts1 gene, Mts1 (also 

known as S100A4), a member of S100 family of Ca2+-binding proteins, is generally homodimer 

and interacts with a number of protein targets in a Ca2+-dependent manner (24). Nonmuscle 

myosin IIA was identified as one of the target proteins of Mts1 (25, 26) and its C-terminal region 

was found to function as the binding site (27, 28). Interestingly, Mts1 binding keeps the myosin 

IIA rod fragments in a disassembled state, whereas Mts1 has little effect on the assembly 

properties of myosin IIB (22, 28). 

 Fluorescence correlation spectroscopy (FCS) is an extremely sensitive method based on the 

fluctuation analysis of fluorescence intensity coming from a small and fixed confocal volume 

element to detect and characterize fluorescent molecules in a homogeneous solution (29-31). FCS 

provides the average number of fluorescent molecules in a confocal volume and the diffusion 

time of the molecules passing through the confocal area by Brownian motion. A diffusion 

coefficient evaluated from the diffusion time reflects a size of the fluorescent molecules and its 

molecular complex. These properties would be useful for the analysis of the dynamic process of 

filament formation of myosin II molecules. Dual color fluorescence cross-correlation 

spectroscopy (FCCS), an extended approach of the standard FCS, can detect the coincidence 

between two molecules labeled with spectrally distinct fluorescent probes in an overlapping 

confocal volume (31, 32). FCCS has been used to analyze the association-dissociation reaction 

and interaction of two molecular species. This property would be helpful for the determination of 

myosin II isoform composition in filaments. 

 If myosin II isoforms assemble into homo-filaments, it seems likely that some 

self-recognition mechanisms of individual myosin II isoforms exist. We have found that 

exogenous expression of the rod fragments consisting of 305 amino acid residues from the 

C-terminal end of myosin IIB (BRF305) in the cultured cells induced an unstable cell shape 

similar to MHC-IIB-/- fibroblasts (33). The myosin IIA rod fragments ARF296 corresponding to 

BRF305 did not exhibit this effect. BRF305 includes the critical regions for the assembly (7) as 
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well as the nonhelical tailpiece, which is the most distinct portion in primary structure among 

isoforms. This dominant negative effect was caused by an isoform-specific manner, raising the 

possibility that BRF305 can distinguish myosin IIB from myosin IIA in the living cell. 

 To obtain new insights into the assembly properties, especially in regards to the isoform 

composition of nonmuscle myosin II filaments, we carried out the single-molecule level analyses 

of FCS and FCCS experiments using the rod fragments, BRF305 and ARF296, labeled with 

fluorescent probes. The results indicated that BRF305 and ARF296 coassembled irrespective of 

specific isoform recognition, and that dynamic exchange of subunits occurred between 

pre-formed homo-assemblies of each isoform. Moreover, the results indicated that Mts1 

specifically stripped ARF296 away from the pre-formed hetero-assemblies, and consequently, 

homo-assemblies of BRF305 were formed. 
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Materials and Methods 

Plasmid Construction 

The cDNAs encoding the MHC-IIA rod fragment (ARF296, Leu 1666-Glu 1961; 32 kDa) and the 

MHC-IIB rod fragment (BRF305, Phe 1672-Glu 1976; 33 kDa) were amplified from a human 

brain cDNA library (Clontech, Mountain View, CA, USA) as a template, and primer sets of 

5'-CGCGGATCCGCTGGCCCAGGCCAAAGAGAACCAG-3' (forward) and 

5'-CGCGGATCCTTATTCGGCAGGTTTGGCCTC-3' (reverse), and 

5'-CGCGGATCCGTTTGCTCAATCCAAAGAGAGTGAA-3' (forward) and 

5'-CGCGGATCCTTACTCTGACTGGGGTGGCTG-3' (reverse), respectively. Bam HI sites are 

indicated by underline. The amplified DNA was digested with Bam HI and subcloned into a Bam 

HI site of the pET-15b vector (Novagen, Madison, WI, USA). Furthermore, addition of a single 

Cys residue at the N-terminus of ARF296 and BRF305 and conversion of Cys 1835 in ARF296 to 

Ser were achieved by the PCR method of Weiner et al. (34). The MHC-IIA sequences of rat, 

chicken and Xenopus have a Ser residue at this position.  

 The cDNA encoding Mts1 was amplified by PCR using the human brain cDNA library 

(Clontech) as a template, and primer set of 5’-CATATGGCGTGCCCTCTGGAGAAGGCC-3’ 

(forward) and 5’-GGATCCTCATTTCTTCCTGGGCTGCTTATG-3’ (reverse). Nde I and Bam 

HI sites are underlined, respectively. The amplified DNA was digested with Nde I and Bam HI, 

and subcloned into the Nde I and Bam HI site of pET15b vector to obtain plasmid pET-Mts1. The 

entire nucleotide sequence of the amplified DNA was confirmed by sequencing using a sequencer 

(ABI PRISM 310; Applied Biosystems, Foster City, CA, USA). 

