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1. Abstract

Left-right (LR) asymmetry is crucial for animal development, particularly in Drosophila
where LR-asymmetric morphogenesis of organs hinges on cellular-level chirality, termed
cell chirality. In this species, two class | myosins, Myosin1D (Myol1D), and Myosin1C
(Myo1C), respectively determine dextral (wild type) and sinistral (mirror image) cell
chirality. Previous studies demonstrated Myo1Dds ability to propel F-actin in leftward
circles during in vitro gliding assays, suggesting its mechanochemical role in defining
dextral chirality. Conversely, MyolC propels F-actin without exhibiting LR-directional
preference in this assay, suggesting at other properties governing sinistral chirality. Given
the interaction of Myol1D and Myol1C with the membrane, | hypothesized that differences
in their membrane behaviors might be critical in dictating their dextral or sinistral activities.
In this study, employing single-molecule imaging analyses, | investigated the dynamic
behaviors of Myol1D and Myo1C on the plasma membrane. Our findings revealed that
Myo1C exhibits a significantly greater proportion of slow-diffusing population compared
to MyolD. Importantly, this characteristic was contingent upon both head and tail domains
of Myo1C. The distinct diffusion patterns of MyolD and Myol1C did not exert mutual
influence on each other. This divergence in membrane diffusion between Myo1D and

Myol1C may be crucial for dictating cell and organ chirality.



2. Introduction

2.1 Left-right asymmetry in animals

Left-right (LR) asymmetry is a fundamental characteristic that is widely observed
phenomenon in the morphology and functionality across various organisms. Many
organisms exhibit LR asymmetry in their internal organs and external appearance. We
humans also show genetically controlled LR-asymmetry in the morphology and
arrangement of our organs. The formation mechanism of LR-asymmetry formation in
vertebrates and other hindgut animals has been studied extensively. For example, in the
mouse (Nonaka, Shiratori, Saijoh, & Hamada, 2002; Nonaka et al., 1998; Yoshiba et al.,
2012), zebrafish (Kramer-Zucker, 2005), and Xenopus (Schweickert et al., 2007), the LR
axis is formed by water flow generated by cilia present in the early embryo. In the mouse,
cilia rotate clockwise in a bowl-shaped hollow structure called the node, which is observed
approximately seven-eight days after fertilization, and generate water flow to the left side
of the embryo. When the non-motile cilia of the crown cells at the periphery of the node are
deformed by this flow, the Ca2* channel Pkd2 localized there opens, activates Ca2*
signaling and induces the expression of genes such as Nodal and Lefty. The LR-asymmetric
expression of these genes forms the LR axis (Babu & Roy, 2013; Nonaka et al., 2002;
Nonaka et al., 1998; Yoshiba et al., 2012). On the other hand, vertebrates other than
mammals have different mechanisms of LR-asymmetry formation from the node flow. In

chickens, African clawed frogs, sea urchins, and catadromous ascidians, ion channels and
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ion pumps such as H*/K*-ATPase, H*-V-ATPase, and Na*/K*-ATPase, are localized and
activated LR-asymmetrically (Adams et al., 2006; Aw, Adams, Qiu, & Levin, 2008;
Hibino, Ishii, Levin, & Nishino, 2006; Levin, Thorlin, Robinson, Nogi, & Mercola, 2002;
Shimeld & Levin, 2006). This occurs earlier than the LR asymmetric expression of the
Nodal gene cluster. In chicken, in addition to the above mechanisms, a node-like site called
the Hensen node also contributes to the formation of the LR axis. The mouse node is
derived from the mesoderm, whereas the chicken Hensen node is derived from the
endoderm. In addition, cilia are less mobile in the Hensen node (Cheng, D.Little, &
J.Rongish, 2009; Stephen et al., 2014). The Hensen node is a LR-symmetrical structure at
the beginning of its formation, but by stage 4, leftward cell migration creates a LR
asymmetry (Cheng et al., 2009; Gros, Feistel, Viebahn, Blum, & Tabin, 2009). Later, as
development progresses, LR-asymmetric expression of gene clusters such as Sonic
hedgehog (Shh), Fibroblast growth factor8 (Fgf8), and Nodal is induced (Gros et al.,
2009). On the other hand, invertebrates such as nematodes do not have a node equivalent
structure(Grand, Martin-Duran, Kenny, Truchado-Garcia, & Hejnol, 2014). In these
organisms, intracellular polarity during early development is responsible for the formation

of the LR axis (Davison et al., 2016; Mech, 2014).
2.2 Cell chirality in animals

Substantial strides have been achieved in understanding the mechanisms of LR-asymmetry

formation, notably in vertebrates. The underlying mechanisms of LR-asymmetric



development diverge across evolutionary lines among different species. For instance, in
Lophotrochozoans and Medusozoans, the intrinsic chirality of cells emerges as a crucial
factor in LR-asymmetry formation (Hozumi et al., 2006; Inaki, Liu, & Matsuno, 2016;
Kuroda, Endo, Abe, & Shimizu, 2009; Spéder, Adam, & Noselli, 2006; Wood, 1991).
Object incapable of superimposing onto their mirror images are deemed chiral. This
concept is exemplified in pond snails and nematodes, where the chirality of blastomeres in
early embryos defines the overall body chirality (Davison et al., 2016; Kuroda et al., 2009).
In Drosophila, the intrinsic chirality of cells induces LR-directional rotations in organs,
such as the hindgut and male genitalia (Coutelis et al., 2013; Hozumi et al., 2006; Sato et
al., 2015; Spéder et al., 2006). Moreover, this intrinsic cell chirality has been observed
across various eukaryotic cells, spanning from slime molds to humans, termed as ficell
chiralityo (Tamada, Kawase, Murakami, & Kamiguchi, 2010; Tee et al., 2015; Wan &
Vunjak-novakovic, 2011; Yamanaka & Kondo, 2015). The detection of cell chirality
encompasses various aspects, including the chirality in cell shape, cell migration direction,
intracellular dynamics, and arrangement of multiple cells (Cheng et al., 2009; Fan et al.,

2018; Tee et al., 2015; Xu et al., 2007).

