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 2 

Significance Statement 24 

Myosins are essential motor proteins that drive intracellular transport, yet their ability to 25 

organize actin filaments into higher-order structures remains poorly understood. Here, we 26 

demonstrate that a plant myosin XI induces chiral curved motion of actin filaments and 27 

drives the spontaneous formation of stable, rotating actin rings through collective 28 

behavior. These structures, termed actin chiral rings (ACRs), emerge at actin 29 

concentrations approximating physiological conditions and show remarkable stability. 30 

Our findings uncover a previously unrecognized organizing principle of actin self-31 

assembly driven by chiral myosin activity and provide a new framework for 32 

understanding how cytoskeletal chirality contributes to cellular organization across 33 

kingdoms. 34 

  35 
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 3 

Abstract 36 

The myosin superfamily comprises over 70 classes, each with multiple subclasses, and 37 

shows substantial diversity in properties such as velocity, ATPase activity, duty ratio, and 38 

directionality. This functional diversity underpins the specialized roles of each myosin in 39 

various organisms, organs, and cell types. Recent studies have revealed that certain 40 

myosins induce chiral curved motions of actin filaments. However, this newly identified 41 

property remains largely unexplored. Here, we investigated this chiral motion in vitro 42 

using Chara corallina myosin XI (CcXI), which drives fast counterclockwise (CCW) 43 

movement of actin filaments. This chiral motion arises from asymmetric displacement at 44 

the filament's leading tip, and its curvature depends on the surface density of myosin. 45 

Surprisingly, at near-physiological actin concentrations, actin filaments exhibiting chiral 46 

curved motion undergo collective motion, spontaneously forming a novel structure—47 

termed the actin chiral ring (ACR)—that exhibits persistent CCW rotation. ACRs display 48 

remarkable stability, continuing to rotate at their formation site until ATP is depleted, 49 

while maintaining their structure even after rotation ceases. This stability is 50 

unprecedented among reported collective motions of cytoskeletal proteins driven by 51 

various motors. Our findings demonstrate that myosins with chiral activity can 52 

autonomously organize actin filaments into stable, chiral structures through collective 53 

dynamics, providing new insights into actin self-organization by unconventional myosins. 54 

This study advances our understanding of the diverse functional roles of unconventional 55 

myosins and introduces a new paradigm for cytoskeletal organization. 56 

 57 

Abbreviations: ACR, actin chiral ring; CcXI, Chara corallina myosin XI; MD, motor 58 
domain; SkII, skeletal muscle myosin II; CCW, counterclockwise; CW, clockwise; 59 
CbXI-3, Chara braunii myosin XI-3; SI, supplementary information.   60 
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 4 

Introduction 61 

Phylogenetic analyses of myosin motor domain (MD) sequences have revealed 62 

remarkable diversity within the myosin superfamily. To date, at least 79 distinct classes 63 

have been identified (1). These myosin classes and subclasses exhibit broad functional 64 

diversity in properties such as actin sliding velocity, actin-activated ATPase activity, duty 65 

ratio (the fraction of ATPase cycles during which the motor domain remains strongly 66 

bound to actin), and directionality of actin filament movement (2). Recently, a novel 67 

functional property of myosin has been reported: rat myosin IC and Drosophila myosin 68 

ID drive actin filaments in a counterclockwise (CCW) trajectory, resulting in chiral 69 

curved motions (3, 4). This chiral activity is particularly noteworthy because the motor 70 

domain of Drosophila myosin ID plays a critical role in establishing left-right asymmetry 71 

(chirality) of Drosophila cells and organs (4-7). However, the mechanistic link between 72 

the chiral activity of myosin ID and the emergence of cellular or organismal chirality 73 

remains poorly understood. 74 

 75 

The motility properties of each myosin isoforms, such as sliding velocity and the 76 

directionality of actin filament movement, have been extensively analyzed using in vitro 77 

motility assays. In this method, myosin molecules are randomly immobilized onto a 78 

coverslip, and fluorescently labeled actin filaments are introduced along with ATP to 79 

visualize their movements (8). Although the filaments move in various directions across 80 

the surface, their velocity and directionality are consistent with those observed for the 81 

corresponding myosin isoforms in vivo. Therefore, in vitro motility assays serve as a 82 

reliable method for quantifying the velocities and directionality of myosin-driven actin 83 

movements. These assays typically use fluorescent actin at a concentration of 3 × 10−4 84 
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mg/ml, which is approximately 1/1,000 of the intracellular actin concentration (9). Such 85 

low concentrations are employed to allow for the clear observation of individual actin 86 

filament trajectories. 87 

 88 

Recently, a modified in vitro motility assay has been developed to allow tracking of 89 

individual actin filaments under conditions that approximate intracellular actin 90 

concentrations. This improvement was achieved by supplementing the assay buffer with 91 

non-fluorescent actin at physiological levels, together with a low concentration of 92 

fluorescently labeled actin. Remarkably, under these dense actin conditions, actin 93 

filaments driven by skeletal muscle myosin no longer exhibited random motions. Instead, 94 

they displayed collective behaviors characterized by coordinated movement. These 95 

collective dynamics manifested in diverse forms, including polar clusters, nematic 96 

streams, and swirling vortices. A common structural feature among these diverse forms 97 

was the parallel alignment of actin filaments along their longitudinal axes (10).  98 

 99 

To date, in vitro studies of myosin-driven collective motion of actin filaments have 100 

primarily employed skeletal muscle myosin, also known as conventional myosin. 101 