 

Expression and Purification of Recombinant Proteins 

Expression and purification of the recombinant rod fragments were performed as described 

previously (7) with the following modifications. To prevent undesirable degradation, 5 g/ml 

pepstatin A, 5 g/ml aprotinin, 5 g/ml leupeptin, 50 g/ml TLCK and 100 g/ml TPCK were 

added to the binding buffer besides 0.1 mM PMSF. The purified recombinant proteins were 
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digested with 2.5 units of thrombin/mg of protein in high salt buffer (20 mM sodium phosphate 

(pH7.2), 500 mM NaCl) for 16 h at 4 °C, and the digested proteins were loaded onto a Ni2+ 

affinity resin column (His-Bind; Novagen) again to remove any undigested proteins and the short 

His-tag leader completely. The flow-through fraction was dialyzed against a buffer containing 20 

mM sodium phosphate (pH 7.2) and 500 mM NaCl, and the concentration of the purified proteins 

was adjusted to 1 mg/ml. Each of the resulting rod fragments contains an extra sequence of 

Gly-Ser-His-Met-Leu-Glu-Asp-Pro-Cys at the N-terminus. 

 Recombinant Mts1 protein was expressed in Escherichia coli BL21(DE3)pLysS, 

transformed with pET-Mts1. Expression and purification of the recombinant proteins were 

performed as described previously (7) with the following modifications. The cells were cultured 

in 500 ml of LB medium. To prevent undesirable degradation, 5 g/ml pepstatin A, 5 g/ml 

aprotinin, 5 g/ml leupeptin, were added to the binding buffer besides 0.1 mM PMSF. The 

purified recombinant Mts1 was digested with 2.5 units of thrombin/mg of protein in low salt 

buffer (20 mM Tris-HCl (pH7.5), 50 mM NaCl) for 16 h at 4 °C, and the concentration of the 

purified proteins was adjusted to 1.2 mg/ml. Purified recombinant Mts1 was stored at –80°C.  

 The protein concentrations were determined by the biuret method or by Bio-Rad Protein 

Assay (Bio-Rad, Hercules, CA, USA) using BSA as a standard. 

 

Labeling of Fragments with Fluorophores 

Rod fragments, ARF296 and BRF305, were labeled with either Alexa Fluor 633 C5 maleimide or 

Alexa Fluor 488 C5 maleimide (Molecular Probes, Eugene, OR, USA) through the N-terminal 

extra Cys residue according to a manufacture’s protocol with the following modifications. In brief, 

the fragments were incubated with 90 g/ml TCEP in 50 mM Tris-HCl (pH 7.5) for 10 min at 

25°C to reduce the disulfide bond of Cys residues. The fluorophores dissolved in DMSO were 

added in 10~20-fold molar excess over the proteins, and the reaction was allowed to proceed 

overnight at 4°C. The free dyes were removed by dialysis against a solution containing 20 mM 

sodium phosphate (pH 6.0), 50 mM NaCl and 2 mM MgCl2. The assembled ARF and BRF 
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fragments formed during dialysis were collected by centrifugation at 420000 g and 21000 g for 20 

min at 4°C, respectively. The pellet was dissolved in a high salt buffer (20 mM sodium phosphate 

(pH7.2), 500 mM NaCl), and the solution was passed through a Sephadex G-25 Medium (GE 

Healthcare Bio-Sciences, Piscataway, NJ, USA) column equilibrated with the high salt buffer to 

remove residual amount of free dyes. The samples were finally ultracentrifuged at 420000 g for 

20 min at 4°C to remove residual amount of insoluble materials. 

 

FCS and FCCS measurements 

FCS and FCCS measurements were carried out using an LSM 510 + ConfoCor2 instrument (Carl 

Zeiss, Oberkochen, Germany) with a 40  1.2 water objective, which allows simultaneous 

excitation at 488 nm and 633 nm by Argon-ion and Helium-Neon Lasers, respectively. The laser 

power for the Argon-ion and Helium-Neon Lasers was set to be 6.25 and 5 W, respectively, for 

all experiments. This power level is high enough to observe the fluorescence signal form each 

molecule and still low enough to keep photobleaching negligible. The confocal pinhole diameters 

were adjusted to 70 m for 488 nm and 90 m for 633 nm laser lines, respectively. The emission 

signals were split through a dichroic mirror (570 nm beam splitter) and detected with a band-pass 

filter (505-550 nm) and a long-pass filter (650 nm) for green and red fluorescence, respectively. 