2.3 MyolD and Myo1C plays crucial role in chirality formation in

Drosophila

The formation mechanisms behind cell chirality have begun to be understood. For example,

regulators of F-actin, such as Formin and actinin, play essential roles in the formation of
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cell chirality (Chougule et al., 2020; Tee et al., 2023, 2015). In Drosophila, Myosin1D
(Myol1D) and Myosin1C (Myol1C) define the enantiomeric states of cell chirality (Figure 1)
(Hatori et al., 2014; Ishibashi et al., 2019; Lebreton et al., 2018; Taniguchi et al., 2011).
Belonging to the evolutionarily conserved Myosin | family, both Myol1D and Myol1C
possess a single head that interacts with F-actin and contribute to various cellular functions,
including membrane trafficking, dynamics, and organization, facilitated through their
association with the membrane via their tail domains (MclIntosh & Ostap, 2016). MyolD
and Myo1C induce dextral (right-handed) and sinistral (left-handed) cell chirality,
respectively, consequently influencing the corresponding LR asymmetry of organs (Hatori
et al., 2014; Ishibashi, Inaki, & Matsuno, 2020; Lebreton et al., 2018; Taniguchi et al.,
2011). As a molecular bases of cell chirality, it has been observed that Myol1D propels F-
actin with a right-handed curvature in in vitro gliding assay (Lebreton et al., 2018). In this
assay, Myo1C suppresses the chiral F-actin propulsion activity of MyolD, partially
explaining the sinistral activity of MyolC (Lebreton et al., 2018). However, the
misexpression of Myol1C induces sinistral chirality even in tissues where MyolD is not
involved in LR-asymmetry formation (Lebreton et al., 2018). Nevertheless, Myol1C propels
F-actin without a specific LR directional preference (Lebreton et al., 2018). Thus, if the
chiral turning of F-actin by Myol1D plays some roles in the formation of dextral cell
chirality, Myol1C should have some other specific features that explain its role in
establishing sinistral cell chirality. To address this possibility, extensive analyses of

mechanochemical properties in vitro have revealed differences between MyolD and
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Myo1C in kinetics, such as ATPase activity, F-actin binding, and transport activity (Baez-
Cruz & Ostap, 2023). Despite these findings, the precise contribution of these
mechanochemical differences to direct dextral (right-handed) and sinistral (left-handed) cell
chirality remains unclear. Beyond the observed mechanochemical distinctions, Myol1D and
Myo1C may also exhibit biochemical and biophysical variations owing to their interactions
with biomembranes. This stems from the established knowledge that both Myo1D and
Myo1C bind to membrane lipids through their respective tail domains (Mclintosh & Ostap,
2016). Moreover, given that MyolD and Myo1C bind to the actin cytoskeleton via their
head domains, it is plausible that they also interface with the membrane skeleton through
these head domains (Mcintosh & Ostap, 2016). Consequently, I speculated that differences
in their dynamic molecular behaviors on or near the plasma membrane might also hold

significance.

2.4 Exploring single molecule behaviors of Drosophila myosins

To investigate these molecular behaviors at a single molecule level, single molecule
imaging is a widely used approach. In Drosophila, cultured larval macrophages have served
as a model cell for various cell biological analyses (Kochubey, Majumdar, & Klingauf,
2006; Sampson, Amin, & Couso, 2013). Manipulated genetically, these macrophages can
be isolated from larvae and cultured as primary cultures for live imaging, facilitating the
observation of single molecule behavior (Figure 2). Specifically, the conduct of single

molecule imaging for Myo1D and Myo1C can be readily achieved by the specific
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misexpression of Myol1D and Myo1C genes fused with sequences encoding the HaloTag
within these macrophages. Previous high-throughput RNA sequencing analyses have
indicated that endogenous MyolD and Myol1C exhibit moderate and low expression levels,
respectively, in wild-type macrophages (Cho et al., 2020). Therefore, in the present
experiments, recombinant MyolD and Myol1C genes, each tagged with a HaloTag
sequence, were expressed in macrophages in which wild-type Myol1D and Myol1C were
endogenously expressed. Single molecule imaging enables us to monitor protein dynamics
within cells or living organisms, offering both high temporal and spatial resolutions
(Matsuoka, Shibata, & Ueda, 2013; Takebayashi, Kamimura, & Ueda, 2023; Ueda, Sako,
Tanaka, Devreotes, & Yanagida, 2001; Yoshioka et al., 2020). This technique allows the
elucidation of various biophysical properties of target proteins, including binding kinetics
and diffusion coefficients. Considering the potential involvement of Myol1D and Myol1C in
membrane-associated functions, live imaging of these proteins on or near the plasma
membrane is often achieved using a total internal reflection fluorescence microscopy
(TIRFM). Analytical techniques for single molecule data commonly involve estimating
kinetics, such as dissociation rates derived from trajectory length distributions, and
extracting diffusion-related information using mean square displacement (MSD) analysis

(Golan & Sherman, 2017; Michalet, 2010; Takebayashi et al., 2023).
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2.5 Results summary