However, in vivo, skeletal muscle myosin is confined to the sarcomeres of muscle cells 102 

and does not participate in collective cytoskeletal dynamics. In most other cell types— 103 

including plant cells and non-muscle animal cells—the movement of actin filaments is 104 

predominantly driven by unconventional myosins. These intracellular actin movements 105 

often display a relatively ordered orientation rather than random trajectories. It is 106 

therefore plausible that unconventional myosins contribute to this ordered intracellular 107 

actin alignment through collective motion. Given that the motile properties of 108 
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unconventional myosins differ from those of skeletal muscle myosin, the resulting 109 

collective motion patterns are also likely to be distinct. 110 

 111 

The collective behavior of the active matter is strongly governed by the geometric shape 112 

and motility characteristics of its components. For rod-shaped active matter, such as those 113 

composed of elongated filaments, collective motion is predominantly driven by lateral 114 

interactions, resulting in alignment along the longitudinal axes. This phenomenon has 115 

been observed in the collective dynamics of actin filaments driven by skeletal muscle 116 

myosin, where filaments behave as linear rods and exhibit motion aligned with their long 117 

axes, as described previously (10-14). Recently, increasing attention has been directed 118 

toward the collective behavior of chiral active matter, in which the components either 119 

possess intrinsic chirality or exhibit chiral motion patterns(15, 16). FtsZ, a bacterial 120 

homolog of the eukaryotic protein tubulin, polymerizes into filaments. When these 121 

filaments are anchored to a lipid surface via FtsA, they exhibit a treadmill-like motion 122 

and adopt a chiral shape. As the concentration of FtsZ increases, these filaments self-123 

organize into rotating chiral rings through collective motion. It has been proposed that the 124 

formation of these chiral rings results from lateral interactions between moving FtsZ 125 

filaments with chiral geometry (15, 17).  126 

 127 

In this study, we demonstrate that CcXI motor domain (MD) induces CCW actin 128 

movements. This chiral activity resembles that reported for rat myosin IC and Drosophila 129 

myosin ID (3, 4). However, unlike these class I myosins, CcXI MD exhibits fast motility 130 

(18-20), enabling detailed analysis within a shorter time window. We show that myosins 131 

with chiral activity, such as CcXI MD, possess a unique capacity to autonomously drive 132 
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 7 

the formation of highly stable, actin chiral structures—structures we term actin chiral 133 

rings (ACRs)—through collective motion of actin filaments. This finding provides new 134 

insights into the mechanisms of actin filament self-organization and expands our 135 

understanding of the broader functional roles of unconventional myosins in cytoskeletal 136 

dynamics. 137 

  138 
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 8 

Results 139 

Chiral Curved Actin Motions by CcXI 140 

In the standard in vitro motility assay (Fig. 1A), CcXI MD, a fast plant myosin XI(18-20), 141 

drove actin filaments in a counterclockwise (CCW) circular path when viewed from the 142 

actin side (clockwise (CW) when viewed from the objective lens side) (Fig. 1B: CcXI 143 

MD and Movie S1). Similar CCW movements have been previously reported for actin 144 

filaments driven by mouse myosin IC (3) and Drosophila myosin ID (4). The curvature 145 

of actin movements driven by CcXI MD was 17.0 ± 5.5 deg/µm (Fig. 1C: CcXI MD), 146 

which exceeds the values reported for mouse myosin IC and Drosophila myosin ID using 147 

a similar assay (standard in vitro motility assay on glass surfaces) (3, 4). In contrast, 148 

actin filaments driven by rabbit skeletal muscle myosin II (SkII)—a widely used 149 

reference myosin—followed nearly straight trajectories, with an average curvature of 150 

0.47 ± 8.8 deg/µm (Fig. 1B and C: Rab SkII).  151 

  152 

To determine whether this chiral activity is a common feature among class XI myosins, 153 

we measured the curvature of the actin trajectories using CbXI-3 (Chara braunii myosin 154 

XI-3) MD, which belongs to the same class as CcXI (21). Although CbXI-3 is a paralog 155 

of CcXI and shares high sequence similarity (98%) and identity (88%) with CcXI, the 156 

curvature of the actin trajectory induced by CbXI-3 MD (3.1 ± 8.7 deg/µm) was 157 

significantly smaller than that induced by CcXI MD. These results suggest that the 158 

curvature of the trajectory is determined by subtle variations in the myosin amino acid 159 

sequence, rather than by myosin class. This finding is consistent with previous reports 160 

indicating that only a subset of class I myosins generate curved actin trajectories  161 

whereas most do not (3, 4). 162 
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 9 

  163 

Characterization of Chiral Curved Actin Motions 164 

To investigate how CcXI-induced actin filament curvature depends on myosin density, 165 

we performed a series of in vitro motility assays using chambers with a spacer thickness 166 

of 0.24 mm. CcXI MD was immobilized onto the coverslip surface, and increasing the 167 

concentration of myosin introduced into the chamber resulted in a progressive increase in 168 

actin filament curvature, which was observed up to a concentration of 0.5 μM (Fig. 1D). 169 

At this concentration, the surface myosin density was estimated to be approximately 3.6 170 

molecules per 10 × 10 nm² area. Given that the diameter of the myosin XI MD is 171 

approximately 4 nm (21), this density likely corresponds to near-saturation of the 172 

coverslip surface. Above this concentration, no further increase in curvature was detected, 173 

suggesting that the effect plateaued due to saturation of available myosin-binding sites. 174 

These results indicate that actin filament curvature increases in proportion to surface 175 

myosin density until saturation is reached. 176 

 177 

To elucidate the mechanism underlying this chiral curved motion, we tracked both the 178 

leading and trailing ends of individual actin filaments. We found that both ends followed 179 

the same trajectory (Fig. 1E), indicating that the curved motion is primarily generated by 180 

asymmetric displacement at the filament’s leading tip, while the remainder of the filament 181 

passively follows the path without actively contributing to the curvature. 182 

 183 

Emergence of ACR through Collective Motion of Chiral Curved Actin 184 

Traditionally, standard in vitro motility assays have been conducted using actin 185 

concentrations far below physiological levels, typically around 0.0005 mg/ml (9). These 186 
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 10 

low concentrations are preferred because higher concentrations of fluorescently labeled 187 

actin can obscure individual filaments, making it difficult to observe their movement. 188 