The confocal detection volume was ~ 0.2 fl. A glass-bottom 96-well plate (Whatman, Kent, 

England) was used as a sample chamber, and all measurements were performed in a sample 

volume of 100 l. Samples adjusted to a protein concentration approximately 500 nM ~ 1 M in 

high salt buffer with 2.2 mM MgCl2 were diluted 10-fold with a buffer to the appropriate salt 

concentration, and incubated for 1 h on ice. For measurement of single species, the concentration 

of rod fragment used was approximately 100 nM. For measurement of the dual-species mixture, 

the concentration of each rod fragment used was approximately 50 nM. All measurements were 

performed at 25 °C. Each sample was measured for 30 sec, three times. 

 Auto- and cross-correlation curves obtained from FCS and FCCS measurements allow the 

determination of the particle number and the diffusion time of single color molecules as well as 
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the particle number of dual-color molecules, respectively (35). Mathematically, a correlation 

function G() is defined as follows: 
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where Fi and i are the fraction and the diffusion time of component ith, respectively. Ftrip and 

trip are a fraction and the time of triplet owing to the internal intensity fluctuations of fluorescent 

dye, respectively. Upon fitting a cross-correlation curve with the equation 2, Ftrip was set to be 
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cross-correlation curve.  N is the average number of fluorescent particles in the confocal volume 
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respectively. When Nr and Ng are constant, Gc(0) is directly proportional to Nc. 

 Diffusion coefficients of samples (Dsample) were calculated from the diffusion coefficient of 

standard fluorophores (Dstandard), Rhodamine 6G (D = 2.80  10-6 cm2/s) or Cy5 (D = 3.16  10-6 

cm2/s) (36), and diffusion times standard and sample with the following equation: 
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Results 

Assembly-Disassembly States of ARF and BRF Assessed by FCS 

Myosin II rod fragments similar to myosin II molecules assemble into filaments at low ionic 

strength and the filaments disassemble at high ionic strength through mainly their electrostatic 

interaction (4, 5, 7, 22, 37). First, we assessed whether the assembled and disassembled states of 

the rod fragments can be distinguished by FCS method. Figures 1A and 1B show the 

autocorrelation curves of Alexa Fluor 633-labeled ARF296 (633-ARF) and Alexa Fluor 

488-labeled BRF305 (488-BRF), respectively, obtained by FCS measurements at 500 mM NaCl 

(disassembled condition) or 50 mM NaCl (assembled condition). The correlation curves at 50 

mM NaCl obviously shifted to the right direction compared to those at 500 mM NaCl in both 

633-ARF and 488-BRF. These results indicate that FCS method can distinguish between the 

assembled and disassembled states of myosin II rod fragments. To obtain the diffusion time, the 

correlation curves were fitted by using the two-component model (i = 2 in equation 2) with the 

triplet component (for example, see Figure S1). The diffusion coefficients were calculated using 

equation 4. The diffusion coefficients of both 633-ARF and 488-BRF under the assembled 

condition (50 mM NaCl) were smaller than those under the disassembled condition (500 mM 

NaCl) (Table I), indicating that the fluorescent rod fragments became bigger due to the formation 

of assembly. Moreover, the diffusion coefficients obtained at 50 mM NaCl were comparable 

between 633-ARF and 488-BRF, nearly one third of those at 500 mM NaCl, suggesting a 

relatively stable size of homo-assembly was formed from the homogeneous C-terminal rod 

fragment of each isoform in the solution. Since the formed assemblies would most likely be 

rod-like shape with a side by side arrangement of the rod fragments (3), the observed three-fold 

difference of diffusion coefficients would not simply reflect the assembly as a trimer of the rod 

fragment, but probably reflect an entity with much more rod fragments. 

 

Assembly-Mode of ARF and BRF Mixture Formed by Dilution Procedure 
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Next, we mixed 633-ARF and 488-BRF at 500 mM NaCl (disassembled condition) and then 

diluted them to 50 mM NaCl (assembled condition). FCS was performed on the resulting sample. 

The calculated diffusion coefficients of the mixture of 633-ARF and 488-BRF were comparable 

to the values obtained from the measurements of each isoform separately (Table I). This result 

indicates that the resulting assembly from the mixture by dilution procedure has a similar size to 

the homo-assemblies from each isoform. However, by the FCS method, we are not able to 

discriminate whether the resulting assembly is a homo-assembly that 633-ARF or 488-BRF 

assembled separately, or a hetero-assembly that they assembled together regardless of isoform. 