Our single molecule analyses revealed distinctive behaviors between MyolD and MyolC
dynamics on the plasma membrane. Hidden Markov Model (HMM) analyses demonstrated
the existence of three distinct diffusion states for both Myol1D and Myol1C. Comparison of
the trajectories of HaloTag and Myosin-1s anchored to the plasma membrane suggests that
slow diffusion is the characteristic trajectory of myosin. A significantly larger portion of
Myo1C exhibited slow diffusion compared to MyolD. | also found that such differences
are attributable to variations in the head domains governing ATPase activities and F-actin
binding, as well as the tail domains known for their interactions with the membrane.
Despite the ability of MyolC to suppress the activities of Myol1D both in vivo and in vitro
(Hozumi et al., 2006; Lebreton et al., 2018), their distinct diffusion properties did not exert
mutual influence. However, considering the regulatory potential of Myosin-Is through their
association with the plasma membrane, the differences observed in MyolD and MyolC
diffusion on the plasma membrane may indeed contribute to dictating their respective
dextral and sinistral activities. Indeed, a correlation was found (correlation coefficient >
0.9) between the proportion of slow diffusion states, the characteristic trajectory of myosin
obtained by HMM, and the LR activity (sinistral or dextral) of the protein predicted from

the Drosophila hindgut phenotype.
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3. Results

3.1 Myo1C exhibits constrained diffusion on plasma membrane

Drosophila MyolD and Myol1C dictate dextral and sinistral chirality, respectively, in cells
and organs. As their activities intertwine with membrane lipid interactions, any differences
in their dynamics at the plasma membrane might correlate with their respective roles in
defining dextral and sinistral chirality. To investigate this, | employed single-molecule
imaging through TIRFM to analyze the diffusion characteristics of MyolD and Myo1C.
Recombinant genes encoding HaloTag-fused proteins, namely MyolD-HaloTag and
Myol1C-HaloTag (Figure 3), were misexpressed in larval macrophages using the
UAS/GAL4 system in Drosophila (Zettervall et al., 2004). The genetically engineered
macrophages, isolated from third instar larvae body fluid, were cultured on a glass bottom
plate, providing an optimal set-up for single molecule imaging using TIRFM (Figure 2)

(Kochubey et al., 2006; Sampson et al., 2013).

Prior to conducting single molecule imaging analyses, I confirmed the activities of Myol1D-
HaloTag and Myol1C-HaloTag, which respectively dictate dextral and sinistral chirality in
vivo (Figure 4). In embryos homozygous for the Myo1D null mutant, Myo1D"!*2, the
hindgut exhibited an LR inversion frequency of 90%. Notably, UAS-MyolD-HaloTag
partially suppressed the LR-inversion phenotype even without a GAL4 driver in this

mutant, presumably due to reported leaky expression of UAS-MyolD-HaloTag (Hozumi et
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al., 2008). However, hindgut-specific misexpression of UAS-Myol1D-HaloTag driven by
byn-GAL4 almost entirely rescued the LR-inversion phenotype in Myo1D*2 homozygotes.
Collectively, these findings suggest that MyolD-HaloTag maintains the wild-type activity
of Myol1D. Conversely, it is established that misexpression of wild-type Myol1C in the
hindgut epithelium induces LR inversion of the hindgut in wild-type embryos (Hozumi et
al., 2006; Spéder et al., 2006). Thus, specifically misexpressing UAS-Myo1C-HaloTag in
the wild-type hindgut, driven by byn-GAL4, confirmed the observed LR-inversion
phenotype (Figure 4). In contrast, embryos carrying UAS-Myo1C-HaloTag without byn-
GALA4 did not display the LR-inversion phenotype (Figure 4). These results indicate that

Myo1C-HaloTag maintains the wild-type activity of Myol1C.

For all single molecule analyses detailed in this study, samples were independently
prepared three times, and a minimum of 10 cells were observed for each sample
preparation. To visualize the HaloTag-fused proteins, | used tetramethylrhodamine (TMR)
ligands. Employing TIRFM, single molecule imaging was conducted at 45 frames per
second (FPS) for 20 s (900 frames) per cell. After the imaging, image preprocessing,
particle detection, and particle linking were performed using TrackMate (Ershov et al.,
2022). Notably, our methodology did not assume particle merging or splitting, as Myol1C
and Myo1D, both being type | myosins, function as monomers. To enhance tracking
robustness against noise, trajectory data with tracked duration <2 frames were excluded.

Furthermore, in this study, | used Myristoylated HaloTag (Myr-HaloTag) as controls to
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assess protein diffusion at the plasma membrane (Kohl et al., 2014). Myristoylation serves

as an anchoring mechanism, facilitating the binding of proteins to the plasma membrane.

Representative snapshots extracted from single molecule time-lapse recordings depicted
discernible bright spots corresponding to individual MyolD-HaloTag, MyolC-HaloTag,
and Myr-HaloTag proteins (Figure 5). The trajectories of tracked particles were color-
coded based on the displacement distance between successive frames (Figure 5). Higher
magnification images illustrating these trajectories are shown (Figure 5, A6-Cb). Our
tracking analysis revealed distinct behaviors: MyolD-HaloTag and Myr-HaloTag
demonstrated patterns consistent with free diffusion, whereas Myol1C-HaloTag exhibited
notably reduced mobility. Many particles representing MyolC-HaloTag appeared confined

or trapped (Figure 5, A66-C00).