However, recent advances have enabled assays to be performed at actin concentrations 189 

closer to physiological levels (~1 mg/ml) by combining a low concentrations of 190 

fluorescently labeled actin with non-fluorescently labeled actin at physiological levels. 191 

 192 

Using this approach, studies with skeletal muscle myosin have revealed that collective 193 

motion emerges even when myosin and actin filaments were randomly distributed on the 194 

coverslip. Remarkably, under these conditions, actin filaments exhibited highly organized 195 

collective motion, characterized by parallel filament arrays. Moreover, most filaments 196 

within these aligned arrays moved in the same direction, suggesting that collective motion 197 

not only facilitates parallel alignment of actin filaments but also promotes directional 198 

uniformity (10, 11, 14, 22-25). 199 

 200 

Given that skeletal muscle myosin drives actin filaments along straight trajectories 201 

parallel to their longitudinal axes, whereas CcXI induces chiral curved motion, we 202 

hypothesized that applying this modified motility assay with CcXI under actin 203 

concentrations approximating physiological conditions might result in a different type of 204 

collective motion. To test this hypothesis, we performed the modified motility assay using 205 

CcXI MD. We found that collective motion emerged effectively at initial actin 206 

concentrations between 0.1 and 0.3 mg/ml, with the strongest effects at 0.1 mg/ml. 207 

Therefore, subsequent experiments were conducted under this condition to maximize 208 

emergence of collective behavior.  209 

 210 
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The assay was initiated by adding a buffer containing 0.1 mg/ml actin (without ATP) to a 211 

chamber precoated with CcXI MD. After a 10-min incubation, an ATP-containing assay 212 

buffer (without actin) was introduced to remove unbound filaments, and imaging was 213 

initiated. Under these conditions, the actin filament density reached approximately 15 ± 214 

4.1 filaments/µm² (SI Appendix, Fig. S1), consistent with values reported in previous 215 

studies of skeletal muscle myosin II-driven collective actin motion (23).  216 

 217 

Immediately after the ATP-containing buffer was added to the chamber, the CcXI-driven 218 

actin filaments moved randomly. However, after approximately 20 min, they self-219 

organized into a ring-like structure, in which the entire ring exhibited collective motion, 220 

rotating predominantly in the CCW direction when viewed from the actin side. Notably, 221 

this rotational direction matched the trajectories observed for individual actin filaments 222 

at lower actin concentrations. We designated this structure the actin chiral ring (ACR) 223 

(Fig. 2A, 2B and Movie S2). The formation of ACRs was confirmed even when Cy3-224 

labeled actin was used instead of rhodamine-phalloidin-labeled actin, ruling out the 225 

possibility that ACR formation was an artifact of phalloidin labeling. 226 

 227 

The dynamic process of ACR formation was continuously monitored, revealing distinct 228 

intermediate stages. Although image clarity was partially compromised by 229 

photobleaching due to the prolonged light exposure, key structural transitions were still 230 

observable. Initially, actin filaments exhibited parallel stream-like flow that gradually 231 

coalesced into nascent ring-like structures. These nascent rings subsequently developed 232 

into fully formed ACRs, with their width increasing over time until reaching a stable state 233 

(Movie S3 and Fig. 2C: CcXI). 234 
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 235 

Structural Characterization of ACRs 236 

We analyzed the structural characteristics of the ACRs. The ACRs exhibited limited size 237 

variation, indicating a high degree of structural uniformity. The outer and inner diameters 238 

were 21.8 ± 2.4 µm and 11.0 ± 2.3 µm, respectively (Fig. 3A). The inner curvature, 239 

calculated from these inner diameters, was 10.0 ± 2.3 deg/µm (Fig. 3A: IC). Although 240 

this value was slightly smaller than the curvature of individual actin filaments in the 241 

absence of collective motion (17.0 ± 5.5 deg/µm, Fig. 1C), it closely matched it in 242 

magnitude. This similarity, along with the consistent CCW direction of rotation, suggests 243 

that CcXI-induced curved actin motions are critical for ACR formation, although the 244 

curvature appears to be slightly attenuated during collective motion.  245 

 246 

In contrast, the outer curvature of the ACRs, calculated from the outer diameters, was 5.3 247 

± 0.6 deg/µm (Fig. 3A: OC), significantly lower than that of individual actin filaments. 248 

This reduction in outer curvature likely imposes a physical size limit on the ACRs, 249 

contributing to their nearly uniform dimensions. Furthermore, the consistent size of ACRs 250 

below a certain threshold suggests that filament–filament affinity does not play a 251 

significant role in their formation. If ACR formation were driven by filament affinity, the 252 

structures would be expected to grow continuously over time without exhibiting a defined 253 

size limit. 254 

 255 

The ACRs exhibited remarkable temporal and spatial stability. Once formed, they 256 

continued to rotate at the same location without positional displacement (Fig. 2B and 257 

Movie S2). When external fluid flow was intentionally applied after formation, the ACRs 258 

.CC-BY 4.0 International licensemade available under a 
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted March 27, 2025. ; https://doi.org/10.1101/2025.03.26.645581doi: bioRxiv preprint 

https://doi.org/10.1101/2025.03.26.645581
http://creativecommons.org/licenses/by/4.0/


 13 

maintained their structure and continued to rotate at the same location, highlighting their 259 

structural integrity and robustness. Moreover, the ACRs preserved their ring-shaped 260 

architecture even after rotational motion ceased due to ATP depletion. Taken together, 261 

these observations underscore the exceptional stability of the ACR as a structural unit. 262 

 263 

To analyze the movement of individual actin filaments within the ACR, we adjusted the 264 

ratio of Cy3-labeled to non-fluorescent actin (SI Appendix, Supplementary Materials and 265 

Methods) to enable clear visualization of each filament. Our observations revealed that a 266 

substantial majority (88%) of actin filaments within the ACR rotated in the CCW 267 

direction, while a minority (12%) exhibited CW rotation (Fig. 3B). This result is 268 

somewhat surprising, given that the entire ACR appears to rotate in the CCW direction 269 