 To reveal the assembly mode, we performed FCCS analysis that is suitable for the 

measurement of the complexes labeled with spectrally separated probes, Alexa Fluor 633 and 488 

in this study. The mixtures of 633-ARF and 488-BRF at various NaCl concentrations were 

measured by FCCS (Figure 2A). The cross-correlation signal was not observed under the 

disassembled condition (500 mM NaCl, closed square), but it was observed under the assembled 

condition (50 mM NaCl, closed circle). The y-intercept of the cross-correlation curve, namely the 

amplitude of cross-correlation curve, reflects the number of dual-colored complexes in the sample. 

The amplitude increased with decreasing concentrations of NaCl. These results clearly 

demonstrate that 633-ARF and 488-BRF diffuse individually at 500 mM NaCl and associate to 

form hetero-assemblies by the dilution procedure. Therefore, it appears that ARF and BRF 

assemble without any distinction between isoforms in vitro. 

 

Assembling Properties of ARF and BRF in hetero-assemblies 

To reveal whether the assembling property of one isoform is affected by another isoform, we 

analyzed the properties of each isoform in the hetero-assembly as well as in the homo-assembly 

by FCCS. To examine the properties in the homo-assembly, the fragments of one isoform were 

labeled with two different colors of fluorophore and mixed at 500 mM NaCl, and then the mixture 

was subjected to FCCS analysis at various NaCl concentrations (ARF, Figure 2B; BRF, Figure 

2C). The amplitude of the cross-correlation curve increased with decreasing concentrations of 
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NaCl, indicating that the dual-colored homo-assemblies of one isoform were formed in a 

salt-dependent manner. To analyze quantitatively the assembling ability of rod fragments, we 

estimated the assembled fraction of rod fragments as a function of NaCl concentration using the 

amplitude of the FCCS data (Figure 2D). The assembled fractions of BRF alone (Figure 2D, 

closed circles) and ARF alone (Figure 2D, opened circles) decreased with an increase in the 

concentration of NaCl. BRF appeared to be in assemble state more than ARF under the conditions 

between 100 and 200 mM NaCl, indicating that ARF tends to be more soluble than BRF. This 

assembling tendency of each isoform was agreed with the previous results obtained by 

centrifugation method (7, 22, 37). The assembling ability of the rod fragments in the mixture of 

ARF and BRF showed a similar aspect to those showed by the dual-colored each isoform alone. It 

is noted that the assembled fractions from the mixture of ARF and BRF positioned between those 

of ARF and BRF alone at 150 and 200 mM NaCl, (Figure 2D, opened diamonds). 

 During the FCCS measurements, FCS data of each colored sample are obtained 

simultaneously. To clarify the effect of one isoform in the hetero-assembly on the 

assemble/disassemble state of another isoform, we estimated the assembled fraction of each 

isoform from the FCS data. The fluorescence autocorrelation curve at each condition was fitted to 

a two-component model (i = 2 in equation 2) with the fixed diffusion times for each of the fast- 

and slow-moving particles reflecting the disassembled and assembled molecules, respectively. As 

shown in Figures 2E and 2F, the properties of assembling ability of ARF and BRF were exhibited 

in an isoform-dependent manner, regardless of the experimental conditions.  Taking into 

consideration of the difference in the brightness of fluorescence between monomer and assembly 

as suggested by Krouglova et al. (38), we corrected the ratio of assembled fraction as described in 

Supplemental information. The corrected results showed that the tendency of assembling 

properties of ARF and BRF was not changed from the original results (Figure S2). These results 

indicate that the salt-dependent assembling ability of ARF or BRF is not due to the assembling 

species, hetero-assembly or homo-assembly. In other words, the assembling properties of one 
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isoform in hetero-assembly could not be affected by the presence of another isoform during the 

salt-dependent assembling process. 

 

Stability of Assembly of the Rod Fragments 

Next, we assessed whether the homo-assemblies formed once are stable or not. After the 

homo-assemblies of 633-ARF and 488-BRF were formed separately at 50 mM NaCl, they were 

mixed together, and the time-course of the cross-correlation functions was monitored (Figure 3). 

The cross-correlation amplitudes increased with the passage of time and reached a plateau within 

20 min after mixing, indicating the hetero-assemblies were formed quickly. There are two 

possible modes of formation of hetero-assembly. First, each pre-formed homo-assemblies 

consisting of 633-ARF and 488-BRF just associate, so that relatively large hetero-assemblies are 

formed. Second, the rod fragments exist in an equilibrium state between assemblies and 

monomers even under the assembled condition (50 mM NaCl), so that the rod fragments 

transiently dissociated from each homo-assemblies re-associate to form hetero-assemblies. The 

latter is probably the most likely, because the diffusion coefficient of hetero-assemblies (0.81  

0.09 [ 10-7 cm2/s]) at 30 min after mixing pre-formed homo-assemblies was equivalent to that of 

the homo-assemblies formed by dilution procedure (633-ARF, 0.80  0.07 [ 10-7 cm2/s]; 

488-BRF, 0.81  0.04 [ 10-7 cm2/s]; Table I). These results demonstrate that the 

homo-assemblies of each isoform are not stable, and the exchange of the rod fragments among the 

assemblies occurs quickly. That is, the rod fragments dissociated from the homo-assemblies once 

can associate randomly with either assemblies and the exchange reaction came to equilibrium 

within 20 min. 