To characterize the dynamics of these proteins at the plasma membrane, | quantified and
compared the dissociation rates of Myr-HaloTag, MyolD-HaloTag, and MyolC-HaloTag
(Table 2 and Figure 6). Our analysis involved fitting the dissociation curve with a mixture
of exponential functions (Loffreda et al., 2017; Matsuoka et al., 2013; Takebayashi et al.,
2023; Yoshioka et al., 2020), which represents a complementary cumulative distribution
function (1 T CDF) of tracked durations. The dissociation curve was well-fitted by a
mixture of two exponential functions, rather than a single exponential function.
Dissociation rates serve as a measure of the strength of the interaction between the

molecule and the cell membrane. Accordingly, the exponential functions representing
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higher and lower dissociation rates are denoted as short and long binding states,
respectively. The proportion of long binding states was calculated as 0.25 + 0.03, 0.32 +
0.02, and 0.24 £ 0.03 (mean = s.d, standard deviation) for MyolD-HaloTag, MyolC-
HaloTag, and Myr-HaloTag, respectively (Figure 6 B). Consequently, the proportion of
short binding state is 1 T the proportion of long binding states (Figure 6 B). For the short
binding states, the dissociation rates were determined as 15.75 + 1.19, 15.72 + 1.48, and
14.28 + 0.48 (1/s) (mean £ s.d.) for MyolD-HaloTag, MyolC-HaloTag, and Myr-HaloTag,
respectively (Figure 6 C). Meanwhile, the dissociation rates for the long binding states were
measured as 1.55 + 0.40, 1.43 + 0.07, and 1.85 + 0.15 (1/s) (mean = s.d.) for Myo1D-
HaloTag, MyolC-HaloTag, and Myr-HaloTag, respectively (Figure 6 C). Comparing these
values revealed no significant difference between MyolD-HaloTag and Myol1C-HaloTag
in terms of dissociation rates. However, a significant difference was observed in the
proportions between MyolC-HaloTag and Myr-HaloTag, suggesting that MyolC exhibits a
tendency to remain at the plasma membrane for longer durations compared with proteins

such as Myr, which is assumed to undergo free diffusion.

Another crucial parameter characterizing protein behavior on the plasma membrane is
protein diffusivity, often evaluated using MSD as a statistical measure (Golan & Sherman,
2017; Michalet, 2010). In instances of random diffusion such as Brownian motion, the
MSD typically exhibits a linear increase with the frame interval (Golan & Sherman, 2017;

Michalet, 2010). However, there exist anomalous diffusions where the MSD does not
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follow a linear trend (Golan & Sherman, 2017; Sabri, Xu, Krapf, & Weiss, 2020). In our
comparison of MSD, | observed that MyolD-HaloTag and Myr-HaloTag displayed a linear
increase, indicative of a Brownian diffusion (Figure 7). In contrast, the MSD for Myo1C-
HaloTag exhibited a change in slope at a frame interval of 2 frames (0.044 s), suggesting
deviation from simple Brownian diffusion (Figure 7). This alteration was likely attributable
to a higher proportion of immobilized molecules within the trajectories of MyolC-HaloTag
(Figure 5, C-Cd0). I assessed the diffusion coefficients of each protein by fitting the MSD
curve. While the MSD function of Brownian motion was employed for MyolD-HaloTag
and Myr-HaloTag, the MSD function characterizing confined diffusion was applied to
Myol1C-HaloTag (Saxton & Jacobson, 1997). The determined diffusion coefficients (Dmsp)
were 0.226 N 0.061, 0.455 N 0.256, and 0.487 N 0.051 (em?/s) (mean + s.d.) for Myo1D-
HaloTag, MyolC-HaloTag, and Myr-HaloTag, respectively (Figure 7). When comparing
the Dmsp of MyolD-HaloTag and Myr-HaloTag, it became evident that MyolD-HaloTag
exhibited significantly lower diffusion. Although MyolD-HaloTag appeared to be diffusing
freely (Figure 5, B6 and BG0), it may still have been inhibited by certain factors. In contrast,
Myo1C-HaloTag exhibited a significantly higher standard deviation in its Dmsp compared
to the other proteins, rendering it incomparable with their values. This may be due to the
dependence of the fitting on the initial values or differences in the shapes of the MSD

functions characterizing confined diffusion and Brownian motion.
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3.2 Myol1D and MyolC exhibit distinct diffusion states

MSD analysis computes the average diffusivity from the trajectory data. It is recognized
that various proteins display multiple diffusion states within the cell membrane and
cytoplasm (Golan & Sherman, 2017; Janczura et al., 2021; Matsuoka et al., 2013; Sabri et
al., 2020; Takebayashi et al., 2023; Yanagawa et al., 2018). Consistent with this, a naive
maximum likelihood estimation with a single displacement probability density function
failed to adequately describe the experimental data, implying the presence of multiple
diffusion states (1 state: Figure 9, 2s state: Figure 10). Consequently, | employed HMM
analysis to extract more detailed diffusion information beyond average diffusion dynamics
(Takebayashi et al., 2023; Yanagawa et al., 2018). The parameters of HMM were estimated
utilizing the Baum-Welch algorithm and Viterbi algorithm was used to assign the estimated
states to the displacement sequences (Bishop, 2006; Rabiner, 1989). HMM serves as a
probabilistic model that assumes unobserved latent variables transitioning stochastically
(Bishop, 2006; Rabiner, 1989). In the context of single-molecule diffusion, these concealed
states may correspond to distinct diffusion behaviors. The model comprises two primary
components: hidden states and observations. Hidden states encapsulate the various
diffusion behaviors that are not directly observable. Using the Baum-Welch algorithm, |
estimated essential parameters such as initial states, transition probabilities between states,

and distribution parameters characterizing the mobility of Myol (Bishop, 2006).
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Using the parameters derived from the Baum-Welch algorithm, I generated probability
density functions based on experimental data and those obtained via HMM analysis