(Movie S2), consistent with the observation that CcXI drives individual filaments in a 270 

CCW direction (Fig. 1B and C). The CW-rotating filaments likely represent those that 271 

entered the ACR from the opposite direction and continued to move without reorienting, 272 

as discussed below. The observation that 88% of filaments within the ACR exhibit CCW 273 

motion reflects a strong bias toward unidirectional alignment. This proportion is notably 274 

higher than the 60–80% directional alignment during the collective motion of parallel 275 

actin filaments induced by skeletal muscle myosin (23). These results suggest that ACR 276 

formation facilitates more efficient unidirectional alignment of actin filaments compared 277 

to conventional collective motion systems. 278 

 279 

To determine the number of actin filaments per ring width within the ACR, we employed 280 

the same approach of adjusting the ratio of Cy3-labeled to non-fluorescent actin (SI 281 

Appendix, Fig. S2). This method enabled us to estimate the number of filaments per ring 282 
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width, revealing an average of 320 ± 10 filaments and an estimated interfilament spacing 283 

of approximately 22 ± 9.8 nm (Fig. 3C). This spacing—approximately three times the 284 

diameter of a single actin filament—suggests that filaments within the ACR are relatively 285 

spaced rather than densely packed. Notably, this interfilament distance is consistent with 286 

the spacing (∼20 nm) reported for collective actin motion driven by skeletal muscle 287 

myosin in previous studies (25). 288 

 289 

To investigate the dynamics of chiral curved actin filaments interacting with the ACR, we 290 

again employed the method of adjusting the ratio of Cy3-labeled to non-fluorescent actin. 291 

This approach enabled detailed observation of collision outcomes. When actin filaments 292 

approached the ACR from the the direction opposite to its rotation, 80% were repelled, 293 

10% were integrated into the ACR and began rotating in the CCW direction, and the 294 

remaining 10% were incorporated but rotated in the CW direction (Fig. 3D, right). This 295 

latter group likely represents the minority CW-rotating population observed within the 296 

ACR, as noted above. In contrast, when actin filaments approached from the same 297 

direction as the ACR’s rotation, 90% were assimilated and adopted CCW rotation, while 298 

the remaining 10% were excluded (Fig. 3D, left). 299 

 300 

Effects of Actin Bundling Protein and Methylcellulose on ACR Formation 301 

In the cellular environment, actin-binding proteins (ABPs) play an essential role in 302 

modulating actin networks by bundling actin filaments. To investigate the influence of 303 

ABPs on ACR formation, we focused on villin, a well-characterized actin-bundling 304 

protein. In modified in vitro motility assays under high actin concentrations, the presence 305 

of villin markedly accelerated ACR formation, reducing the time required from 306 
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approximately 20 min (in the absence of villin) to just a few minutes. The ACRs formed 307 

in the presence of villin were significantly smaller, with an outer diameter of 308 

approximately 5 μm—about quarter of the ~20 μm diameter observed without villin. 309 

Notably, these smaller ACRs formed in the presence of villin maintained rotational 310 

behavior at their formation site (Fig. 4A, Movie S4), similar to the ACRs formed in the 311 

absence of villin. This observation suggests that villin-mediated size reduction does not 312 

impair either the rotational stability or the self-organization process of ACRs.  313 

 314 

Methylcellulose, a polymer widely used in in vitro studies to mimic intracellular 315 

molecular crowding (26, 27), is known to promote actin bundling through the depletion 316 

effect (28, 29). The presence of methylcellulose markedly altered ACR formation, leading 317 

to the emergence of large, vortex-like ACRs with outer diameters reaching up to 100 318 

μm—substantially larger than the ~20 μm diameter observed in its absence. These vortex-319 

like ACRs exhibited the same CCW rotation as those formed without methylcellulose 320 

(when viewed from the actin side). However, they were unstable and rapidly disintegrated 321 

after formation (Fig. 4B, Movie S5). 322 

 323 

We next examined the combined effects of villin and methylcellulose on ACR formation. 324 

In the presence of both factors, ACRs exhibited slightly larger diameters—approximately 325 

30 μm—compared to the typical ~20 μm ACRs. The direction of rotation of these ACRs 326 

was CCW, which was consistent with the direction observed under other conditions. 327 

However, similar to the vortex-like ACRs formed in the presence of methylcellulose alone, 328 

they were less stable and more prone to disintegration (Fig. 4C, Movie S6). These results 329 

suggest that while villin accelerates ACR formation and reduces its size, methylcellulose 330 
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promotes the formation of larger and less stable ACR structures. Together, these two 331 

factors synergistically influence the size and stability of ACRs. 332 

 333 

  334 
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Discussion 335 

In this study, we demonstrated that CcXI drives actin filaments in the CCW direction and  336 

that, at actin concentrations comparable to those found in cells, CcXI induces the 337 

autonomous formation of cell-sized ACRs through collective motion. Remarkably, ACRs 338 

are exceptionally stable structures, maintaining continuous rotation at their formation site 339 

until ATP depletion. Furthermore, even after ATP depletion, these structures preserved 340 

their integrity, underscoring their robustness and stability as structural units. 341 

 342 

Insights into the Mechanism of CCW Actin Movement   343 

While most myosins move actin filaments along the filament axis, recent studies have 344 

shown that certain class I myosins induce chiral curved motion, driving actin filaments in 345 

a CCW direction (3, 4). However, the underlying mechanism of this motion remains 346 

poorly understood, partly due to the extremely slow motility of class I myosins. To 347 

investigate the mechanism of myosin-induced curved motion, we conducted a detailed 348 

analysis of the CCW motion driven by CcXI, a fast-moving myosin XI (18-20, 30, 31)(32), 349 

which allowed for thorough analysis within a shorter time window. Our analysis revealed 350 

that the trailing end of the filament followed the same path as the leading end (Fig. 1E), 351 

indicating that the critical displacement for chiral curvature occurs predominantly at the 352 

filament tip. The tip of the actin filament, characterized by its high degree of freedom, is 353 

readily bent by oblique forces relative to the filament axis, likely generated by the power 354 

stroke of CcXI, as discussed below. In contrast, bending of other regions along the 355 

filament is restricted by the strong, rigor-state binding of CcXI, which anchors the 356 

filament at both anterior and posterior contact points in these regions (SI Appendix, Fig. 357 