 

Dynamic assembly-disassembly properties induced by Mts1 

We examined the effects of Mts1 on the assembly mode of rod fragments, because Mts1 binds to 

ARF specifically and causes ARF to disassemble in a Ca2+-dependent manner (22, 28). We first 

investigated each of the homo-assemblies in the presence or absence of Mts1 by FCS 
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measurement (Figure 4). The autocorrelation curve under the assembled condition even with 0.2 

mM CaCl2 was similar to that at 50 mM NaCl without CaCl2 (Figure 1, closed circles; Figure 4, 

closed triangles). By the addition of 5 M Mts1 to the same chamber, the autocorrelation curve of 

633-ARF shifted to the left (Figure 4A, closed circles), but that of 488-BRF did not (Figure 4B, 

closed circles). The diffusion coefficient of 633-ARF in the presence of Mts1 (3.02  0.03 [ 10-7 

cm2/s]) was almost comparable to that under the disassembled condition (2.61  0.08 [ 10-7 

cm2/s]) (Tables I and II). These results indicate that Mts1 selectively affects ARF and keep it 

disassembled. Following addition of 1 mM EGTA to the same chamber for chelating Ca2+, the 

autocorrelation curve of 633-ARF returned to the form comparable to the original one (Figure 4A, 

open circles). In contrast, no change was observed in autocorrelation curve of 488-BRF by the 

addition of EGTA (Figure 4B, open circles). These results clearly indicate that Mts1 controls the 

assembly mode of ARF specifically, supporting the previously reported results (22, 28). 

 Next, we investigated whether Mts1 can distinguish ARF from BRF in the 

hetero-assemblies. We performed FCCS measurement of the mixture of 633-ARF and 488-BRF 

in the presence or absence of Mts1 (Figure 5). Cross-correlation signal was observed under the 

assembled condition with 0.2 mM CaCl2 (Figure 5A, closed triangles) and disappeared following 

addition of 5 M Mts1 (Figure 5A, closed circles). The simultaneously recorded autocorrelation 

curve of 633-ARF shifted to the left following addition of Mts1 (Figure 5B, closed circles), but 

that of 488-BRF did not change remarkably (Figure 5C, closed circles). These results indicate that 

the addition of Mts1 specifically makes ARF disassemble from the hetero-assemblies and 

prevents the transiently dissociated ARF monomer from re-assembling, and consequently forms 

homo-assemblies of BRF with a similar size to the original hetero-assemblies. After addition of 1 

mM EGTA to chelate Ca2+, the cross-correlation signal reappeared (Figure 5A, open circles) and 

the autocorrelation curve of 633-ARF shifted back to the curve similar to the original one (Figure 

5B, open circles), but that of 488-BRF did not change (Figure 5C, open circles). These results 

indicate that Mts1 dissociates from the ARF monomer under low Ca2+ conditions, and then the 
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free ARF monomer replaces BRF to reconstruct hetero-assemblies. A simple schematic model of 

this process is shown in Figure 6. 
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Discussion 

 In this study, we analyzed the assembly properties of nonmuscle myosin II isoform rod 

fragments by FCS and FCCS. The results demonstrated that hetero-assemblies were formed from 

a mixture of myosin IIA and IIB rod fragments, and that the exchange reaction of subunits (rod 

fragments) proceeded quickly among the assemblies in an isoform-independent manner. Through 

the combination of FCS and FCCS methods, which enables us to acquire information on both the 

interaction of molecules and the size of each molecule simultaneously, we also showed dynamic 

effects of Mts1 against hetero-assemblies of myosin II rod fragments. 

 We have assumed that the nonhelical tailpieces of each isoform play a role in distinguishing 

their own isoform from others to form homo-filaments, because of their significant differences in 

primary structures. However, Murakami et al. reported that the rod fragments of myosin IIA and 

IIB (longer than our present fragments) coassembled in vitro as judged by solubility analysis 

using centrifugation (22). We initially expected that the formation of homo-assemblies could be 

detected directly by FCS and FCCS analyses of individual assembling particles. However, 

contrary to the expectation, we detected the formation of hetero-assemblies by FCCS (Figure 2), 

even in the case of the mixture of the pre-formed ARF and BRF homo-assemblies (Figure 3). 