(Figure 11). Notably, the weights plotted in the HMM do not represent initial state
probability but rather signify the steady-state probability, calculated from the initial state
probability and the transition matrix. To determine the most suitable number of states in the
HMM, | employed the Akaike Information Criterion (AIC) as a guiding metric (Table 3)
(Akaike, 1974). In this study, | explored one to three-state models due to the failure of the
Baum-Welch algorithm to converge models comprising four or more states. Remarkably,
the three-state model exhibited the minimum AIC across MyolD-HaloTag, Myol1C-
HaloTag, and Myr-HaloTag datasets (Sub figure of MyolD, MyolC, and Myr in

Figure 13). These three distinct diffusion states were categorized as follows: slow diffusion
state, middle diffusion state, and fast diffusion state, based on the respective values of the
diffusion coefficient. The parameters estimated by the Baum-Welch algorithm were used to
assign states to the displacement series by the Viterbi algorithm (Figure 12) (Forney, 1973).
The slow diffuse state (blue) appears to be tethered to something or stuck in place. The
middle diffuse state in Myol1D has a displacement similar to the fast diffuse state, while in
Myo1C the middle diffuse state (brown) has a displacement similar to the slow diffuse
state. In Myol1C, however, the middle diffuse state (brown) has a similar displacement to
the slow diffuse state. This may also indicate that MyolD and Myol1C actually have
diffusion states that are closer to the two states. Since the fast diffusion state was more

abundant in Myr, which is expected to diffuse most freely with few interactions with other
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proteins (see below for detailed analysis), | expect that the characteristic state for myosin is

the slow diffusion state. This is consistent with the ability of myosin to bind F-actin.

To discern distinctive diffusion characteristics in the movement of MyolD-HaloTag,
Myol1C-HaloTag, and Myr-HaloTag on the plasma membrane, | conducted a comparative
analysis of the proportion of diffusion states and the associated diffusion coefficients
(Dumm) (Table 4 and Figure 14). Our findings revealed that Myo1C-HaloTag exhibited a
notably higher proportion of slow diffusion states compared with MyolD-HaloTag and
Myr-HaloTag (MyolD-HaloTag: 0.353 £ 0.038, Myol1C-HaloTag: 0.609 + 0.031, Myr-
HaloTag: 0.414 + 0.060). Conversely, it displayed a considerably lower proportion of fast
diffusion states than both MyolD-HaloTag and Myr-HaloTag (MyolD-HaloTag: 0.20 £
0.08, Myol1C-HaloTag: 0.06 + 0.00, Myr-HaloTag: 0.33 £ 0.09). These findings indicated
that the estimated Dnmm Of the fast diffusion state was highest for Myol1C-HaloTag.
However, the majority of Myo1C-HaloTag molecules displayed slower diffusion,
surpassing the percentages observed for both MyolD-HaloTag and Myr-HaloTag

(Figure 14; Figure 15). The aforementioned conclusions align with the results of the MSD
analysis, demonstrating that Myol1C-HaloTag exhibited a confined diffusion-like MSD
curve (Figure 7). This finding is consistent with the parameters derived from the Baum-

Welch algorithm.
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3.3 Differences in diffusion properties among MyolC and Myol1D were

attributed to their head and tail domains

Considering that Myo1C and Myo1D showed distinct properties in diffusion states at the
plasma membrane, | next explored the domains responsible for these differences. Type |
myosins consist primarily of two crucial domains: the head and tail domains (\Morgan,
Skovronsky, Artavanis-Tsakonas, & Mooseker, 1994). The head domain is pivotal for
interactions with F-actin (MclIntosh & Ostap, 2016), and the tail domain is essential for
interactions with the plasma membrane (Mclintosh & Ostap, 2016). To delve into whether
these domains contribute to differential behavior of Myol1C and Myo1D on the plasma
membrane, | expressed UAS-Myo1Dtail-HaloTag and UAS-MyolCtail-HaloTag, encoding
only the tail domains of Myol1D and MyolC, respectively, tagged with HaloTag in larval
macrophages (Figure 3). In addition, chimeric genes were constructed, incorporating
combinations of Myo1D and Myo1C head and tail domains®UAS-Myo1D head-Myol1C
IQtail-HaloTag and UAS-Myol1C head-MyolD IQtail-HaloTagd®and expressed under
similar conditions (Figure 3). Prior to single molecule imaging, | confirmed that these
deletion-mutant genes and chimeric genes retained their expected roles in LR-asymmetric
development in vivo. In vivo studies confirmed that hindgut-specific misexpression of UAS-
Myo1D-HaloTag by byn-GAL4 largely rescued the LR-inversion phenotype in Myo1D %2
homozygotes (Figure 4). However, misexpression of UAS-MyolDtail-HaloTag under the

same conditions failed to rescue the LR inversion (Figure 16), because the head domain of
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MyolD is required for its dextral activity, as shown before (Hozumi et al., 2008; Lebreton
et al., 2018). Conversely, hindgut-specific misexpression of UAS-Myo1D head-Myol1C
IQtail-HaloTag by byn-GAL4 significantly rescued the LR-inversion phenotype in
Myo1D %2 homozygotes. Introducing UAS-Myo1D head-MyolC IQtail-HaloTag into
Myo1D %2 homozygotes in the absence of a GAL4 driver partially suppressed their LR-
inversion phenotype, attributable to the previously documented phenomenon of leaky
expression found in UAS strains (Figure 16) (Hozumi et al., 2008). These findings align
with prior evidence that dextral chirality is specified through the head domain of MyolD,
not the tail domain (Hozumi et al., 2008; Lebreton et al., 2018). Similarly, hindgut-specific
misexpression of UAS-Myol1C-HaloTag in wild-type embryos induced LR inversion of the
hindgut (Figure 4). Misexpression of UAS-Myo1Ctail-HaloTag under the same conditions
failed to induce this phenotype (Figure 16), confirming that sinistral chirality is specified
through the head domain, not the tail domain, of MyolC (Hozumi et al., 2008; Lebreton et
al., 2018). Moreover, hindgut-specific misexpression of UAS-Myo1C head-Myol1D IQtail-
HaloTag in wild-type embryos induced LR inversion, whereas UAS-Myo1C head-Myol1D
IQtail-HaloTag without byn-GAL4 did not induce LR inversion (Figure 16). Therefore, the

in vivo behaviors of these four genes aligned with predictions from previous studies.