S3). 358 
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 359 

Our study reveals a positive correlation between the curvature of actin filament 360 

trajectories and surface myosin density. This finding contrasts with the well-established 361 

inverse relationship between actin velocity and myosin density, in which increased 362 

myosin density typically reduces actin filament velocity. This velocity reduction is 363 

thought to result from strongly bound myosin molecules hindering the progression of 364 

filaments driven by other myosins performing power strokes (33, 34). In contrast, the 365 

observed increase in actin filament curvature with higher myosin density likely originates 366 

at the filament tips, where a higher myosin density induces more frequent bending events 367 

(Fig. 1E, SI Appendix, Fig. S4). As shown in Fig. S4, this tip-specific bending frequency 368 

scales with local myosin density, highlighting a mechanistic distinction from the velocity–369 

density relationship. 370 

 371 

Why does the leading tip of CcXI-driven actin filaments move obliquely to the filament 372 

axis? To address this question, we must reconsider the mechanism by which myosin 373 

drives actin filaments. The lever-arm model, which is currently the most widely accepted 374 

explanation for myosin-driven actin movement, proposes that actin filament displacement 375 

is driven by a swinging motion of the lever arm. In this model, the lever arm undergoes a 376 

power stroke (swinging motion) relative to the actin filament axis, thereby propelling the 377 

filament forward (35). Myosins such as CcXI, mouse myosin IC, and Drosophila myosin 378 

ID, which induce CCW actin motion, may achieve this by swinging their lever arms at an 379 

oblique angle relative to the actin filament axis. To test this hypothesis, we compared the 380 

rigor-state structures of acto-CcXI MD, resolved by cryo-electron microscopy (32), with 381 

that of acto-SkII S1, also determined by cryo-electron microscopy (36). We initially 382 
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hypothesized that the lever-arm position of CcXI in the rigor state would be oblique to 383 

the actin filament. However, structural analysis revealed that the lever arm positions of 384 

CcXI and SkII in the rigor state were nearly identical, both aligning parallel to the actin 385 

filament (SI Appendix, Fig. S5). Thus, the post-power stroke conformation alone cannot 386 

account for the CCW actin movements driven by CcXI.  387 

 388 

In contrast, in the pre-power stroke state, CcXI may adopt a lever-arm orientation that 389 

deviates from the filament axis. This oblique configuration could result in a power stroke 390 

that is inclined rather than parallel to the filament axis, thereby generating chiral curved 391 

actin motion. A recent cryo-electron microscopy study of mouse myosin IC in both the 392 

ADP-bound and the rigor states provides structural evidence supporting this hypothesis 393 

(37). This study demonstrated that in the ADP-bound state, which corresponds to the pre-394 

power stroke state, mouse myosin IC exhibits a tilted lever arm relative to the filament 395 

axis. In contrast, in the rigor state, which corresponds to the post-power stroke, the lever 396 

arm is nearly parallel to the filament axis. These findings suggest that an oblique power 397 

stroke, as observed in mouse myosin IC, is responsible for the generation of chiral curved 398 

actin motion. Similarly, CcXI may also adopt a pre-power stroke lever-arm orientation 399 

that deviates from the filament axis, thereby producing an oblique power stroke and 400 

subsequently inducing chiral curved motion. 401 

 402 

Mechanism of ACR Formation 403 

Under high actin concentration, actin filaments undergoing chiral curved motion driven 404 

by CcXI self-organized into ACRs through collective motion (Fig. 2A and B, Movies S2). 405 

To understand how the ACRs are formed, it is instructive to apply insights from the well-406 
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studied mechanism of SKII-driven collective motion to the context of CcXI-driven 407 

collective motion. Under similar high actin conditions, SKII induces the formation of 408 

organized structures such as polar clusters, nematic streams, and swirling vortices (11, 12, 409 

22-25). In these SKII-induced structures, the filaments are aligned parallel to one another. 410 

This arrangement likely reflects the liquid crystalline properties of actin filaments: when 411 

freely interacting at high densities, straight actin filaments behave as rod-like 412 

macromolecules that naturally align along their longitudinal axes to minimize free energy 413 

(Fig. 2C: SkII) (38, 39). Because of the differences in interaction effects between chiral 414 

curved and straight actin filaments, it is not surprising that the collective motion of actin 415 

filaments induced by CcXI differs from that induced by SKII. Based on the liquid 416 

crystalline properties of actin filaments, we propose that chiral curved actin filaments 417 

driven by CcXI initially align with the same polarity (Fig. 2C: CcXI, middle), and 418 

subsequently accumulate to form ACRs (Fig. 2C: CcXI, right). Notably, the filament 419 

behavior observed during ACR formation (Movie S3) closely resembles the schematic 420 

model shown in Figure 2C (CcXI).  421 

 422 

Parallel streaming of actin filaments induced by SkII has been proposed to result from 423 

orientation changes during filament collisions. However, previous studies have shown 424 

that the angular adjustments during two-filament collisions are insufficient to account for 425 

this phenomenon, indicating that interactions among multiple filaments are necessary to 426 

establish parallel streaming (24, 25). Consistent with these findings, we also did not 427 

observe significant angle changes in orientation during collisions between two chiral 428 

curved actin filaments, similar to the case with straight filaments (24). These observations 429 

suggest that effective alignment, whether in straight or chiral curved filaments, requires 430 
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multifilament interactions rather than simple binary collisions. 431 