Thus, we confirmed the results of Murakami et al. by using the experiments down to the 

single-molecule level. 

 We demonstrated here that dynamic exchange of subunits between the assemblies of rod 

fragments could be detected by FCCS. The reaction came to equilibrium within 20 min (Figure 3). 

The phenomenon of subunit exchange between filaments was observed in the case of skeletal 

muscle myosin by a fluorescence resonance energy transfer (FRET) assay (39) and in smooth 

muscle myosin by an electron microscopic observation (40). They demonstrated the exchange of 

subunit using one species of myosin II molecules. We demonstrated here that the exchange could 

occur between the different isoforms of nonmuscle myosin II fragments. The times to reach 

equilibrium were approximately 15 min in both cases of skeletal and smooth muscle myosins (39, 

40). The exchange speed of the rod fragments in this study was comparable to those of other 
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myosins, indicating that the rod fragments retain the assembly property of full length of 

nonmuscle myosin II. Dynamic exchange of subunits among filaments would be associated with 

the dynamic assembly-disassembly transitions of the myosin II molecule. Myosin II dissociated 

from one filament would enter into another filament. The results shown here suggest that the rod 

fragments undergo this process without distinction between ARF and BRF in vitro. 

 The assembling properties of the rod fragments in this study showed some discrepancies 

with the results using a centrifugation method (7, 22). Firstly, the assembling abilities of the rod 

fragments in this study were lower than previous studies around physiological salt concentrations. 

Secondly, Murakami et al. reported that Mts1 did not solubilize the IIA rod fragments at low salt 

conditions such as 50 mM NaCl (22), but Mts1 solubilized ARFs at 50 mM NaCl in this study. 

These discrepancies might be caused by the difference in protein concentration used for the 

assays. The previous studies used 2.1 M (22) and 1.7 M (7) of the rod fragments, respectively, 

whereas we used 100 nM of them in this study. Although the exact concentration of myosin II at a 

certain region in the cell is not determined, the average concentrations of nonmuscle myosin II 

were estimated to be in the range of about 20 nM (erythrocytes) (41) to 2 M (platelets) (42). We 

might observe the behavior of myosin II molecules in the condition corresponding to the region, 

where the concentration of myosin II is relatively low in a cell, by FCS and FCCS. Thirdly, 

Murakami et al. demonstrated that the properties of salt-dependent solubility of IIA and IIB rod 

fragments became similar to each other when they were mixed together (22). However, in this 

study, each isoform exhibited the salt-dependent solubility in an isoform-dependent manner. That 

is, ARF was more soluble than BRF, regardless of the mode of assemblies (homo- or hetero-) 

(Figure 2E and 2F). This discrepancy may be due to difference in the method to analyze the 

assembly state of the rod fragments. Because FCS and FCCS are not subjected to centrifugal force 

load, these methods might detect the more delicate assembly-disassembly processes. 

 It was suggested by in vitro studies that the assembly of each isoform was regulated by a 

distinct mechanism through the C-terminal end region including the nonhelical tailpiece, that is, 
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phosphorylation by protein kinase C for IIB (22, 37, 43) and Mts1 binding for IIA (22, 28, 44). It 

was demonstrated that Mts1 inhibits assembly of IIA rod fragments selectively when a mixture of 

IIA and IIB rod fragments monomers was studied under conditions favoring to assembly (22). In 

the present study, we showed that Mts1 allowed ARF to disassemble from pre-formed 

hetero-assemblies of ARF and BRF. The disappearance of the cross-correlation signal by the 

addition of Mts1 was very fast (less than 30 sec) (data not shown). If Mts1 binds to the ARF 

monomer that dissociated from the hetero-assembly during the dynamic assembly-disassembly 

process and prevents ARF monomer from reentering assembly, the rate of disappearance of the 

cross-correlation signal would be close to 20 min. Mts1 would be able to strip ARF away from the 

hetero-assembly and keep it in the disassembled-form. Figure 5 shows that BRFs keep the 

assembled state during the dynamic change in the ARF state by Mts1. Once hetero-filaments are 

formed somewhere in a cell, a factor like Mts1 may specifically remove one isoform from the 

hetero-filaments and make homo-filaments of another isoform. 