To elucidate the dynamics of these proteins on the plasma membrane, | conducted further
quantification of dissociation rates (Table 2, Figure 17, and Figure 18). A comparative

analysis between full-length Myo1C-HaloTag and Myol1Ctail-HaloTag revealed a
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significant reduction in the proportion of the long binding state for the tail domain of
Myo1C in contrast to full-length MyolC (Myo1C: 0.32 + 0.02, Myo1Ctail: 0.18 + 0.02).
This finding strongly implies that the head domain of Myo1C contributes to prolonged
binding to the plasma membrane. Additionally, dissociation rate analysis revealed that
Myo1Ctail-HaloTag exhibited significantly higher dissociation rates in both short and long
binding states compared with Myol1C-HaloTag (Figure 19). However, in the case of
Myo1D, deletion of its head domain (MyolDtail-HaloTag) did not yield any noticeable
impact on either the proportion of binding states or their dissociation rates (Figure 18 and
Figure 19) . These outcomes indicate that while the head domain of Myo1C plays a pivotal
role in maintaining Myo1C at the plasma membrane, the head domain of Myo1D does not

significantly influence the binding of Myo1D to the plasma membrane.

Moreover, beyond the head domains, the tail domains also contribute to the diffusion
behaviors of MyolD and Myol1C on the plasma membrane. A comparative analysis
between Myo1Dtail-HaloTag and Myo1Ctail-HaloTag showed that Myo1Ctail-HaloTag
displayed a decreased proportion of the long binding state and exhibited higher dissociation
rates in both short and long binding states (Figure 18 and Figure 19). This difference
indicates a faster dissociation rate of the tail domain of MyolC compared with that of
Myo1D. These distinctions associated with the tail domains were corroborated by
examining chimeric proteins between Myol1D and Myo1C, specifically, MyolD head-

Myo1C IQtail-HaloTag and Myol1C head-Myol1D IQtail-HaloTag (Figure 3). In contrast to
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MyolD-HaloTag, MyolD head-MyolC IQtail-HaloTag displayed a higher dissociation
rate of the long binding state, akin to Myol1Ctail-HaloTag (Figure 18 and Figure 19). These
findings strongly indicate that the tail domain of Myo1C dissociates from the plasma
membrane more rapidly than that of MyolD. However, Myol1C head-Myo1D IQtail-
HaloTag demonstrated dissociation rates and proportions of the long and short binding
states similar to Myol1C-HaloTag (Figure 18 and Figure 19). Therefore, it appears that the
tail domain of Myo1C, unlike Myo1D, possesses an inherent activity that enhances the

dissociation rate of the long binding state.

Our investigation extended to understanding the roles of the head and tail domains in
determining the diffusional properties of MyolD and MyolC (Table 4, Figure 20 and
Figure 21). I compared the proportion of diffusion states, as determined by HMM, among
the deletion and chimeric proteins of MyolD and MyolC (Figure 20 A and Figure 21).
Remarkably, among the three distinct diffusion states, the proportion of the fast diffusion
state notably increased in MyolCtail-HaloTag compared with full-length Myol1C-HaloTag,
suggesting a contribution of the head domain of Myo1C to a lower Dumm on the plasma
membrane (Figure 20 A and Figure 21). However, | did not observe such a difference
between Myo1Dtail-HaloTag and full-length MyolD-HaloTag. The Dumm for the fast
diffusion state were segregated into two groups based on the origin of the tail domain
(Figure 20 B and Figure 21). Proteins with tail domains derived from Myo1D exhibited

Dumm of approximately 0.570.6 em?/s in the fast diffusion state. Conversely, proteins with
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tail domains derived from Myo1C displayed Duvm exceeding 0.8 em?/s in the fast diffusion
state. This outcome strongly suggests that the tail domain determines the Dumm Of the fast
diffusion state in Drosophila myosins. Consequently, both the head and tail domains play
regulatory roles in the diffusion and dissociation dynamics of MyolD and MyolC.
However, it was evident that the head domain of Myo1D did not influence dissociation

when combined with either the tail domain of Myo1D or Myo1C.
3.4 Diffusion of MyolD and Myol1C did not mutually influence each other

Myo1C has been identified to counter the dextral functions of Myo1D in vivo (Hozumi et
al., 2006; Lebreton et al., 2018) and inhibit the Myo1Dbs activity of propelling F-actin
toward the right side in an in vitro gliding assay when both were attached to lipids on a
glass plate (Lebreton et al., 2018). Thus, it was hypothesized that Myol1D and MyolC may
mutually influence each otherbs behavioral traits on the plasma membrane, such as
diffusion. To investigate this potential interaction, experiments were conducted
manipulating the relative expression levels of MyolD and MyolC (Figure 22, Figure 23,
Figure 24, Figure 25, Figure 26, Table 2 and Table 4). Behaviors of MyolD-HaloTag were
observed in macrophages misexpressing UAS-GFP-Myol1C or UAS-Myo1C dsRNA
(double-stranded RNA of Myol1C to induce RNA interference (RNAI) against MyolC) to
modulate Myo1C expression levels. Additionally, behaviors of MyolC-HaloTag were
observed in macrophages misexpressing UAS-Myol1D-GFP or UAS-Myol1D dsRNA