 432 

To examine the role of multifilament interactions, we simulated multifilament collisions 433 

using a simplified model, where the orientation of the leading edge of each filament 434 

adapted to that of neighboring filaments upon collision. Simulations with straight actin 435 

filaments resulted in bidirectional (nematic) streaming, rather than unidirectional (polar) 436 

streaming (Movie S7). In contrast, simulations with chiral curved actin filaments led to 437 

the emergence of curved polar arrays that self-organized into ACR-like structures (Movie 438 

S8), closely resembling the experimentally observed ACR formation process (Movie S3). 439 

The finding that polar orientation was more likely to emerge in simulations of chiral 440 

curved actin filaments is consistent with our experimental observations, where the 441 

collective motion of chiral curved actin filaments showed a significantly higher 442 

percentage of polar orientation (88%) compared with that of straight actin filaments (60-443 

80%) (23) (Fig. 3B). 444 

 445 

Collective motion of chiral curved actin filaments exhibits significantly greater structural 446 

uniformity and stability compared with that of straight actin filaments. In previous studies, 447 

straight actin filaments exhibited collective motions in various forms, such as waves and 448 

clusters, with variations in persistence and directionality (22-25). In contrast, chiral 449 

curved actin filaments consistently self-organized into ACRs, which invariably rotated in 450 

the CCW direction. This remarkable structural and directional consistency is likely a key 451 

factor contributing to the long-term stability of ACRs. 452 

 453 

Similar self-organized chiral rings are also observed in the bacterial cytoskeletal system.  454 
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FtsZ, a bacterial tubulin homolog, polymerizes into curved filaments that exhibit chiral 455 

treadmilling motion when anchored to lipid membranes via FtsA. At sufficiently high 456 

concentrations, these curved filaments self-organize into chiral rotating rings in vitro (17, 457 

40). Brownian dynamics simulations and coarse-grained modeling have further supported 458 

the autonomous formation of these structures (15, 40). FtsZ plays a central role in 459 

bacterial cytokinesis by assembling into the Z-ring at the future division site. These 460 

findings suggest that the capacity of cytoskeletal proteins to form chiral rings through 461 

collective motion may reflect a fundamental organizing principle of cytoskeletal systems. 462 

Moreover, the formation of such chiral structures by cytoskeletal elements with intrinsic 463 

chirality may represent a widespread and evolutionarily conserved mechanism across 464 

diverse organisms. 465 

 466 

Functions of ACR in Cellular Dynamics 467 

ACR-like structures, referred to as acquosomes, have been identified in various plant cell 468 

types, including Arabidopsis, tobacco BY2 cells, zinnia, and Characean algae. When 469 

cytoplasmic extracts from Characean algae were observed under a dark-field microscope, 470 

acquosomes exhibited rotational motion on the glass surface in the same direction as the 471 

ACRs characterized in this study. Furthermore, negative-staining electron microscopy 472 

revealed that these structures are composed of actin filament bundles with uniform 473 

polarity (41). These findings suggest that the acquosomes formed in vivo possess 474 

structural and dynamic properties analogous to those of ACRs reconstituted in this study 475 

under in vitro conditions. 476 

 477 

Acquosome formation has been reported to occur transiently during specific cellular 478 
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events such as the onset of growth or in response to injury, and this process depends on 479 

myosin activity. In the case of pollen tube cells, for instance, acquosomes appear briefly 480 

before the initiation of elongation and are subsequently reorganized into polarized actin 481 

bundles that guide directional tip growth (42, 43)(44-46). Such polarized bundles are 482 

essential for unidirectional cytoplasmic streaming, a fundamental mechanism for 483 

intracellular transport in plant cells. Previous studies have demonstrated that these 484 

structures can form autonomously through interactions between actin filaments and 485 

myosin XI (47, 48), and that actin-bundling proteins such as plant villin facilitate their 486 

formation by crosslinking filaments with uniform polarity (49). Our current findings 487 

indicate that similarly polarized bundles can also form via ACRs, which emerge from the 488 

collective motion of actin filaments driven by  489 

myosin with chiral activity, CcXI (Fig. 2B and Supplementary Movies 2 and 3). Moreover, 490 

the presence of villin significantly accelerates this process (Fig. 4A, C and Supplementary 491 

Movies 4 and 6). Integrating our findings with previous observations, we propose that 492 

ACRs may serve as functional equivalents of acquosomes in organizing polarized actin 493 

structures, with villin acting as a potential enhancer of this process in vivo. 494 

 495 

Drosophila myosin ID, like CcXI, drives the chiral curved motion of actin filaments (4). 496 

It also plays a crucial role in establishing cellular and organ-level chirality (4-7), although 497 

the underlying mechanism remains poorly understood. Given that ACRs are cytoskeletal 498 

assemblies exhibiting chirality at the cellular scale, their formation by Drosophila myosin 499 

ID could provide key insights into the mechanism by which myosin ID induces cell 500 

chirality. Therefore, it is essential to determine whether Drosophila myosin ID can induce 501 

ACR formation under physiological actin concentrations, as observed for CcXI. 502 
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 503 

Although the functions of myosins have been extensively studied, little attention has been 504 

paid to their chiral activity, potentially leading to the oversight of myosins possessing this 505 

property. One reason for this oversight is that the chiral activity depends on myosin 506 

density and requires a sufficiently high concentration of myosin molecules, as 507 

demonstrated in Figure 1D. However, conventional in vitro motility assays are typically 508 

performed at low myosin densities to ensure smooth actin filament movement, thereby 509 

making the detection of chiral activity difficult. Consequently, despite numerous studies 510 

on CcXI since 2003 (18-20, 30-32), its chiral activity has remained unidentified until the 511 

present study. 512 

 513 

Uncovering the chiral activity of myosins opens new avenues for understanding how 514 

these motors regulate intracellular actin dynamics. Our findings demonstrate that myosin 515 

chiral activity can drive the autonomous formation of stable, highly ordered actin 516 

architectures, revealing an additional layer of complexity in cytoskeletal organization. 517 