 It was shown that Mts1 was localized to the posterior region of migrating cells (45), where 

myosin IIA was present but myosin IIB was not (20, 21). FRET experiments demonstrated the 

direct association of a C-terminal rod fragment of the myosin IIA heavy chain with Mts1 in living 

cells (46). It was also suggested that this interaction with myosin IIA is important for Mts1’s 

ability to induce the metastatic phenotype (47, 48). These observations strongly imply that the 

interaction of myosin IIA with Mts1 in the leading edge of migrating cell would be essential for 

metastasis. Furthermore, it was demonstrated that Mts1 binding inhibits phosphorylation of heavy 

chain IIA at Ser 1917 within the Mts1 binding site or at Ser 1944 in the nonhelical tailpiece (28, 

49). It was also demonstrated that phosphorylation of Ser 1944 by casein kinase 2 decreased the 

affinity of Mts1 for IIA rod fragment (49). The C-terminal region including the Mts1-binding site 

as well as the nonhelical tailpiece could be responsible for regulating myosin II assembly in an 

isoform-specific manner. 

 It was reported that the subcellular localization of myosin IIA and IIB depends on their 

rod-like tail region instead of their head region (50, 51). In particular, it was indicated that the 
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C-terminal end regions were required for the isoform-specific localization (51) as well as the 

assembly of myosin II molecules in the cell (51-54). We have found that exogenous expression of 

BRF305 in the cells induced an unstable cell shape similar to MHC-IIB-/- fibroblasts, and 

demonstrated this dominant negative effect was caused in an isoform-specific manner (33). The 

recognition of oneself by C-terminal region of each isoform might require certain 

post-translational modifications or the interaction of some factors. It is possible that myosin IIA 

and IIB form the respective homo-filaments by some unknown mechanism in a living cell. 

 Recently, Beach and Egelhoff suggested that myosin IIA and IIB co-assemble to form 

hetero-filaments in the contractile ring (55). It is an important issue whether myosin II isoforms to 

form homo- or hetero-filaments at the region besides a contractile ring in the cell. As FCS and 

FCCS are approaches basically consisting of noninvasive procedures, we believe that these 

measurements in a living cell can contribute to the study of the dynamic assembly properties of 

nonmuscle myosin II molecules and their interaction with other regulatory proteins in future. 
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Table I.  Diffusion coefficients of 633-ARF, 488-BRF and their mixturea 

 

                                                        Diffusion coefficients ( 107 cm2/s)      

                                                                          [NaCl] 

                                                             500 mM                 50 mM        

      633-ARF           2.61  0.08        0.80  0.07 

      488-BRF         2.38  0.11        0.81  0.04 

633-ARF + 488-BRF (488)b 2.53  0.10        0.85  0.10 

633-ARF + 488-BRF (488)c                             0.81  0.09 

 

aThe values shown are means  S. D. of three measurements. bThe mixture prepared by the 

dilution procedure was analyzed by FCS using 488 nm laser line. cAfter 633-ARF and 488-BRF 

formed homo-assemblies separately at 50 mM NaCl, they were mixed together and the 

cross-correlation functions were measured after 30 min of incubation. The autocorrelation curve 

was analyzed using 488 nm laser lines. The diffusion coefficients were calculated from each 

autocorrelation curve with equations 2 and 4. 
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Table II.  Diffusion coefficients of 633-ARF, 488-BRF and their mixturea  

 

                                            Diffusion coefficients ( 107 cm2/s) 

               + Ca2+      Ca2+ 

                                                               Mts1      + Mts1                      + Mts1 

          633-ARF            0.79  0.03         3.02  0.03 c               0.73  0.07 

          488-BRF            0.79  0.03         0.82  0.07               0.76  0.05 

633-ARF + 488-BRF (633)b           0.76  0.05         3.14  0.09 c               0.74  0.06 

633-ARF + 488-BRF (488)b           0.85  0.05         0.79  0.11               0.72  0.07 

 

aThe values shown are means  S. D. of three measurements. bThe autocorrelation curves of the 

mixture analyzed using 633 nm or 488 nm laser lines. cThe diffusion constants of 633-ARF  with 

Mts1 in the presence of Ca2+ were a little larger than those without Mts1 (2.61  0.08  107 cm2/s 

in Table I). This may indicate that the conformation of ARF-Mts1 complex is slightly more 

compact than that of ARF alone. 
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Figure Legends 

Fig. 1  FCS measurements of 633-ARF and 488-BRF 

Assembly-disassembly states of 633-ARF (A) and 488-BRF (B) were measured in 20 mM 

sodium phosphate (pH7.2) and 2 mM MgCl2 with 50 mM NaCl (closed circle) or with 500 mM 

NaCl (open circle). The concentration of each rod fragment used was 100 nM. The 

autocorrelation curves obtained from FCS measurement were normalized at 0.012 ms for 

comparison of a lateral shift that indicates the changes on diffusion properties of target molecules. 