(RNAI against Myo1D) to adjust Myo1D expression levels. UAS-GFP and UAS-mCherry
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RNAI were used as controls under the same conditions. Surprisingly, the parameters of
binding states and diffusion states of MyolD-HaloTag and Myo1C-HaloTag remained
largely consistent across all conditions, although some conditions in Myo1C-HaloTag
showed statistically significant differences (Figure 22, Figure 23, Figure 24, Figure 25,
Figure 26, Table 2 and Table 4). However, at this stage, it is unclear what such differences
mean. These findings suggest that the diffusion behaviors of Myol1D and Myol1C on the

plasma membrane did not mutually influence each other.

3.5 Proportion of slow diffusion state was correlated to the phenotype of

embryonic hindgut

The results of this study revealed that the proportion of slow diffusion state is one of the
factors contributing to the difference in single-molecule dynamics between MyolD and
MyolC. If the proportion of slow diffusion state reflects the difference in the activity of
Myo1D and MyolC, it should be correlated with the phenotype of the embryonic hindgut.
Therefore, | defined the chirality index of each protein as expected from the phenotype of
the embryonic hindgut and checked whether it correlated with the percentage of slow
diffusion states. The chirality index of each protein was set to -1 for dextral direction, 1 for
sinistral direction, and O for no direction. For example, the chirality index of full-length
MyolD is -1, MyolDtail is 0, and full-length Myo1C is 1. The correlation between the
chirality index and the proportion of slow diffusion states showed a Pearsonds correlation

coefficient of 0.93 (Figure 27). Although there are some problems such as the discrete
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nature of the chirality index and the fact that it is not a macrophage based phenotype, it is

possible that there is a correlation between the slow diffusion state and the chirality index.
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4. Discussion

4.1 MyolD and MyolC exhibit different single molecule dynamics

Myo1D and Myo1C exhibit distinct single-molecule dynamics at the plasma membrane of
Drosophila third instar larval macrophages. Myol1D exhibits Brownian-like single-
molecule dynamics like Myr-HaloTag, which is anchored to the plasma membrane by
myristoylation. On the other hand, Myo1C exhibited single-molecule dynamics as if it were
bound to something or restricted in diffusion by some factor. This feature was also evident
in the MSD, where the slope of the Myo1Cods MSD changed significantly and reached a
plateau at a frame interval of 0.044 s. This indicates that the diffusion of Myol1C is
restricted by binding or other factors. An attempt was made to compare the diffusion
coefficient Dmsp of each protein from the MSD curves, but the standard deviation of Dmsp
for Myo1C became so large, probably due to the curvature of the MSD for restricted
diffusion, that a fair comparison between Myo1D and Myr was not possible. Since type |
myosin generally binds to F-actin through its motor domain, the restricted diffusion
suggested for Myol1C may reflect the difference in binding time between type I myosin and
F-actin. Indeed, when the motor domain of Myol1C was deleted (Myo1Ctail), the trajectory
was reduced, as often observed with Myol1C. In vitro biochemical measurements predicted
that Myo1C would bind to F-actin longer than Myo1D, and the results obtained in this

study were consistent with this.
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4.2 The difference in single-molecule diffusion between Myo1D and

Myo1C resulted from the difference in the proportion of diffusion state

From the HMM analysis, it was concluded that both Myo1D and Myo1C have three
diffusion states in the plasma membrane of Drosophila cells. This result was also true for
Myr. Focusing on the fraction of each diffusion state and the diffusion coefficient Dumm,
the results suggest that the difference in the single-molecule dynamics of each protein may
be caused by the difference in the fraction of diffusion states. A study in Dictyostelium,
using membrane proteins of different sizes, has reported that the diffusion coefficient is not
determined by the diversity of the proteins, but by the viscosity of the plasma membrane as
the primary determinant (Takebayashi et al., 2023). Given the comparison of the diffusion
status of Myol1D, Myol1C, and Myr, it is possible that a similar phenomenon occurs in

Drosophila cells.

4.3 The difference in the diffusion state of MyolD and Myol1C results
from the difference between the head and tail domains

| analyzed the domains responsible for the greater population of MyolC displaying reduced
diffusion compared to Myo1D along the plasma membrane. Single-molecule analyses
revealed that both the head and tail domains of Myol1C exhibit characteristics that limit

diffusion coefficients. However, the exact properties within these domains responsible for

impeding diffusion remain unclear. Previous predictions have indicated that the attachment
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of Myo1C to actin lasts approximately 9 times longer than that of MyolD (Baez-Cruz &
Ostap, 2023). Considering that myosins engage with actin through their head domains, it is
plausible that the lower diffusion coefficients of Myo1Cos head domain might stem from its
prolonged binding to F-actin. However, the use of inhibitors to suppress the polymerization
of F-actin might not be appropriate for exploring the interaction between the head domain
and F-actin in diminishing Myo1Cos diffusion, because they also impact various aspects of
membrane dynamics and structure. In contrast, the tail domains of Myo1D and Myol1C
have known affinities for distinct lipid molecules such as phosphatidylinositol 4,5-
bisphosphate with varying specificities (Lebreton et al., 2018). This discrepancy in the
influence of the tail domain on diffusion coefficients may be explained by their differing

affinities to membrane lipids.
4.4 Single molecule dynamics of MyolD and MyolC were independent

In the embryonic hindgut, MyolD defines the default LR asymmetry, and its activity is
suppressed by MyolC; increasing MyolC expression mirrors the LR asymmetry of the
embryonic hindgut. It has also been reported from an in vitro gliding assay that the
Myo1D-induced bending properties of F-actin are altered by the amount of Myo1C. Based
on these previous studies, | hypothesized that the single-molecule dynamics of Myol1D and
Myo1C may be dependent on each other. The results of this study strongly suggest that
Myol1D and Myo1C are independent at the plasma membrane of Drosophila macrophages.