This discovery broadens the functional landscape of myosins beyond conventional 518 

attributes such as velocity, ATPase activity, duty ratio, and directionality. Further 519 

exploration of myosin chiral activity in cellular contexts, including cytoskeletal 520 

organization and cell chirality, may provide key insights into its role in shaping 521 

cytoskeletal architecture and coordinating cellular organization. 522 

523 
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Materials and methods (see also SI Appendix, Supplementary Materials 524 

and Methods) 525 

 526 

Protein expression, and purification 527 

CcXI MD and CbXI-3 MD were expressed in insect cells (High FiveTM, Life 528 

Technologies) and purified using nickel-affinity and FLAG-affinity resins as previously 529 

described (20, 21). Further details are described in the SI Appendix, Materials and 530 

Methods. Skeletal muscle myosin II was purified from rabbits as described previously 531 

(50, 51). Skeletal muscle actin was purified from Chicken scapes using the method of 532 

Spudich and Watt (52). Cy3-labeled skeletal muscle actin was prepared as described 533 

previously (51, 53).  534 

 535 

Standard in vitro motility assay  536 

The standard in vitro motility assay was performed as previously described (20, 21). 537 

Briefly, 0.2 mg/ml of anti-c-Myc antibody was perfused into the motility chamber. After 538 

washing with assay buffer, 0.15 mg/ml of myosin molecules with a c-Myc epitope tag 539 

were perfused into the chamber to immobilize the myosin molecules on the coverslip 540 

surface using an anti-c-Myc antibody. Next, the assay chamber was infused with either 541 

assay buffer containing 0.0003 mg/ml rhodamine-phalloidin-labeled actin or the same 542 

concentration of phalloidin-labeled Cy3-actin. The composition of the assay buffer was 543 

as follows: 25 mM Hepes-KOH (pH 7.4), 25 mM KCl, 4 mM MgCl2, 3 mM ATP, 10 mM 544 

DTT, and an oxygen scavenging system (120 µg/ml glucose oxidase, 12.8 mM glucose, 545 

and 20 µg/ml catalase). Observations of motility were conducted at 25°C. 546 

 547 
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Modified in vitro motility assay at high actin concentration  548 

Myosin molecules were immobilized on the coverslip using an anti-c-Myc antibody as 549 

described in the standard in vitro motility assay (19, 20)(21, 30, 54). The assay chamber 550 

was subsequently infused with assay buffer without ATP, either containing 0.005–0.01 551 

mg/ml rhodamine-phalloidin-labeled actin and 0.1 mg/ml actin or assay buffer containing 552 

0.005 mg/ml phalloidin-labeled Cy3- labeled actin and 0.1 mg/ml actin. The actin used 553 

was pre-treated with gelsolin (Sigma-Aldrich, product number: G8032) at a molar ratio 554 

of 1000:1 to actin in the presence of 1 mM CaCl2, resulting in an average length of 555 

approximately 5 µm. It should be noted that the average length of actin filaments became 556 

shorter due to severing events occurring during movement. After 10 min of incubation, 557 

the assay buffer with ATP was infused to remove unbound filaments and observation 558 

began. Cy3-labeled actin was prepared by labeling actin with Cy3-succinimide. To avoid 559 

motility artifacts, the proportion of Cy3-labeled actin molecules within the filaments was 560 

kept below 10%, as previously reported (51). The composition of the assay buffer was 561 

the same as that used for the standard in vitro motility  assay: 25 mM Hepes-KOH (pH 562 

7.4), 25 mM KCl, 4 mM MgCl2, 3 mM ATP, 10 mM DTT, and an oxygen scavenging 563 

system (120 µg/ml glucose oxidase, 12.8 mM glucose, and 20 µg/ml catalase) . In some 564 

experiments, the concentration of KCl in the assay buffer was 150 mM. Observations of 565 

motility were conducted at 25°C.  566 

 567 

Measuring the curvature of the trajectory of a single actin filament in the standard 568 

in vitro motility assay 569 

An orientation difference-based method was used to calculate curvature from a set of 570 

points. Specifically, the curvature was calculated by dividing the orientation angle 571 
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differences by the distance between two points using the orientation information of the 572 

point sequence (55). The X and Y coordinates of the leading end of a single actin filament 573 

were measured at 1 µm intervals over 21 points using Bohbo Soft (56). We then 574 

determined the curvature of the trajectory of a single actin filament from a set of 21 points 575 

spaced 1 µm apart by dividing the total angular variation by the total distance of 576 

movement across these 21 points. For each myosin type studied, curvature measurements 577 

were taken from approximately 30 actin filaments and then averaged to obtain the final 578 

values. 579 
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 723 

 724 

Figure legends 725 

Figure 1. Chiral curved motion of actin filaments driven by CcXI in the standard in 726 

vitro motility assay. (A) Schematic diagram showing the standard in vitro motility assay. 727 

Myosin molecules were randomly immobilized on a coverslip, and fluorescently labeled 728 

actin filaments are added along with ATP to visualize filament motion. (B) Representative 729 

trajectories of actin filaments over a 5-second interval driven by Chara corallina myosin 730 

XI MD (CcXI MD) and rabbit skeletal muscle myosin II (Rab SKII). The color gradient 731 

from red to purple indicates the progression of time from 0 to 5 seconds. (C) Histogram 732 

showing the distribution of actin filament curvatures in a standard in vitro motility assay 733 

with CcXI MD and Rab SKII. Curvature (degrees per micrometer) was calculated from 734 

orientation changes at 1 µm intervals over 21 points along individual filaments. Positive 735 
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curvature values indicate CCW movement when viewed from the actin side. Each 736 

distribution represents measurements from 30 actin filaments per myosin condition. (see 737 

SI Appendix, Supplementary Materials and Methods). (D) Dependence of filament 738 

curvature on surface myosin concentration in a standard in vitro motility assay with CcXI 739 