The obtained diffusion times of 633-ARF were 481  19 s and 1520  110 s at 500 mM and 50 

mM NaCl, respectively (n = 3). The obtained diffusion times of 488-BRF were 338  20 s and 

956  58 s at 500 mM and 50 mM NaCl, respectively (n = 3). Due to differences in confocal 

volumes of laser lines for 488 nm and 633 nm, the diffusion times of 488-BRF became smaller 

than those of 633-ARF, even though their diffusion coefficients were comparable. 

 

Fig. 2  FCCS analyses of mixtures of rod fragments labeled with different fluorophores at 

various NaCl concentrations 

Cross-correlation curves of mixtures of 633-ARF and 488-BRF (A), 633-ARF and 488-ARF (B) 

and 633-BRF and 488-BRF (C), respectively. Cross-correlation curves were measured in 20 mM 

sodium phosphate (pH7.2) and 2 mM MgCl2 with the concentrations of NaCl indicated. The 

concentration of each rod fragment used was 50 nM. (D) Normalized amplitudes of 

cross-correlation curves of mixtures of rod fragments, 633-ARF and 488-ARF (open circle), 

633-BRF and 488-BRF (closed circle), 633-ARF and 488-BRF (open diamond), as a function of 

NaCl concentration. Data represent mean + S. D. of three independent experiments. (E) 

Assembled fractions of 633-ARF in the mixture of 633-ARF and 488-ARF (open circle), 

488-BRF in the mixture of 633-BRF and 488-BRF (closed circle) as a function of NaCl 

concentration estimated by fitting with the two-component model (i = 2 in equation 2). The 

diffusion times for the fast- (disassembled fragment at 500 mM NaCl) and slow- (assembled 
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fragments at 50 mM NaCl) components were adopted as two components. For 633-ARF, those of 

the fast and slow components were fixed to 481 s and 1,520 s, respectively. For 488-BRF, 

those of the fast and slow components were fixed 338 s and 956 s, respectively. Data represent 

mean + S. D. of three independent experiments. (F) Assembled fractions of 633-ARF (open 

diamond) and 488-BRF (closed diamond) in the mixture of 633-ARF and 488-BRF as a function 

of NaCl concentration estimated by fitting the two-component model. 

 

Fig. 3   Cross-correlation curves of a mixture of pre-formed homo-assemblies 

Cross-correlation curves were measured in 20 mM sodium phosphate (pH7.2) and 2 mM MgCl2 

with 50 mM NaCl at the times after mixing the pre-formed homo-assemblies of 633-ARF and 

488-BRF. The concentration of each rod fragment used was 50 nM. 0.7 min (closed diamond), 1.5 

min (open square), 7 min (closed square), 10 min (open triangle), 12 min (closed triangle), 20 min 

(open circle), 30 min (closed circle). 

 

Fig. 4   Effect of Mts1 on homo-assemblies of 633-ARF and 488-BRF 

Autocorrelation curves of 633-ARF (A) and 488-BRF (B) were measured in 20 mM sodium 

phosphate (pH7.2), 2 mM MgCl2, 50 mM NaCl and 0.2 mM CaCl2 (closed triangle), following 

addition of 5 M Mts1 to the same chamber (closed circle), and following addition of 1 mM 

EGTA (open circle). The concentration of each rod fragment used was 100 nM. The 

autocorrelation curves were normalized at 0.012 ms. The calculated diffusion coefficients of 

633-ARF and 488-BRF are shown in Table II. 

 

Fig. 5  Effect of Mts1 on cross-correlation and autocorrelation curves of a mixture of 

633-ARF and 488-BRF 
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Cross-correlation curves of a mixture of 633-ARF and 488-BRF (A) were measured in 20 mM 

sodium phosphate (pH7.2), 2 mM MgCl2, 50 mM NaCl and 0.2 mM CaCl2 (closed triangle), 

following addition of 5 M Mts1 to the same chamber (closed circle), and further following 

addition of 1 mM EGTA (open circle). The concentration of each rod fragment used was 50 nM. 

Simultaneously, autocorrelation curves of each fragment, 633-ARF (B), 488-BRF (C), were 

recorded and normalized at 0.012 ms. The symbols are same to (A). The calculated diffusion 

coefficients of the mixture of 633-ARF and 488-BRF are shown in Table II. 

 

Fig. 6  Schematic model of the dynamic assembly-disassembly process of a mixture of ARF 

and BRF regulated by Mts1 and Ca2+ 

The rod fragments colored with dark and light gray indicate the BRF and ARF, respectively. 

White ellipses indicate Mts1. Small black circles indicate Ca2+. In the absence of Ca2+, 

hetero-assemblies consisting of ARF and BRF are formed even in the presence of Mts1. In the 

presence of Ca2+, the Ca2+-bound Mts1 dimers associate with ARF and keep ARF disassemble 

form, and consequently homo-assemblies of BRF are formed. This process is reversible. 
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