This is demonstrated by the fact that neither the dissociation constant nor the diffusion state
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of Myo1C and Myo1D is altered when the expression level of MyolD and Myol1C is
increased or decreased in macrophages. These findings, together with the lack of opposing
chiral properties found for MyolD and Myo1C, suggest that Myol1D and Myol1C may

independently regulate chirality in Drosophila.

4.5 Hypothesis of a link between myosins and LR asymmetry in

Drosophila

| defined chirality index for each protein expected from the embryonic hindgut phenotype
and examined whether it correlated with the proportion of slow diffusion states. There may
be a correlation between the slow diffusion state and the chirality index. A candidate for
further study would be to analyze the correlation between slow diffusion and phenotypes
within macrophages. For example, human foreskin fibroblasts seeded on micropatterns and
fibroblasts cultured with zebrafish melanophores show chirality of F-actin. In Drosophila
macrophages, F-actin may also have an unknown chirality, and there are many unknowns
about the molecular properties of MyolD and Myol1C. Further research is needed to
elucidate the chirality driven specifically by MyolD and Myol1C. Recently, both the dextral
activity of MyolD and the sinistral activity of MyolC have been reported to require actin
nucleator DAAM (Chougule et al., 2020). It has been suggested that Myol1D and MyolC
independently regulate chirality in Drosophila, but there are also common components such
as DAAM. Integrating these results with the fact that only Myo1D has the ability to bend F-

actin, the following hypotheses are possible (Figure 28): MyolD and DAAM imparts
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chirality to F-actin, which is then transmitted to the plasma membrane and cytoskeleton via
adhesion proteins. Myo1C transfers the DAAM-dependent F-actin chirality to the plasma
membrane and cytoskeleton via adhesion proteins. In the future, | will analyze whether
chirality exists in F-actin dynamics in macrophages and to investigate the relationship

between actin chirality and single-molecule dynamics of myosins.

4.6 Overview

In Drosophila, MyolD and MyolC play pivotal roles in determining the enantiomorphic
(dextral and sinistral) states of cell chirality, crucial for the LR asymmetry in various
organs (Hozumi et al., 2006; Lebreton et al., 2018; Sato et al., 2015; Spéder et al., 2006).
Investigations into origins of cell chirality revealed that MyolD propels F-actin
counterclockwise in in vitro gliding assays (Lebreton et al., 2018). However, Myo1C,
similar to other myosins, propelled F-actin in a linear fashion (Lebreton et al., 2018).
Therefore, the underlying mechanisms governing Myo1Cos sinistral activity remains
unknown. The sinistral activity attributed to Myo1C in cell chirality seems to involve
additional complexity (Baez-Cruz & Ostap, 2023). To understand this complexity, detailed
studies on the mechanochemistry of Myol1D and Myol1C were conducted in vitro (Baez-
Cruz & Ostap, 2023). Notably, Myo1D exhibited a 12.5-fold higher actin-activated steady-
state ATPase rate and an 8-fold higher MgATP release rate compared with MyolC (Baez-
Cruz & Ostap, 2023). Furthermore, analysis of vesicle transportation in vitro indicated that

Myo1D induced robust transportation of 50-nm vesicles along F-actin through actin
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binding, unlike Myo1C, which showed actin binding without vesicle transportation (Baez-
Cruz & Ostap, 2023). These results suggested that Myo1C is a slow transporter with
prolonged actin attachment, whereas Myo1D has kinetic properties conducive to efficient
vesicle transport. Hence, the divergent kinetic properties of Myol1D and Myol1C could
explain their functions in determining cell chirality (Baez-Cruz & Ostap, 2023). On the
other hand, it is known that Myosin-Is interacts with biological membranes and regulates
membrane trafficking, dynamics, and organization (Mclntosh & Ostap, 2016). Thus, the
dynamics of Myol1D and Myol1C on the plasma membrane, such as diffusion and
dissociation, may also play roles in their specific contributions to directing cell chirality.
Through single-molecule analyses, Ifound that MyolC displays reduced diffusion
compared to Myol1D on the plasma membrane. While the precise involvement of these
distinct properties in cell chirality remains unclear, our findings propose an additional layer
of regulation that might impact the activities of Myol1D and Myo1D though their

intracellular behavior.

It has been long established that Myo1D and Myol1C antagonize their respective dextral
and sinistral activities in vivo (Hozumi et al., 2006; Lebreton et al., 2018). Recent findings
additionally suggest that Myo1C suppresses the activity of MyolD to propel F-actin in a
rightward direction in in vitro gliding assays (Lebreton et al., 2018). These results indicate
a direct interference by Myol1C in the mechanochemical functions of MyolD. However,

our previous genetic analyses revealed that the sinistral activity elicited by MyolC can be
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achieved in null mutants of Myo1D, implying the capacity of Myol1C to execute its sinistral
function independently of Myol1D. Hence, despite our single molecule analyses indicating
no mutual influence of Myol1D and Myol1C on their diffusion properties, this observation
does not preclude the possibility that their distinct diffusion characteristics within the
plasma membrane might indeed contribute to defining their dextral and sinistral activities.
To address this possibility, further studies on the cell biological significance of these

distinct diffusion properties becomes imperative.
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5. Figure
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