MD. The x-axis represents the myosin concentration (μM) applied to a chamber with a 740 

spacer thickness of 0.24 mm. The y-axis shows the mean filament curvature ± standard 741 

deviation (n = 27–30 filaments per condition). (E) Overlay of the trajectories of the 742 

leading (red) and the trailing (blue) ends of a single actin filament in a standard in vitro 743 

motility assay with CcXI MD. The trailing end follows the same path as the leading end, 744 

indicating that curvature is generated primarily at the filament tip and is maintained along 745 

its length. 746 

 747 

Figure 2. Autonomous formation of ACRs through the collective motion of chiral 748 

curved actin filaments driven by CcXI in the modified in vitro motility assay. (A) 749 

Schematic illustration of ACR formation under conditions with elevated actin filament 750 

density. ACRs emerged within approximately 20 min after ATP addition, exhibiting CCW 751 

rotation when viewed from the actin side and CW rotation when viewed from the lens 752 

side. (B) Fluorescence microscopic images of fully formed ACRs. Once formed, the 753 

ACRs rotated continuously in the CCW direction at the same location where they initially 754 

developed.. The corresponding video is provided as Supplementary Movie 2. (C) 755 

Schematic representation of the formation process of collective actin motion under 756 

elevated actin filament density. CcXI: Upon ATP addition, individual actin filaments 757 

driven by CcXI initially exhibited CCW chiral curved trajectories and progressively 758 

aligned into a parallel stream-like collective motion. These filaments then gradually 759 

assembled into ring-shaped structures, which subsequently rotated in the CCW direction. 760 

SKII: For comparison, a schematic of the collective motion of actin filaments driven by 761 

skeletal muscle myosin II (SkII), as reported in previous studies, is shown. In contrast to 762 
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CcXI, SkII drives straight actin filaments that form parallel streams without ring 763 

formation. 764 

 765 

Figure 3. Analysis of actin filament motion within ACR structures. (A) Quantification 766 

of the outer and inner diameters of the ACRs and the width of the ring. The outer and 767 

inner diameters were measured by fitting circles using ImageJ. The data represent the 768 

mean ± standard deviation of 120 ACRs. Except for actin concentration, all assay 769 

conditions were identical to those used in the standard in vitro motility assay for 770 

measuring single-filament curvature, including a solution containing 25 mM Hepes-KOH 771 

(pH 7.4), 25 mM KCl, 4 mM MgCl2, 3 mM ATP, and 10 mM DTT. (B) Directional 772 

analysis of 90 actin filaments (AFs) from six ACR rings revealed that 79 AFs (88%) 773 

moved in CCW direction, while 11 AFs (12%) moved in CW direction. This analysis was 774 

conducted by reducing the ratio of Cy3-labeled actin, as described in the SI Appendix, 775 

Supplementary Materials and Methods). (C) The filament density within ACRs was 776 

estimated by lowering the proportion of Cy3-labeled actin, as illustrated in Fig. S2. Across 777 

20 ACRs, the number of filaments per ring width averaged 320 ± 20, with an inter-778 

filament spacing of approximately 22 ± 9.8 nm. These values indicate relatively sparse 779 

filament packing within the ring structure. (D) Outcomes of filament-ACR collisions 780 

depending on the approach direction. (Left) When AFs approached in the same direction 781 

as ACR rotation,, 90% were assimilated into the ACR and began rotating CCW, while 782 

10% are ejected. (Right) When AFs approached from the opposite direction of ACR 783 

rotation, 80% are repelled, 10% were incorporated and rotated CCW, and 10% were 784 

incorporated but rotated CW. The latter population likely corresponds to the minority 785 

CW-rotating filaments observed in (B). Each category was quantified based on 786 

observations of 30 AFs for each direction. 787 

 788 

Figure 4. Effects of Actin Bundling Protein and Methylcellulose on ACR Formation 789 

.CC-BY 4.0 International licensemade available under a 
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted March 27, 2025. ; https://doi.org/10.1101/2025.03.26.645581doi: bioRxiv preprint 

https://doi.org/10.1101/2025.03.26.645581
http://creativecommons.org/licenses/by/4.0/


 34 

(A) Formation of ACRs in the presence of villin. To assess the impact of actin-bundling 790 

proteins on ACR formation, 1.5 µM villin was added to the modified in vitro motility 791 

assay. Within 1 to 2 min after the start of the reaction, numerous small ACRs with outer 792 

diameters of approximately 5 µm appeared, which were rotating in CCW direction. These 793 

smaller ACRs exhibited robust and continuous CCW rotation at their formation sites, 794 

resembling the behavior of ACRs formed without villin. The video corresponding to Fig. 795 

4(A) is available as Supplementary Movie 4, illustrating the dynamic process shown in 796 

this figure. (B) Formation of ACRs in the presence of methylcellulose. To mimic 797 

intracellular molecular crowding, 0.5% methylcellulose was included in the assay. This 798 

condition led to the emergence of large, vortex-like ACRs with outer diameters of 799 

approximately 100 µm appeared. These large, vortex-like ACRs rotated in CCW direction, 800 

similar to ACRs formed in the absence of methylcellulose. However, unlike ACRs formed 801 

without methylcellulose, these structures were unstable and disintegrated shortly after 802 

formation. The video corresponding to Fig. 4(B) is available as Supplementary Movie 5, 803 

illustrating the dynamic process shown in this figure. (C) Formation of ACRs in the 804 

combined presence of villin and methylcellulose. When both 1.5 µM villin and 0.5% 805 

methylcellulose were added, the resulting ACRs exhibited intermediate diameters of 806 

approximately 60 µm. Similar to other conditions, these ACRs rotated in CCW direction. 807 

However, as observed with methylcellulose alone, these large ACRs were unstable and 808 

rapidly disintegrated shortly after formation. The video corresponding to Fig. 4(C) is 809 

available as Supplementary Movie 6, illustrating the dynamic process shown in this figure. 810 

 811 

 812 
 813 
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